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Notices
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Henry Schmidek was undoubtedly an extraordinary man. He was intellectually gifted with a voracious curiosity and neverending gusto for knowledge and life. His immense love of his family was apparent to everyone who had the pleasure of his company. By trade he was a neurosurgeon, author, mentor, cattle farmer, and naval officer, but he took the time to enjoy the simple pleasures of sailboat racing and fly-fishing and was a loving husband, father, and grandfather. He did all of these things with impeccable perfection. I heard the shocking news that Dr. Schmidek had suddenly died in the fall of 2008. Our field lost a hero, but he has left behind a legacy of many contributions to the field of neuroscience, neurosurgery, and medicine.


Born in China on September 10, 1937, Dr. Schmidek studied medicine at the University of Western Ontario, where he was awarded all of their gold medals for his year. He then continued at McGill University and the University of London. He completed his residency in neurosurgery at the Massachusetts General Hospital under his mentor, Dr. William H. Sweet. At Hahnemann Medical College in Philadelphia, he became the youngest chairman of a neurosurgical department in its history. This was followed by the Chairmanship at the University of Vermont College of Medicine and then the esteemed positions of Chief of the Neurosurgical Service at The New England Deaconess Hospital and an Associate Professor of Surgery at the Harvard Medical School. Dr. Schmidek authored or edited 10 neurosurgical texts, most notably five editions of Schmidek & Sweet Operative Neurosurgical Techniques. This book is currently the most universal text in neurosurgery. He retired in 2001 in Vermont, where he became the CEO of Brigadoon Farm and raised prized Kobe cattle.


In 1984, Dr. Schmidek initiated a course, Review and Update on Neurobiology for Neurosurgeons, at the Marine Biological Laboratories in Woods Hole, Massachusetts. Designed to inspire all neurosurgeons in cutting-edge research in the field, this course has been proven to be extremely successful and has motivated many residents to pursue careers in academic surgery and beyond.


This new edition of Schmidek & Sweet Operative Neurosurgical Techniques is part of Dr. Schmidek’s legacy. I tried to keep the same spirit that characterized the prior editions of this book and made it a favorite among students, residents, and faculty alike since its first printing. As I edited this text with the help of a superb team of section editors and contributors, I reflected on the life of Dr. Schmidek and came to realize that it is not about how long we live but the contributions we make to this world, the people we touch, and the legacy we leave behind.




Alfredo Quiñones-Hinojosa
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Preface


Drs. Schmidek and Sweet co-edited the first single volume entitled Current Techniques in Operative Neurosurgery in 1977. At the time, this first edition reflected their own interests in contemporary neurosurgical procedures. This book has continued the same tradition in the subsequent editions: to provide the working neurosurgeon with information that would be useful when taking a patient to the operating room. The chapters provided an overview of the topic, a discussion of available options, and results. In many cases, alternative surgical and nonsurgical options were included for dealing with a particular clinical situation. The goal from the first edition has been to provide a single source that would allow a neurosurgeon to develop a surgical plan for the patient. The chapter references would be up to date and allow further immersion in the topic as needed. The success of these volumes places Operative Neurosurgical Techniques: Indications, Methods, and Results among the most widely used neurosurgical texts worldwide. Now in its sixth edition, this title is dedicated to Dr. Schmidek’s unending effort to advance the knowledge and expertise of medical students throughout the world. The field of neurological surgery has experienced a tremendous evolution during the last decade, and I have added multiple section editors to keep the current edition as modern as possible.


The sixth edition continues to reflect the same underlying vision for the book and attempts to keep up to date with the rapidly evolving changes in neurosurgery. This new and improved edition consists of 10 sections and 206 chapters authored by 510 contributors representing neurosurgical services from several different countries. It was the intention of Dr. Schmidek in the previous editions to reflect the ongoing worldwide changes, to include contributions of internationally renowned doctors, and to perpetuate the idea of a worldwide text in neurosurgery. This edition has lived up to that goal. Approximately 43% of the chapters deal with material not previously addressed in this text, including the topics of pediatric neurosurgery, endovascular surgery, new spine and skull base minimally invasive techniques, and the study of peripheral nerves. Where appropriate, chapters published in earlier editions have been extensively rewritten. All the chapters have been reviewed by myself and my co-editors to ensure that they reflect the current state of the art.


This edition could not have been accomplished without the enthusiastic participation of the section editors and contributors who put in extraordinary efforts to complete their chapters in time. Every effort has been made to produce a product worthy of the contributions. This could only have been accomplished with the professionalism of Julie Goolsby, Agnes Hunt Byrne, and Lisa Barnes at Elsevier; my staff Colleen Hickson and Caitlin Rogers; and Cassie Carey at Graphic World Publishing Services. I extend to all of the section editors, contributors, and staff members from Elsevier, Graphic World, and Hopkins my most sincere thanks for a tremendous job, which was incredibly well done.




Alfredo Quiñones-Hinojosa, MD
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Chapter 1 Ensuring Patient Safety in Surgery―First Do No Harm




Symeon Missios, Kimon Bekelis, George T. Blike, Kadir Erkmen





Primum non nocere—first do no harm. This often-quoted phrase epitomizes the importance the medical community places on avoiding iatrogenic complications.1 In the process of providing care, patients, physicians, and the entire clinical team join to use all available medical weapons to combat disease to avert the natural history of pathologic processes. Iatrogenic injury or, simply, “treatment-related harm” occurs when this implicit rule to “first do no harm” is violated. Both society and the medical community have historically been intolerant of medical mistakes, associating them with negligence. The fact is that complex medical care is prone to failure. Medical mistakes are much like “friendly-fire” incidents in which soldiers in the high-tempo, complex fog of war mistakenly kill comrades rather than the enemy. Invariably, medical error and iatrogenic injury are associated with multiple latent conditions (constraints, hazards, system vulnerabilities, etc.) that predispose front-line clinicians to err. This chapter will review the science of human error in medicine and surgery. The specific case of wrong-sided brain surgery will be used as an illustration for implementation of emerging new strategies for enhancing patient safety.






The Nature of Iatrogenic Injury in Medicine and Surgery


The earliest practitioners of medicine recognized and described iatrogenic injury. Iatrogenic (Greek, iatros = doctor, genic = arising from or developing from) literally translates to “disease or illness caused by doctors.” Famous examples exist of likely iatrogenic deaths, such as that of George Washington, who died while being treated for pneumonia with blood-letting. The Royal Medical and Surgical Society, in 1864, documented 123 deaths that “could be positively assigned to the inhalation of chloroform.”2 Throughout history, physicians have reviewed unexpected outcomes related to the medical care they provided to learn and improve that care. The “father” of modern neurosurgery, Harvey Cushing, and his contemporary Sir William Osler modeled the practice of learning from error by publishing their errors openly so as to warn others on how to avert future occurrences.3–5 However, the magnitude of iatrogenic morbidity and mortality was not quantified across the spectrum of health care until the Harvard Practice Study, published in 1991.6 This seminal study estimated that iatrogenic failure occurs in approximately 4% of all hospitalizations and is the eighth leading cause of death in America—responsible for up to 100,000 deaths per year in the United States alone.7


A subsequent review of over 14,700 hospitalizations in Colorado and Utah identified 402 surgical adverse events, producing an annual incidence rate of 1.9%.8 The nature of surgical adverse events were categorized by type of injury and by preventability (Table 1-1).


Table 1-1 Surgical Adverse Events Categorized by Type of Injury and Preventability






	Type of Event

	Percentage of Adverse Events

	Percentage Preventable






	Technique-related complication

	24

	68






	Wound infection

	11

	23






	Postoperative bleeding

	11

	85






	Postpartum/neonatal related

	8

	67






	Other infection

	7

	38






	Drug-related injury

	7

	46






	Wound problem (noninfectious)

	4

	53






	Deep venous thrombosis

	4

	18






	Nonsurgical procedure injury

	3

	59






	Diagnostic error/delay

	3

	100






	Pulmonary embolus

	2

	14






	Acute myocardial infarction

	2

	0






	Inappropriate therapy

	2

	100






	Anesthesia injury

	2

	45






	Congestive heart failure

	1

	33






	Stroke

	1

	0






	Pneumonia

	1

	65






	Fall

	0.5

	50






	Other

	5.5

	32







These two studies were designed to characterize iatrogenic complications in health care. While not statistically powered to allow surgical subspecialty analysis, it is likely that the types of failures and subsequent injuries that this study identified can be generalized to the neurosurgical patient population. More recent literature supports the findings of these landmark studies.9–11


The Institute of Medicine used the Harvard Practice Study as the basis for its report, which endorsed the need to discuss and study errors openly with the goal of improving patient safety.7 The Institute of Medicine report on medical errors, “To Err Is Human: Building a Safer Health System,” must be considered a landmark publication.12 It was published in 1999 and focused on medical errors and their prevention. This was followed by the development of other quality improvement initiatives such as the Joint Commission on the Accreditation of Healthcare Organizations (JCAHO) Sentinel Events Program.12


One might argue that morbidity and mortality reviews already achieve this aim. The “M&M” conference has a long history of reviewing negative outcomes in medicine. The goal of this traditional conference is to learn how to prevent future patients from suffering similar harm, and thus incrementally improve care. However, frank discussion of error is limited in M&M conferences. Also, the actual review practices fail to support deep learning regarding systemic vulnerabilities13; indeed, since M&M conferences do not explicitly require medical errors to be reviewed, errors are rarely addressed. One prospective investigation of four U.S. academic hospitals found that a resident vigilantly attending weekly internal medicine M&M conferences for an entire year would discuss errors only once. The surgical version of the M&M conference was better with error discussion. However, while surgeons discussed adverse events associated with error 77% of the time, individual provider error was the focus of the discussion and cited as causative of the negative outcome in 8 of 10 conference discussions.13 Surgical conference discussion rarely identified structural defects, resource constraints, team communication, or other system problems. Further limiting its utility, the M&M conference is reactive by nature and highly subject to hindsight bias. This is the basis for most clinical outcome reviews, focusing solely on medical providers and their decision making.14 In their report, titled “Nine Steps to Move Forward from Error” in medicine, human factors experts Cook and Woods challenged the medical community to resist the temptation to simplify the complexities that practitioners face when reviewing accidents post hoc. Premature closure by blaming the closest clinician hides the deeper patterns and multiple contributors associated with failure, and ultimately leads to naive “solutions” that are weak or even counterproductive.15 The Institute of Medicine has also cautioned against blaming an individual and recommending training as the sole outcome of case review.7 While the culture within medicine is to learn from failure, the M&M conference does not typically achieve this aim.









A Human Factors Approach to Improving Patient Safety


Murphy’s law—that whatever can go wrong will—is the common-sense explanation for medical mishaps. The science of safety (and how to create it), however, is not common sense. The field of human factors engineering grew out of a focus on human interaction with physical devices, especially in military or industrial settings. This initial focus on how to improve human performance addressed the problem of workers that are at high risk for injury while using a tool or machine in high-hazard industries. In the past several decades, the scope of this science has broadened. Human factors engineering is now credited with advancing safety and reliability in aviation, nuclear power, and other high hazard work settings. Membership in the Human Factors and Ergonomics Society in North America alone has grown to over 15,000 members. Human factors engineering and related disciplines are deeply interested in modeling and understanding mechanisms of complex system failure. Furthermore, these applied sciences have developed strategies for designing error prevention and building error tolerance into systems to increase reliability and safety, and these strategies are now being applied to the healthcare industry.16–21 The specialty of anesthesiology has employed this science to reduce the anesthesia-related mortality rate from approximately 1 in 10,000 in the 1970s to over 1 in 250,000 three decades later.22 Critical incident analysis was used by a bioengineer (Jeffrey Cooper) to identify preventable anesthesia mishaps in 1978.23 Cooper’s seminal work was supplemented by the “closed-claim” liability studies, which delineated the most common and severe modes of failure and factors that contributed to those failures. The specialty of anesthesiology and its leaders endorsed the precepts that safety stems more from improved system design than from increasing vigilance of individual practitioners. As a direct result, anesthesiology was the first specialty to adopt minimal standards for care and monitoring, preanesthesia equipment checklists similar to those used in commercial aviation, standardized medication labels, interlocking hardware to prevent gas mix-ups, international anesthesia machine standards, and the development of high-fidelity human simulation to support crisis team training in the management of rare events. Lucien Leape, a former surgeon, one of the lead authors of the Harvard Practice Study, and a national advocate for patient safety, has stated, “Anesthesia is the only system in healthcare that begins to approach the vaunted ‘six sigma’ (a defect rate of 1 in a million) level of clinical safety perfection that other industries strive for. This outstanding achievement is attributable not to any single practice or development of new anesthetic agents or even any type of improvement (such as technological advances) but to application of a broad array of changes in process, equipment, organization, supervision, training, and teamwork. However, no single one of these changes has ever been proven to have a clear-cut impact on mortality. Rather, anesthesia safety was achieved by applying a whole host of changes that made sense, were based on an understanding of human factors principles, and had been demonstrated to be effective in other settings.”24 The Anesthesia Patient Safety Foundation, which has become the clearinghouse for patient safety successes in anesthesiology, was used as a model by the American Medical Association to form the National Patient Safety Foundation in 1996.25 Over the subsequent decade, the science of safety has begun to permeate health care.


The human factors psychologist James Reason has characterized accidents as evolving over time and as virtually never being the consequence of a single cause.26,27 Rather, he describes accidents as the net result of local triggers that initiate and then propagate an incident through a hole in one layer of defense after another until irreversible injury occurs (Fig. 1-1). This model has been referred to as the “Swiss cheese” model of accident causation. Surgical care consists of thousands of tasks and subtasks. Errors in the execution of these tasks need to be prevented, detected, and managed, or tolerated. The layers of Swiss cheese represent the system of defenses against such error. Latent conditions is the term used to describe “accidents waiting to happen” that are the holes in each layer that will allow an error to propagate until it ultimately causes injury or death. The goal in human factors system engineering is to know all the layers of Swiss cheese and create the best defenses possible (i.e., make the holes as small as possible). This very approach has been the centerpiece of incremental improvements in anesthesia safety.
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FIGURE 1-1 Reason’s model of accident causation. Accidents (adverse outcomes) require a combination of latent failures, psychological precursors, event triggers, and failures in several layers of the system’s “defense in depth.”


(Copyright Dr. Reason.)





One structured approach designed to identify all holes in the major layers of cheese in medical systems has been described by Vincent.28,29 He classifies the major categories of factors that contribute to error as follows:




1. Patient factors: condition, communication, availability, and accuracy of test results and other contextual factors that make a patient challenging


2. Task factors: using an organized approach in reliable task execution, availability, and use of protocols, and other aspects of task performance


3. Practitioner factors: deficits and failures by any individual member of the care team that undermines management of the problem space in terms of knowledge, attention, strategy, motivation, physical or mental health, and other factors that undermine individual performance


4. Team factors: verbal/written communication, supervision/seeking help, team structure, and leadership, and other failures in communication and coordination among members of the care team such that management of the problem space is degraded


5. Working conditions: staffing levels, skills mix and workload, availability and maintenance of equipment, administrative and managerial support, and other aspects of the work domain that undermine individual or team performance


6. Organization and management factors: financial resources, goals, policy standards, safety culture and priorities, and other factors that constrain local microsystem performance


7. Societal and political factors: economic and regulatory issues, health policy and politics, and other societal factors that set thresholds for patient safety





If this schema is used to structure a review of a morbidity or mortality, that review will be extended beyond myopic attention to the singular practitioner. Furthermore, the array of identified factors that undermine safety can then be countered systematically by tightening each layer of defense, one hole at a time. I have adapted active error management as described by Reason and others into a set of steps for making incremental systemic improvements to increase safety and reliability. In this adaptation, a cycle of active error management consists of (1) surveillance to identify potential threats, (2) investigation of all contributory factors, (3) prioritization of failure modes, (4) development of countermeasures to eliminate or mitigate individual threats, and (5) broad implementation of validated countermeasures (Fig. 1-2).
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FIGURE 1-2 Sequence of steps for identifying vulnerabilities and then implementing corrective measures.


(Copyright Blike 2002.)





The goal is to move from a reactive approach based on review of actual injuries toward a proactive approach that anticipates threats based on a deep understanding of human capabilities and system design that aids human performance rather than undermines it.


A comprehensive review of the science of human factors and patient safety is beyond the scope of this chapter; neurosurgical patient safety has been reviewed, including ethical issues and the impact of legal liability.30 Safety in aviation and nuclear power has taken over four decades to achieve the cultural shift that supports a robust system of countermeasures and defenses against human error. However, it is practical to use an example to illustrate some of the human factors principles introduced. Consider this case example as a window into the future of managing the most common preventable adverse events associated with surgery (see Table 1-1).









Example of Medical Error: “Wrong-Sided Brain Surgery”


Wrong-site surgery is an example of an adverse event that seems as though it should “never happen.” However, given over 40 million surgical procedures annually, we should not be surprised when it occurs. The news media has diligently reported wrong-site surgical errors, especially when they involve neurosurgery. Headlines such as “Brain Surgery Was Done on the Wrong Side, Reports Say” (New York Daily News, 2001) and “Doctor Who Operated on the Wrong Side of Brain Under Scrutiny” (New York Times, 2000), are inevitable when wrong-site brain surgery occurs.31–33 As predicted, these are not isolated stories. A recent report from the state of Minnesota found 13 instances of wrong-site surgery in a single year during which time approximately 340,000 surgeries were performed.34 No hospital appeared to be immune to what appears on the surface to be such a blatant mistake. Indeed, an incomplete registry collecting data on wrong-site surgery since 2001 now includes over 150 cases. Of 126 instances that have been reviewed, 41% relate to orthopedic surgery, 20% relate to general surgery, 14% to neurosurgery, 11% to urologic surgery, and the remaining to the other surgical specialties.35 In a recent national survey,36 the incidence of wrong-sided surgery for cervical discectomies, craniotomies, and lumbar surgery was 6.8, 2.2, and 4.5 per 10,000 operations, respectively.


The sensational “front-page news” media fails to identify the deeper second story behind these failures and how to prevent future failures through creation of safer systems.37 In this example, we provide an analysis of contributory factors associated with wrong-site surgery to reveal the myriad of holes in the defensive layers of “cheese.” These holes will need to be eliminated to truly impact the frequency of this already rare event and create more reliable care for our patients.















Contributory Factor Analysis






Patient Factors Associated with Wrong-Site Surgery






Patient Condition (Medical Factors That If Not Known Increase the Risk for Complications)


Neurosurgical patients are at higher risk for wrong patient surgery than average. Patients and their surgical conditions contribute to error. When patients are asked what surgery they are having done on the morning of surgery, only 70% can correctly state and point to the location of the planned surgical intervention.38 Patients are a further source of misinformation of surgical intent when the pathology and symptoms are contralateral to the site of surgery, a common condition in neurosurgical cases. Patients scheduled for brain surgery and carotid surgery often confuse the side of the surgery with the side of the symptoms. Patients with educational or language barriers or cognitive deficits are more vulnerable since they are unable to accurately communicate their surgical condition or the planned surgery.


Certain operations in the neurosurgical population pose higher risk for wrong-site surgery. While left–right symmetry and sidedness represents one high-risk class of surgeries, spinal procedures in which there are multiple levels is another.39


Patients with anatomy and pathology that disorient the surgical team to side or level are especially at risk. Anterior cervical discectomies can be approached by surgeons from either side. This lack of a consistent cue for the rest of the surgical team as to the approach for the same surgery makes it unlikely anyone would trap an error in positioning or draping. It is known that patient position and opaque draping can remove external cues as to left and right orientation of the patient and thus predispose surgeons to wrong-sided surgery. When a patient is lateral, fully draped, and the table rotated 180 degrees prior to the attending surgeon entering the operating theater, it is difficult to verify right from left. Furthermore, the language for positioning creates ambiguity since the terminology of left lateral decubitus, right side up, and left side down are used interchangeably by the surgical team to specify the position. A patient with bilateral disease, predominant right-sided symptoms, and left-sided pathology having a left-sided craniotomy in the right lateral decubitus position with the table turned 180 degrees and fully draped obviously creates more confusion than a gallbladder surgery in the supine position.









Communication (Factors That Undermine the Patient’s Ability to Be a Source of Information Regarding Conditions That Increase the Risk for Complications and Need to Be Managed)


Obviously, patients with language barriers or cognitive deficits represent a group that may be unable to communicate their understanding of the surgical plan. This can increase the chance of patient identification errors that lead to wrong-site surgery. In a busy practice, patients requiring the same surgery might be scheduled in the same operating room (OR). It is not uncommon to perform five carotid endarterectomies in a single day.40 When one patient is delayed and the order switched to keep the OR moving, this vulnerability is expressed. Patients with common names are especially at risk. A 500-bed hospital will have approximately 1,000,000 patients in the medical record system. About 10% of patients will have the same first and last names. Five percent will have a first, middle, and last name in common with one other individual. Only by cross-checking the name with one other patient identifier (either birth date or a medical record number) can wrong-patient errors be trapped.41


Another patient communication problem that increases risk for wrong-site surgery consists of patients marking themselves. Marking the skin on the side of the proposed surgery with a pen is now common practice by the surgical team and part of the Universal Protocol. However, some patients have placed an X on the site not to be operated on. The surgical team has then confused this patient mark with their own in which an X specifies the side to be operated on. Patients are often not given information of what to expect and will seek outside information. For example, a neurosurgeon on a popular daytime talk show discussing medical mistakes stated incorrectly that patients should mark themselves with an X on the side that should not be operated on.42 This error in information reached millions of viewers, and was in direct violation of recommendations for marking provided by the Joint Commission on Accreditation of Healthcare Organizations (and endorsed by the American College of Surgeons, American Society of Anesthesiology, and Association of Operating Room Nurses). Patients who watched this show and took the advice of the physician are now at higher risk than average for a wrong-sided surgical error.









Availability and Accuracy of Test Results (Factors That Undermine Awareness of Conditions That Increase the Risk for Complications and Need to Be Managed)


Radiologic imaging studies can be independent markers of surgical pathology and anatomy. However, films and/or reports are not always available. Films may be lost or misplaced. Also, they may be unavailable because they were performed at another facility. New digital technology has created electronic imaging systems that virtually eliminate lost studies. However, space constraints have led many hospitals to remove old view boxes to make room for digital radiologic monitors. When patients bring films from an out-side hospital, this decision to eliminate view boxes prevents effective use of the studies. Even when available, x-rays and diagnostic studies are not labeled with 100% reliability. Imaging studies have been mislabeled and/or oriented backward, leading to wrong-sided surgery.43












Task Factors Associated with Wrong-Site Surgery


Tasks are the steps that need to be executed to accomplish a work goal. It is especially important to structure tasks and task execution procedures when work domains are complex, the task must be executed under time pressure, and the consequences of errors in task execution are severe. Typical tools for structuring task execution are protocols, checklists, and algorithms.






Task Design and Clarity of Structure (Consider This to Be an Issue When Work Is Being Performed in a Manner That Is Inefficient and Not Well Thought Out)


In large hospitals, ORs do not execute a consistent set of checks and balances to verify that the right patient, the surgical intent, and critical equipment and implants are present. If surgical team members think that they can announce the patient name and procedure aloud and that this will reliably prevent wrong-site surgery, they are mistaken. Structuring tasks for reliability such that current failure rates will be moved from approximately 1 in 30,000 to 1 in 1 million will take the kind of task structure and consistency seen on the flight decks of commercial planes. For decades, pilots have used well-organized preflight checklists to perform the tasks to start up an engine and verify that all mission-critical equipment is present and functional.


An example of a mature use of checklists exists in anesthesiology. An anesthesia machine (and other critical equipment) must be present and functional prior to the induction of anesthesia and initiation of paralysis so that a patient can have an airway as well as breathing and circulatory support provided within seconds to avoid hypoxia and subsequent cardiovascular complications. Until 1990, equipment failures were a significant problem leading to patient injury in anesthesia, even though anesthesia machines and equipment had been standardized and were being used on thousands of patients in a given facility.44 At this time, a preanesthesia checklist was established to structure the verification of mission critical components required to provide the anesthetic state and to verify that these components functioned nominally.45 This checklist includes over 40 items and has included redundancy for checking critical components. It has been introduced as a standard operating procedure for the discipline of anesthesia and is now mandated by the U.S. Food and Drug Administration46 (Fig. 1-3).
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FIGURE 1-3 Example of computer implementation.











Availability and Use of Protocols (If Standard Protocols Exist, Are They Well Accepted and Are They Being Used Consistently?)


The first attempts to establish standardized protocols for patient safety began with JCAHO.35 The JCAHO Sentinel Event system began monitoring major quality issues in the late 1980s about the same time the original AAOS Sign Your Site program launched. A sentinel event was defined as “an unexpected occurrence involving death or serious physical or psychological injury, or the risk thereof.”35 In addition to the reporting aspect of the program, a quality review is triggered that requires a root cause analysis to try to determine factors contributing to the sentinel event.


The Universal Protocol was a logical extension of the Sentinel Events quality improvement program. Wrong-site surgery is considered a sentinel event. Because of the mandatory reporting of Sentinel Events, some of the best data on the incidence and anatomic location of wrong-site surgeries come from the JCAHO. Before implementation of the Universal protocol, the JCAHO analyzed 278 reports of wrong-site surgery in the Sentinel Events database up to 2003.47 This review showed that in 10% of the cases the wrong procedure had been performed, in 12% surgery had been performed on the wrong patient, and a further 19% of the reports characterized miscellaneous wrongs. Thus it was felt that a protocol to address this issue must include provisions to avoid wrong patient, wrong procedure, as well as wrong-site surgery.


In May 2003, the JCAHO convened a “Wrong Site Surgery Summit” to look into possible quality initiatives in this area. The three most effective measures identified were patient identification, surgical site marking, and calling a “time out” before skin incision to verify factors such as the initial patient identification, patient allergies, completion of preoperative interventions such as intravenous antibiotics, the procedure to be performed, available medical records, imaging studies, equipment etc. When correlated to Sentinel Event Data, it was found that only 12% of wrong-site surgeries occurred in institutions with two of three protocols applied.48 More importantly, no incidences of wrong-sided surgery were detected in institutions with all three measures in place. Therefore, these three key processes became the Core Elements of the Universal Protocol, which is a mandatory quality screen in all JCAHO-certified hospitals since July 1, 2004.48


The universal protocol for preventing wrong-patient, wrong-site errors is based on checklist principles; but it is not yet a validated comprehensive checklist that will trap errors in the way aviation checklists do. This is largely due to the lack of consistent execution of the checklists in a challenge-response format that is identical in procedure and practice throughout a single hospital’s ORs.49,50 This protocol is a first step, but the barriers to effective implementation are extensive at present and hinder improved safety.51,52


Another hazard is the lack of clarity for marking surgical sites. Marking the surgical site has been endorsed to improve safety and is a major component of the Universal Protocol. However, as described previously, the mark can be a source of error when placed inappropriately by the patient or any other member of the surgical team. Some specifics regarding the details of what, when, and how to mark are lacking. Do you mark the incision site or the target of the surgery? What constitutes a unique and definitive mark? What shape and color should be used? What type of pen should be used? Does the ink pose any risk for infection or is it washed off during the course of preparation? Who should place the mark? What are the procedures that get marked and which should not? Are there any patients for whom the mark is dangerous? How do you mark for a left liver lobe resection or other procedures like brain surgery in which there is a single organ but still sidedness that is critical? I worked with over 10 surgical specialties to develop specific answers to these questions. Multiple marks and pens were tested. Not all symbols and pens were equally effective. Many inks did not withstand preparation and remain visible in the operative field. We now use specific permanent pens (Carter fine and Sharpie very fine) and a green circle to mark only “sided” procedures. We specified that the target is marked rather than the incision, the mark must be done by the surgeon, and the mark must be placed in a manner in which it is visible during the preincision check after the position, preparation, and drape have been completed. For example, a procedure requiring cystoscopy to inject the right ureteral orifice to treat reflux is now marked on the right thigh so that the green circle mark is a cue to all members of the surgical team and can be seen even when the patient is prepared and draped. Again, we used the mark to specify the target, not the incision or body entry point. In addition, we have had every procedure in our booking system labeled as “mark required” or “mark not required,” because this was not always clear. Even with this level of specificity, we have found marking to be erroneous and inconsistent during our initial implementation. Marking the skin for spine surgery to indicate the level may increase the risk of wrong-site errors.53 A superior method for “marking” to verify the correct spinal level to be operated upon is to perform an intraoperative radiologic study with a radiopaque marker. We expect that many revisions to this type of safety measure will be needed before the marking procedure is robust and truly adds safety value. Cross-checking procedures in aviation were developed and matured over decades to achieve the reliability and consistency now observed.54


Statistics for the first two quarters after implementation of the Universal Protocol were encouraging.55 It appeared that reports of wrong-site surgeries had declined below the rate of approximately 70 cases per year for the previous 2 years. However, after a full year’s statistics had been accumulated, it was found that the incidents of wrong-site surgery had actually increased to about 88 for 2005.12 Overall, wrong-site surgery had climbed to the number 2 ranking in frequency of sentinel events. Whether these data represent a true increase in the frequency of wrong-site surgery or are simply explained by better awareness and reporting is unclear at this time.


Currently the direction in patient safety is more toward a holistic surgical checklist, including all aspects of a patient visit to the hospital and not only the limited time out before surgery.56 A number of studies have been conducted that evaluated the use of checklists in medicine and their effect in behavior modification.56 To that effect, the WHO surgical checklist has been developed.57 The features of the Universal Protocol have been integrated in this checklist with the addition of preprocedural and postprocedural checkpoints. Results from the implementation of the WHO checklist are encouraging. These initial attempts have been extended to the development of checklists, like the SURPASS checklist,58 that cover the whole surgical pathway from admission to discharge. Overall, although it has been shown that aviation based team training elicits initially sustainable responses, effects may take years to be part of the surgical culture.59












Practitioner Factors Associated with Wrong-Site Surgery






Knowledge, Skills, and Rules (Individual Deviation from Standard of Care Due to Lack of Knowledge, Poor Skills, or a Failure to Use Rules Associated with Best Practice)


Knowledge deficits are often due to over-reliance on memory for information used rarely. Measures that increase availability of referent knowledge when needed would be helpful. Unfortunately, references at the point of care on the day of surgery are not standard or reliable. Three descriptions of the surgery often exist. The operative consent lists the planned surgery in lay language patients should be able to understand. The surgical preoperative note may provide a technical description of the planned surgery but often is incomplete, failing to include such information as the specific reason for surgery, sidedness, target, approach, position, need for implants, and/or special equipment. The booking system will often use a third nomenclature to describe the planned surgery that is administrative and linked to billing codes. The use of three different references for the same surgical procedure creates ambiguity. A “right L3–L4 facetectomy in the prone position” may be listed on the consent form as a “right third lumbar vertebrae joint surgery” on the consent and a CPT code “LUMBAR FACETECTOMY 025-36047.”60


Subtle knowledge deficits are more likely to reach a patient and cause harm when individuals are charged to do work that is at the limits of their competency. The culture of medicine does not encourage knowledge calibration, the term used to describe how well individuals know what they know and know what they do not know.61 At our institution, when preoperative nurses were assigned the role of marking patients to identify sidedness, they routinely marked the wrong site or marked in a manner such that the mark was not visible after the position, prep, and drape. These nurses accepted this assigned role because our medical culture encourages guessing and assertiveness. On further review, we have found that only the surgeon has the knowledge required to specify the surgical plan in detail and to mark patients correctly. Other members of the surgical team often have subtle knowledge deficits regarding surgical anatomy, terminology, and technical requirements such that they are prone to err in marking or positioning patients. Similarly, nurses and anesthesiologists in the presurgical areas are not able to verify or reconcile multiple differing sources of information as to the surgical plan. Instead, they often propagate errors and/or enter new misinformation into scheduling systems and patient records.









Attention (Factors That Undermine Attention)


Task execution is degraded when attention is pulled away from the work being performed. Distraction and noise are significant problems in the operating theater that can dramatically affect performance and vigilance. Because the wall and floor surfaces are designed to be cleaned easily, noise levels in the OR are similar to those on a busy highway.62,63 The preincision interval is a very active time, when the patient is being given anesthesia, being positioned, and being prepared. These parallel activities represent competing priorities that conflict with a coordinated effort by the entire surgical team to verify surgical intent.









Strategy (Given Many Alternatives, Was the Strategy Optimized to Minimize Risks through Preventive Measures and through Recovery Measures That Use Contingency Planning and Anticipatory Behaviors?)


Strategic planning is not a major contributory factor for wrong-site surgery in my opinion. However, we have found that our initial attempts to use the exact same preincision checklist for all types of surgical populations was a strategic error and overly simplistic.









Motivation/Attitude (Motivational Failures and Poor Attitudes Can Undermine Individual Performance—the Psychology of Motivation Is Complex)


Because wrong-site surgery is a rare event, motivating the operative team to invest significant energy into preventive measures can be challenging. Even though the career risk for performing a wrong-site surgery is significant, the rarity of this complication predisposes surgeons to deny this complication as a significant problem. Part of the problem is that surgeons do not have an adequate understanding of human vulnerabilities and the potential for error. Many surgeons see wrong-site surgery as purely a failure in vigilance by an individual surgeon. The motivation to lead a team effort and accept cross-checking is therefore low. Human error training in surgery is just now beginning to address the decreased performance associated with fatigue, personal stress, production pressure, and so forth. Motivational barriers are not limited to the surgeon. Many nurses and anesthesiologists see wrong-site surgery as an isolated surgeon failure and believe that they should have no responsibility for verifying patient and/or procedure. Individual training about human error is needed across all members of the operative team to increase motivation to change behavior and use new methods (such as a team-executed checklist) to prevent wrong-site surgery.









Physical/Mental Health (Provider Performance Deviations from Standard “Competencies” Can Be Due to Physical or Mental Illness)


Industries that have come to accept the human component as having requirements for optimal human–machine system performance have thus promoted regular “fit-for-duty” examinations.64 In the aviation industry, job screening includes a “color-blindness” test for air traffic controllers since many of the monitors encode critical information in color.65 Some specific provider health conditions can predispose to wrong-site surgery. Surgeons and other members of the perioperative team with dyslexia and related neuropsychiatric deficits have particular difficulty with sidedness and left–right orientation.












Team Factors Associated with Wrong-Site Surgery


A complex work domain will overwhelm the cognitive abilities of any one individual and not permit expertise of the entire field of practice. A common strategy for managing the excess demands that complex systems (like that of human physiology and pathophysiology) place on any individual is to subspecialize. Breaking a big problem into smaller parts that are then more manageable by a group of individuals is rational. However, by “fixing” the problem of individual cognitive work overload, a new class of problems manifests—those due to team communication and coordination failure. Many human factors experts consider team failures to be the most common contributory factor associated with error in complex sociotechnical work systems.66 Crisis resource management training and team training in aviation is considered to have played a major role in improving aviation safety.67 These methods are just now being applied in medicine.68






Verbal/Written Communication (Any Communication Mode That When It Fails Leads to a Degradation in Team Performance)


Verbal communications fail due to noise (just do not hear) or content comprehension (mismatch between what was intended and what was understood). Noise should be minimized to support verbal communication in the OR. Comprehension problems have many mechanisms. Human-to-human communication requires “grounding,” which is the process whereby both parties frame the communication episode based on how the one conveying a message discovers the frame of reference of the one receiving the message. This activity represents a significant part of effective communication. Agreeing on a common language and structuring communication goes a long way toward increasing accuracy and speed of communication of mission-critical information.17,18,69 While isolated examples of structured communication across members of the operative team exist, it is usually confined to individuals knowledgeable in safety science and the use of structured communication in the military and in aviation.









Supervision/Seeking Help (Any Member of the Team Who Fails to Mobilize Help When Getting into a Work Overload Situation, or a Team Member in a Supervisory Role Failing to Provide Adequate Oversight, Especially in Settings in Which There Are Learners and/or Transient Rotating Team Members)


True team performance is only realized when a group of individuals share a common goal, divide work tasks between individuals to create role delineation and role clarity within the team, and know each other’s roles well enough to provide cross-checks of mission-critical activities.70 On medical teams, data gathering and treatment implementation tend to be nursing roles, and diagnostic decision making and treatment selection tend to be physician roles.71 A myriad of supporting clinicians and nonclinicians are vital in medical teams. The nurse, nurse practitioner, medical student, physicians, and others must be able to detect problem states or deviations from the “expected course” and activate control measures. When a practitioner fails to work within his or her competencies or is on the learning curve for his or her role on the team, failure to get or provide supervision comes into play. For wrong-site surgery errors, this issue manifests when one surgeon does the preoperative consultation and operative planning and the other starts the surgery with incomplete knowledge. For example, a resident or fellow may fail to call an attending physician to seek clarification of the operative plan.









Team Structure and Leadership (Teams That Do Not Have Structure, Role Delineation, and Clarity, and Methods for Flattening Hierarchy While Resolving Conflict Will Have Suboptimal Team Performance)


Teams will inevitably have to face ambiguous situations that need immediate action. Authority gradients prevent junior members of the team from questioning the decision making and action planning of the leader (a nurse might be hesitant to tell a senior surgeon that he or she is violating a safety procedure, and/or the surgeon might disregard the nurse).70 Methods for flattening hierarchy will lead to more robust team situational awareness and support cross-checking behavior. In contrast, it is essential to have efficient ways of resolving conflict, especially under emergency conditions. Some surgeons view the Universal Protocol as a ridiculous requirement forced upon them by regulatory bodies responding to liability pressure. This can create a void in leadership regarding team behaviors that would otherwise help to trap errors that predispose to wrong-site surgery.









Working Conditions Associated with Wrong-Site Surgery


Individuals and teams cannot perform optimally when they have inadequate resources to manage the work at hand. Typically, workers have little control over the conditions in which they are required to work. Managers make decisions that ultimately aid or constrain practitioners in terms of ratios of patients per provider, the physical space available, and the tools and/or technology available to front-line workers.









Staffing Levels, Skills Mix, and Workload (Managers Facing Financial Pressures, a Nursing Shortage, and Increasing Patient Acuity Can Choose to Institute Hiring Freezes and Reduce Staffing Ratios to Decrease the Costs Associated with Care)


While institutions and providers that have high surgical case volumes have been noted to have the best surgical outcomes, medical mishaps occur even in these institutions. Providing exceptional care to a few patients is easier than providing reliable care to everyone.72 Indeed, excessive production pressure and patient volumes are associated with safety violations due to cutting corners when productivity goals are unrealistic. Over two thirds of wrong-site surgeries occurred in ambulatory surgery settings in which patient acuity is the lowest but productivity pressures are high.73 Financial constraints have forced more ORs to be staffed by temporary traveling position nurses, have resulted in nursing orientations that have been reduced, and have increased production pressure on surgeons to increase their utilization of OR time. Unfortunately, such aggressive measures to utilize all the capacity of the OR resources conflicts with the need for some reserve capacity to manage the inherent uncertainty and variability associated with medical disease and surgical care. As a result, emergency situations can easily overwhelm care systems that lack reserve resources. Providers calling in sick during flu season and/or a flurry of surgical emergencies can create dangerous conditions for elective surgery due to the need to redirect those resources that might otherwise be available.









Availability and Maintenance of Equipment (Technology and Tools Vary in their Safety Features and Usability: Equipment Must Be Maintained or It Can Become a Liability)


For preventing wrong-site surgery, we have found that the specific marking pen we are utilizing needs to be stocked and available throughout the hospital to allow surgeons to perform the safety practices we have required. Surgeons unable to find a green marker will use alternative pens, resulting in a variation in practice that degrades the value of the safety measure. Other aspects of our wrong-site surgery safeguards have proved difficult to maintain. A computerized scheduling system had triggers to cue the operative team as to the marking protocol and special equipment needs. When a new procedure was added to the scheduling system, the programmers overlooked the “needs to be marked” trigger, and for a period of time these patients were not marked. The operative team had been using technology designed to support their work, but that technology was not maintained. The best team of practitioners can perform even better when provided state-of-the-art working conditions. For example, patient identification technology that utilizes bar coding and radiofrequency identification tags will virtually eliminate wrong patient errors.74 Although this technology is currently available, few organizations have been able to afford this technology to prevent wrong-site errors due to patient misidentification.









Administrative and Managerial Support (In Complex Work Settings, Domain Experts That Perform the Work Need to Be Supported by Personnel Who Are Charged with Managing Resources, Scheduling, Transcription, Billing, etc.)


Clinical information systems (e.g., an OR scheduling system) are not reliable or robust at confirming operative intent early in the process or planning for surgery.51 Busy surgical clinics often do not have efficient and reliable mechanisms for providing a scheduling secretary with the information they need or for verifying that booking information is accurate. Secretaries may be using a form that is illegible or may simply be working from a verbal description of the planned surgery. Because these support personnel may not understand the terminology, errors are common. In addition, busy surgeons may forget that other information, such as the operative position required, the need for surgical implants, or the requirement for special equipment, is not obvious, and thus fail to be explicit. In addition, this work and the expertise required are often undervalued. The result can be to hire inexperienced secretaries and accept high support staff turnover.












Organizational Factors Associated with Wrong-Site Surgery


Organizations must make safety a priority. If production pressure and economic goals are in conflict with safety, organizations must have structure and methods for ensuring safety as the priority.75 Independent offices of patient safety and patient safety officers with the authority to stop operations when necessary are examples of organizational structures designed to maintain safety in the face of economic pressure.






Financial Resources (Safety Is Not Free: The Costs Associated with Establishing Safe Practices and Acquiring Safety Technology May Be Prohibitive)


Many organizations have implemented the Universal Protocol, but have done so in an incomplete manner, performing the minimum to pass a regulatory review. Given the rarity of wrong-site surgery, the cost of preventing each instance would appear significant (although good safety habits or practice can or should be generalizable). The financial impact of correcting computer system flaws, improving secretarial support, and slowing down throughput to perform safety checks is unknown. Costs are a significant barrier to implementing safeguards robustly.









Goals and Policy Standards (Practice of Front-Line Workers Is Shaped by Clear Goals and Consistent Policies That Are Clinically Relevant)


Policies and procedures regarding prevention of wrong-site surgery are difficult to develop. Legal liability tends to constrain medical policymakers to be purposely vague. Explicit procedures that are standardized would be helpful. Unfortunately, newly developed procedures may be recommended as policy prior to proper testing and validation for effectiveness. For example, the Universal Protocol has not been fully validated and yet this protocol has been mandated.









Safety Culture and Priorities (A Safety Culture of an Organization May Be Pathologic, Reactive, Proactive, or Generative)


Most hospitals today are reactive in their culture of safety.27 The result is that those institutions that have had the most public wrong-site surgeries have done the most to establish safety countermeasures to prevent future wrong-site surgery. Proactive action to invest in creating safeguards was beyond the capability or commitment of most healthcare organizations as of 2005.












Sociopolitical Factors Associated with Wrong-Site Surgery






Economic, Regulatory Issues, Health Policy, and Politics


We practice medicine within large national healthcare systems. Currently, third-party payers wish for safety to be a priority. However, organizations that invest in safety technologies to avert error do not typically get a return on that investment. In fact, hospital investment to prevent iatrogenic injury directly benefits third-party payers, not the hospital. Similarly, our legal system does not serve as a strong incentive for safety because jury verdicts do not accurately identify and punish negligent care. Rather, patients with negative outcomes that were not preventable still win jury verdicts, while patients that truly suffered a preventable adverse event commonly fail to seek legally allowed compensation.76












Summary of Contributory Factor Analysis


This example of wrong-site surgery was used to illustrate the multiple contributory factors that allow error to propagate and evolve into an injury-causing accident. Even with an error as blatant as wrong brain surgery, one can identify multiple vulnerabilities in the multiple layers of our complex medical care systems (Fig. 1-4). While hindsight bias tempts one to blame the individuals involved as the sole causative factor, it is clear that the individuals are part of a complex system with multiple latent conditions (hazards and “accidents waiting to happen”). High-reliability organizations are notable for their dedication to systematically identify all hazards and then counter each one. These organizations understand that failure is multidimensional and so is maximizing safety.





[image: image]

FIGURE 1-4 This graphic summarizes the major vulnerabilities identified as contributory toward wrong-site surgical error.














Perspective


The plethora of factors associated with breaches in patient safety underline the complexity of this phenomenon and the protean solutions required to address it. This need is now more imperative than ever, especially in the face of the adoption by the Centers for Medicare and Medicaid Services (CMS) of a nonreimbursement policy for certain “never events.”77 This initiative has been powered by the trend to motivate hospitals to improve patient safety by implementing standardized protocols. These newly defined “never events” limit the ability of the hospitals to bill Medicare for adverse events and complications. The nonreimbursable conditions apply only to those events deemed “reasonably preventable” through the use of evidence-based guidelines. The need to address this problem effectively and to verify the solution through double-blind, placebo-controlled randomized trials is therefore imperative.









Summary


Reducing iatrogenic injury has become a priority in health care. The scientific disciplines that have advanced safety in other high-hazard industries such as aviation and nuclear power are just beginning to be used to help advance safety in health care. The causes of iatrogenic injury are complex, as are robust solutions. Success in other industries has been achieved through the use of a global strategy based on small incremental changes to identify threats and then systematically counter each one. Aviation started using this approach over 40 years ago. This strategy appears viable in health care but requires a long-term commitment. In addition, the battle to improve reliability and safety will be ongoing. Eliminating one set of vulnerabilities always reveals new ones that did not previously exist. Thus, the goal is to trade in the old problems for new ones that are more bearable. The future is hopeful as new safety sciences support medicine’s quest to “first do no harm.”
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Chapter 2 Surgical Navigation with Intraoperative Imaging


Special Operating Room Concepts
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One of the most challenging technological innovations in neurosurgery encompasses the interdisciplinary effort to integrate microneurosurgery and imaging. Neurosurgical techniques have reached a high level of sophistication. Increasing understanding of neurophysiology as well as neuropathology, precise preoperative imaging, small tailored approaches, and specialized instruments, as well as detailed monitoring techniques have led to improved results, and generated higher standards for safety and outcome.


However, the means to confirm the surgeon’s intraoperative evaluation, whether or not the desired surgical objective was achieved, were limited. Postoperative imaging for neurooncologic, neurovascular, and instrumented spine surgery supported the ambition to obtain intraoperative quality insurance.


For high-grade gliomas, in 1994 Albert reported that post-operative imaging showed tumor remnants in 77% of patients who were presumed to have undergone gross total resection.1 In 2006,2 Stummer et al. published a multicenter randomized study, which, as a byproduct, showed residual tumors in 64% of the patients undergoing conventional microsurgical tumor resection (only patients with high-grade gliomas were included, which was deemed—by imaging criteria—to be fully resectable). With the importance of the extent of resection for high-1,2 as well as low-grade gliomas,3,4 these findings emphasize the need for improvement.


In neurovascular surgery the routine use of intraoperative angiography has been advocated to avoid undetected residual disease.5,6 In spinal surgery, the significant percentage of misplaced screws could be reduced from 10%, but still occurs with approximately 5%, even with modern navigation techniques.7 These findings underscored the desire to complement advanced preoperative evaluation with intraoperative quality control. Thus various surgical groups proceeded to integrate imaging into their procedures.


The earliest attempts were made with ultrasound (US) and computed tomography (CT). The immediate impact on surgical procedures was small, due to limited resolution (US and CT) and cumbersome integration into the operating room (CT). Another avenue opened with the introduction of image-guided neuronavigation (IGN) systems.8,9 These systems allowed the transfer of increasingly refined presurgical image information into the operating theater to guide surgical procedures. However, intraoperative changes (“brain shift”) critically limited their application accuracy.10,11 The concept of intraoperative imaging resurfaced. With magnetic resonance imaging (MRI) becoming the method of choice for the imaging of the central nervous system, pioneering efforts to introduce this modality into surgery provided proof of the concept.12–14 These initial experiences with intraoperative MRI (iMRI)15–17 ignited diversification into a variety of approaches.


The integration of surgery and imaging technology, especially MRI, demands consideration of safety, as well as procedural and architectural issues. In this chapter, we focus on those imaging technologies that have resulted in modified operating room (OR) designs and changes in the surgical workflow.






Computer-Assisted, Image-Guided Neuronavigation


The major link between imaging and integration of this information into surgery is provided by navigation systems. Diagnostic computer-based image-analysis and three-dimensional (3D) modeling facilitated the spatial definition of complex pathologic processes. The desire to use this information directly in the surgical field led to the introduction of IGN systems in the mid-1980s8,9 and their commercial availability in the early 1990s. These systems provided the surgeon with a tool that allowed the transfer of presurgical image information in an intuitive and interactive fashion into the surgical field (see Chapter 3 for more detail on neuronavigation).


By combining a computer with a detection system (at present, generally light-emitting diodes [LEDs]), the location of a pointer tip (or likewise registered tool) within the surgical field can be viewed on a computer display. This is achieved by registering “physical” (the surgical field) with “image” (the preoperative images within the computer) space. The surgeon uses the pointer like a 3D mouse to scroll through the images. Pointing at specific areas within the surgical field, the correlating location in the preoperative images is displayed on the computer screen in its anatomic context. Generally this method is an asset in planning approaches and verifying various internal landmarks.


Meanwhile, the technology has proceeded from being a novelty to an established asset for neurosurgical procedures. Questions of prior consideration, that is, application accuracy and integration of instruments, were overcome. However, the major shortcoming was the dependence on preoperative image data. Since intraoperative changes (e.g., CSF drainage, tumor resection, sagging of the cortex, swelling of underlying tissue, summarized as “brain shift”), accumulate throughout surgery, preoperative data become invalidated.10,11,18 This has particular influence on glioma surgery. While enabling precise approach planning and localization, resection control is generally beyond the capacity of these systems, since they cannot account for intraoperative changes. Intraoperative imaging resolved this issue directly. It enables continued use of these systems with newly acquired accurate data.


A different avenue investigates mathematical models to compensate for brain shift. Various algorithms can characterize and calculate deformation matrixes.10,11,19 Various brain shift patterns were identified. A multimodal approach appears potentially useful, which uses intraoperative “sparse” US data20–22 to calculate a deformation matrix, which is then used to elastically deform preoperative MRI images. Albeit all these efforts advances were meager and the only option to provide precise updated navigation remains the integration of intraoperative images.









Intraoperative Imaging


We provide an overview and comprehensive organizational framework for imaging modalities that influence surgical work flow and OR-suite design. While this relates to CT and primarily MRI, recent multimodal imaging implemented in OR suites includes US and fluoroscopy, and these will be addressed as well.






Intraoperative Fluoroscopy


Operating theaters for stereotactic neurosurgery had built-in biplane x-ray to eliminate parallax artifacts in imaging of electrode placement. With the limited scope of this application, these ORs remained rare and have largely been replaced by standard fluoroscopy, or more recently intraoperative MRI.23,24


In instrumented spinal surgery, fluoroscopy is used as an online imaging modality for planning and verifying screw positioning. Combinations with navigation systems have been propagated. Intraoperative angiography has been employed by major vascular centers for quality insurance in aneurysm and AVM surgery.5,6


For both angiography and spinal instrumentation, a major shortcoming was the planar imaging, providing indirect spatial information. While the integration of IGN added this dimension, reservations about accuracy led to reevaluation of CT for spinal instrumentation. A more recent development allowing 3D rotation fluoroscopy may result in an easier way to obtain spatial information. Initial questions as to the spatial accuracy of these systems have been addressed in more recent generations. Recently hybrid angiography ORs combining neurointervention and neurosurgery for neurovascular cases have been introduced.









Intraoperative Ultrasound


Intraoperative US (IoUS) was one of the first to be employed as an intraoperative imaging modality in neurosurgery.25 With subsequent new generations, image quality improved and miniaturization of the hand-pieces enhanced applicability. Advantages are the dynamic, surgeon-driven, on-line character of the information.26 Particularly in vascular surgery, the flow-related analysis of duplex sonography provides additional flexibility. Further major developments were the introduction of spatially accurate 3D ultrasound,27 of contrast agents28 and the integration of US into navigation systems.26,29–31 In particular, the last aspect provided the means for easier interpretation of the images, which generally demands experience.


For the last 20 years, IoUS has been regarded as the most promising system for online information acquisition in neurosurgery. Still, these systems remain limited in their distribution. Potential reasons may be the unfamiliarity with the technique of ultrasound and its limitations in tissue differentiation,32 differing from the most widely distributed primary diagnostic modality of MRI.33


Major indications are circumscribed lesions, such as metastasis, cavernomas, vascular pathologies, and for spinal intradural lesions. With its integration into conventional navigation systems and in combination with iMRI34 the unfamiliarity with this modality might potentially be overcome.









Intraoperative Computed Tomography


Shalit and Lunsford first reported the integration of a stationary CT into OR.35,36 The next generation of CTs was mobile, permitting shared application in the OR and the ICU. However, image quality and radiation exposure limited the application and further implementation of this modality. Further advances in CT- and OR-table technology and integration with navigation systems have led to a reappraisal.


Modern CT-OR (Fig. 2-1) solutions use a rail system to move the CT between a parking position and the patient for scanning,37 which provides full access to the patient. In spine surgery, intraoperatively acquired images can be used to update navigation systems to provide additional image guidance for screw placement, as well as verification of correct positioning. For neurovascular surgery, intraoperative CT-angiography has the potential to provide information on obtained occlusion of vascular pathologies, but also with perfusion CT on potential vascular compromise.
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FIGURE 2-1 Overview of iCT unit. The CT is moved along the patient axis on a rail system. Navigation system in the left corner of the image is mobile.


(From Uhl E, Zausinger S, Morhard D, Heigl T, Scheder B, Rachinger W, Schichor C, Tonn JC. Intraoperative computed tomography with integrated navigation system in a multidisciplinary operating suite. Neurosurgery. 2009;64:231-239, Fig. 1D.)





For the definition of brain tumors—particularly low-grade lesions, but also high-grade gliomas—the intraoperative imaging quality remains less informative. Gross total surgical resection may be documented, but the sensitivity to detect residual tumor, even with the present CT generation, remains inferior to MRI. Furthermore, cumulative radiation exposure limits the number of potential intraoperative scans.









Intraoperative Magnetic Resonance Imaging


MRI is the diagnostic standard for lesions of the central nervous system. Its imaging capability extends beyond pure anatomic resolution into function (fMRI) and connectivity (DTI), as well as pathophysiologic conditions (spectroscopy, perfusion).


Postoperative MRI remains the gold-standard for defining the extent of resection in neurooncology1,2 and pituitary lesions.38


The desire to employ the potential of MRI to monitor open neurosurgical procedures, as means to quality insurance, resection control, and complication detection led to the combination of MRI and surgery.13 Presently intraoperative MRI is used primarily for gliomas and pituitary lesions,38–40 but also for vascular41 and epilepsy surgery.42


In the mid-1990s, two major approaches spearheaded the implementation of intraoperative MRI for neurosurgical procedures and forecast the future direction of this emerging specialty.


The “twin operating theater”14,16 combined surgery and imaging (low-field, open 0.2 T MR system with a horizontal opening) by using two adjacent rooms. The patient was transferred between surgical and imaging site. Thus conventional OR equipment could be used without MR-safety or compatibility issues. To minimize the time for the transfer, this approach was modified by operating in the vicinity of the MRI, the “fringe field.”43,44


The open magnet design (“double doughnut”)12,13,17 aimed at a full integration of surgery and MRI. The vertical opening provided the surgeon with access to the patient. Surgical and imaging site were merged, a transfer was unnecessary. For practical reasons, surgery was discontinued during scanning. However, this design held the potential to provide real-time imaging, such as in biopsies, or through “continuous imaging” protocols.45 Furthermore, a navigation system was an integral part of the MRI. With a localizer, the surgeon controlled the scanning plane of the MRI interactively.46,47 Specially developed software for intraoperative navigation extended the functionality.48,49 This solution is closest to the symbiosis of surgery and imaging. However, by operating in a magnetic field, constraints in regards to technical equipment, in particular the microscope, the 56-cm gap for the surgeon, and the need for nonferromagnetic instruments, microneurosurgical standards were difficult to uphold.


These pioneering clinical experiences proved that the vision50 to bring MRI into the surgical surrounding could be realized. Biopsies as well as interstitial therapies could be blended with MRI into a novel procedure. However, it became evident, that the synthesis of open surgery and MRI into a comprehensive new method proved too complex. Either imaging potential, in comparison to preoperative high-field diagnostic scans, patient access or both, were restricted.


While various systems of low- and mid-field range persist, the limitations of the prototypes, in regards to field strength and thus image quality as well as patient access, have led development in different directions. Installations with various MR designs and a wide, increasing range of field strength (0.15–3.0 Tesla) are currently in use.


With emphasis on accessibility, a minimized, compact open MRI (0.12 T, 0.15 T) was introduced, which fit beneath the surgical table.51,52 To integrate high-field (1.5 T and higher) imaging, while providing ample patient access and only minimal influence on microneurosurgical instruments and techniques, surgical and imaging sites were separated. This can be achieved within an integrated OR-MR design (“dedicated”),15,40,53 or by arranging MR and OR into separate adjacent modules/rooms41,54–56 (“shared resources”).


A comprehensive classification, which encompasses present arrangements and accommodates potential future developments and expansions, cannot be based on variable characteristics such as field-strength and MR-design. Since the original concept was to merge surgery and imaging, it is reasonable to use work flow to distinguish among different installations. Specific issues for the integration of MRI into the surgical surrounding such as MR safety and compatibility of equipment, field strength, shielding, MR design,47,57,58 and imaging characteristics will be outlined before discussing various MR-OR integrations.






MR Safety, Compatibility, and Shielding


The introduction of a magnet into a surgical surrounding raises safety issues pertaining to interaction of the magnetic field and OR equipment.47,58–61 The magnet can exert a pull on ferromagnetic instruments. Generally the strength of the pull is related to field strength (and MR shielding) and distance to the MRI. The so-called 5-gauss line demarcates the inner area, in which the pull increases and the outer zone, in which ferromagnetic instruments can be safely used without being drawn into the MRI. In most MR-ORs, this demarcation is indicated on the floor. The immediate area around the 5-gauss line, which is within the magnetic field but still has no significant pull, is called the “fringe” field.


Instruments and equipment that are nonferromagnetic, and can be used in either area without being drawn into the MR, are called MR-safe. However, contrary to MR-compatible equipment, they cause image artifacts when left in the imaging field during scanning, or as with electrical equipment, cause interference with the imaging. Thus, equipment that is neither magnetic nor interferes with the imaging is called MR-compatible.


Shielding is necessary to prevent the interaction of the magnet with radio-frequency (RF) technology. Normally the entire room is shielded to prevent the magnet’s influence on electrical devices and vice versa. Alternatively, a specific shielding can be laced around the patient for scanning. While all nonessential electrical equipment can be turned off during scanning, or is primarily based outside the shielded room (e.g., the computer for image guided navigation), special anesthesia equipment is used to prevent RF noise (artifacts) in the images.









MR Design (“Open-Bore” and “Closed-Bore” Systems) and Field Strength


The static magnetic field of the MRI is generated within its bore. In open-bore (i.e., open-magnet) systems, the magnet is divided into two poles. The gap can be horizontal or vertical (“double doughnut”),59 resulting in different access to the patient.


In diagnostic high-field scanners, the bore is a closed tunnel. With improved MR design, so-called “short-bore” systems, with shorter tunnel length, became available, providing some access to the patient. Thus smaller operations like biopsies or deep brain stimulation (DBS) electrode placement can be performed within the bore (“in-bore” procedures).


Generally the open-magnet design has lower field strength than the “short-bore” closed systems. Higher field strength generally promotes acquisition speed (temporal resolution) as well as quality of the subsequently acquired images (spatial resolution). A wider range of image sequences is available (e.g., spectroscopy, DTI, fMRI, dynamic scanning).15,62,63 Furthermore, the homogeneity of the magnetic field increases, reducing geometric distortions. This issue is of major importance in low- and mid-field scanners. Phantom studies performed on the compact 0.12 T system provided acceptable application accuracy.52 However, studies in a stronger magnetic field (mid-field 0.5 T, open MR system) have shown that significant geometric distortions are present,64 which are machine- and patient-induced. These findings have to be considered when using non–high-field MR units (below 1 T) for resection control and updated neuronavigation.









Imaging


Which imaging to choose depends on the lesion’s imaging characteristics in diagnostic studies. Enhanced and nonenhanced T1WI, T2, and occasionally FLAIR answer most questions.39,40,53,54,62,65 For low-grade lesions, T2 and FLAIR images are the most appropriate.40,53,54 For enhancement, pre- and post-contrast T1 images are acquired.


Further sequences may potentially yield additional information,53 such as location of functional centers or fiber tracts. Both features can be extracted from intraoperative MRI, especially the latter.66


The intraoperative MRI is essentially a surgical tool. It is implemented to support surgical decision making. Thus the surgeon has to define his or her intention and the subsequent question, which primarily relates to the achieved extent of resection (residual tumor and its localization) and complication avoidance (distance to critical structures). It is essential that the surgeon acquires a good working knowledge of MRI to compile the individual imaging protocol and analyze the images according to surgical objectives.40,41,53,62


Practical challenges in interpreting intraoperative images largely pertain to nonspecific contrast enhancement (“spread enhancement”). The surgical result is described by “removed percent of contrast-enhancing lesion.” Since contrast enhancement merely reflects the local breakdown of the blood–brain barrier, it is unsurprising that contrast spreads into surrounding regions over time. While almost inconsequential in diagnostic imaging, acknowledging this phenomenon is of major importance for intraoperative MRI (iMRI) to avoid over-resection. Thus scans for the initial neuronavigation-assisted resection should be acquired prior to surgery. When imaging is for resection control, pre- and post-contrast T1 images and subtraction are compared to identify residual contrast enhancement. New sequences capturing the dynamic nature of neovascularized areas, in particular dynamic susceptibility contrast-weighted perfusion MRI (DSC-MRI), provide more accurate intraoperative information than conventional contrast-enhanced T1WI.67 Future development of specific contrast media may lead to a resolution of this problem.68,69









Integration of Intraoperative Navigation and MRI


The shortcomings of image-guided navigation in detecting intraoperative changes were a major motivation to implement intraoperative imaging. Since surgery and imaging take place in different coordinate systems, the transfer of the images between these venues represents the crucial integrating step. IGN provides this essential link.40,70,71


In most MRI-installations, navigation systems are ceiling mounted. Initial navigation is performed with preoperative images until the surgeon deems an update necessary to regain accurate navigation. The intraoperative images are sent directly from the scanner console to the navigation system. The images are fused (automated image fusion algorithm) to the already registered preoperative images and shown on the display (Fig. 2-2). With the DRF reattached in its original position, the images can be used for updated navigation without additional re-referencing. Thus intraoperative updates for neuronavigation can be acquired at the surgeon’s discretion, and used for updated navigation.
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FIGURE 2-2 Updated navigation with intraoperative images (screen shot of navigation system display). Images were acquired after tumor (anaplastic astrocytoma) bulk resection for localization of residual tumor. T2 and T1WI intra- and pre-operative for comparison.











OR-MR Integrations


The horizontal systems were mostly adjacent to a conventional OR.14,16 The patient was moved from the surgical site to the imaging site. An improved workflow left the patient within the fringe field to shorten the transfer.43,44


The vertical units (i.e., “double doughnut”) had the advantage, that patient transport was not necessary because imaging and surgical sites were the same. The vertical orientation of the gap between the poles gave, however confined, acceptable access to the positioned patient. This facilitated the workflow but posed high demands on the equipment and surgical workflow.17,47,50


The basic concept of these original designs persists in current solutions. In the shared-resource and more elaborate multimodal imaging OR concepts, surgical site and imager are separated into adjacent rooms. In “dedicated, integrated MR-OR” environments, surgical and imaging sites are separated but in the same specially planned room.


The pivotal links are the physical arrangement between surgical and imaging sites (patient or MR transport) and the information transfer (updated imaging for neuronavigation).






Shared Resources and Multimodal Imaging OR Concepts


The separated room concept for surgical and imaging sites was developed to allow the unimpeded usage of surgical tools as well as perfect imaging. An additional economic aspect was that while surgery was progressing, the idle MRI could be used for routine imaging—hence, the notion of shared resources. However, this demanded special arrangements for connecting surgical and imaging sites. Potentially, the patient can be brought to the MRI or the MRI to the patient.


The first mobile MRI (Fig. 2-3) was developed and installed in Calgary.41 The 1.5-T unit is mounted on a ceiling rail system, which permits transporting the MRI into the surgical area (overhead crane technology). The specially designed operating table is MR-compatible, as patient positioning can be adjusted hydraulically. Furthermore, the RF coils are integrated into the surgical table. The upper detachable portion can be repositioned for imaging. The MRI usually resides in a separate room. On its way in and during scanning, ferromagnetic instruments have to be removed from its path and beyond the 5-gauss line. If not needed during the procedure, the magnet can be potentially used as a shared resource for conventional scanning, or serve adjacent ORs connected by a common rail system.





[image: image]

FIGURE 2-3 Ceiling-mounted, mobile MRI (1.5 T) in Calgary. Overhead crane technology permits the transfer of the MRI to the surgical site.


(From Kaibara T, Saunders JK, Sutherland GR. Advances in mobile intraoperative magnetic resonance imaging. Neurosurgery. 2000;47:131-138, Fig. 4.)





Stationary MRIs in separated rooms are presently 3-T MRI units, where the higher field necessitates more elaborate shielding (Fig. 2-4). The 5-gauss line extends farther away from the MRI, raising demands on MR-safe and compatible equipment and instruments. This and the fact that 3-T systems are not yet widely used led to implementation as separated rooms, permitting shared imaging resources between surgery and radiology.54,56
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FIGURE 2-4 Example of shared-resources layout.


(From Pamir MN, Ozduman K, Dincer A, Yildiz E, Peker S, Ozek MM. First intraoperative, shared-resource, ultrahigh-field 3-Tesla magnetic resonance imaging system and its application in low-grade glioma resection. J Neurosurg. 2010;112:57-69, Fig. 1.)





The surgical site is a conventional operating theater. The patient is positioned on a surgical OR table with a floating top, which can be connected to the MR system. Either a rail system56 or a wheeled transfer table54 is used. The head-holder can be either separated from flexible surface coils,56 or integrated into the rigid imaging coils.54 In the latter case, a removable sterile top portion is disconnected for surgery and replaced for scanning.


The rooms have additional entrances to provide access to the MR while surgery progresses in the adjacent room. Thus during the surgical time, routine diagnostics can be performed. Costs and function can be shared between neurosurgery and radiology. While the economic aspect is appealing, the concept of obtaining image-information on demand for surgical decision making is impeded. If the MR is occupied, the surgical patient has to wait. Presently the transfer distance, as well as the preparations to provide safety, represents an additional delay.56 It becomes cumbersome, and thus less likely, that repeated intraoperative scans are obtained.


The separation of imaging and surgery into adjacent rooms establishes a modular design. Accordingly separate modules can be added to extend the single-modality imaging OR. Such a multimodal-imaging OR concept is based on a conventional OR with fluoroscopy at its core. US can be added. Ceiling-mounted navigation systems are the connecting link to the imaging units. The moveable OR table has a floating top, which can be connected to either imaging gantry.


In the MRXO55 concept (Fig. 2-5), the central OR-angiography room is connected to a 1.5-T MRI and a CT suite. Both suites have separate entrances to admit patients from radiology (MRI) and the emergency room (CT), adherent to the shared-resources concept. This setup is primarily designed for neurosurgical applications.
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FIGURE 2-5 Multimodality imaging OR layout for the modular expansion of shared-resources twin-OR. Due to the modular design, various modalities can be used.


(From Matsumae M, Koizumi J, Fukuyama H, et al. World’s first magnetic resonance imaging/x-ray/operating room suite: A significant milestone in the improvement of neurosurgical diagnosis and treatment. J Neurosurg. 2007;107:266-273, Fig. 1.)





In the planned AMIGO (advanced multimodality image guided operative)72 design, the fully equipped surgical room (fluoroscopy, US, navigation system) will be flanked by a 3-T MRI unit and a PET-CT. With this design, the applicability of the suite is not only as a shared resource in regards to simultaneous imaging of other patients during surgery, but also expandable to an interdisciplinary suite serving different specialties.









Dedicated OR-MR Environment


Dedicated systems realize the close integration of MRI and surgery within one OR-MR environment.









Dedicated Low-Field System


The 0.15-T MRI (previous generation 0.12 T) is an open-bore system with two poles.51,52,73 The MRI is positioned beneath the patient’s head (Fig. 2-6). On demand the magnet is raised to place the surgical field in the imager. Images are acquired and transmitted to the connected navigation unit for updated navigation. The OR has to be shielded to avoid RF interference, and all other nonessential equipment has to be turned off. Alternatively, the patient and the scanner can be shielded separately.74 This compact MRI provides the closest approximation to the original concept of merging imaging and surgery in space. The application can be integrated into a conventional OR, provided shielding is implemented and used on demand by raising the poles to imaging level. Despite the application comfort, the low field holds challenges in regards to homogeneity (spatial resolution and geometric distortions) and field of view (120–160 mm vs. 220 mm in high-field systems). These systems are used for intraoperative imaging in glioma51,52 and pituitary surgery.75,76
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FIGURE 2-6 Compact low-field MRI (0.12-15 T). Position before draping. Ceiling-mounted navigation system. Special headrest with integrated coil and flexible coil positioned for pituitary surgery.


(Courtesy of M. Hadani, Sheba Medical Center; Tel Hashomer, Israel.)












Dedicated High-Field System


These installations combine a fully equipped neurosurgical OR with a high-field scanner, primarily 1.5-T MR units, into a comprehensive unit.15,40,53 Two main setups provide this dedicated environment.15,40,53 The 5-gauss border represents a demarcation that permits the spatial division of the OR-MR suite.40,53,60 Surgical and imaging site are connected by a surgical table, which attaches directly to the scanner. The surgical area is reached by disconnecting the table and rotating it either by 30 degrees15,40 (Fig. 2-7) or 160 degrees53 (Fig. 2-8) away from the MR axis, to place the operating field outside the 5-gauss line.
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FIGURE 2-7 Fully integrated OR-MR (1.5 T) environment at the authors’ institution. Patient is turned away from MR axis by 30 degrees to position the head into the primary surgical area outside the 5-gauss line. Ceiling-mounted navigation system. Open procedure for left frontal glioma.


(OR-MR setup in Kiel/Germany.)
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FIGURE 2-8 Depiction of the system with table turned away 160 degrees from MR axis, to position head outside 5-gauss line (1.5 T MR). Pituitary surgery.


(Courtesy Prof. C. Nimsky, OR-MR setup in Erlangen, Germany.)





The primary fully equipped surgical site for microneurosurgery is outside the 5 gauss line, where ferromagnetic tools and equipment (e.g., microscope, ultrasonic aspirator, bipolar coagulation, and cortical stimulation) can be used unimpeded. The rigid head fixation has to be fully MR compatible. The material of the pins has no influence on the overall imaging (local artifacts with metal pins). The head fixation can be integrated into the rigid RF coil with restricted degrees of freedom.53 More flexibility for positioning is achieved by a modified carbon-fiber, MR-compatible Mayfield clamp attached to the table top used with surface coils.40 One coil is positioned below the patient’s head, within the Mayfield clamp, while the top coil is removed during surgery and replaced for scanning.


For surgical navigation, the dynamic reference frame (DRF) is attached to the head-holder. The navigation system is registered, the craniotomy planning finalized. In integrated MR-OR solutions the navigation system is ceiling mounted, with the computer placed outside the shielded room. After craniotomy, the operation is performed, using state-of-the art microneurosurgical techniques. For lesions in eloquent areas the authors’ group utilizes the technique of awake craniotomy with cortical stimulation.77


Imaging can be initiated at every point the surgeon deems feasible. Ferromagnetic material is removed and the surgical field covered with additional sterile drapes. The table is returned into the MR axis, connected, and the patient transferred to the imaging site.


In both arrangements,40,53 the interval from stopping the surgery to initial scanning commonly takes about 3 to 5 min.


The surgeon determines the imaging protocols based on presurgical imaging characteristics. The images are transferred to the navigation system as soon as they are acquired for updated accurate navigation.40,71


The surgical field is redraped on top of the previous draping. If residual tumor is identified, updated neuronavigation allows the precise localization for resection. If no further resection is necessary or deemed feasible, surgery is concluded.


Biopsies and burr-hole procedures in a dedicated, high-field MRI can be performed in the primary surgical site outside the 5-gauss line with standard equipment (conventional stereotactic frames; computer-guided, navigated free-hand biopsies; navigated endoscopy).40 More sophisticated in-bore procedures use the capacity of real-time imaging. Burr-hole and dural opening are performed outside the 5-gauss line with standard equipment. After a MR-compatible burr hole mounted device is attached, the patient is transferred into the MR for scanning. The mounted guide is fixed to preserve the planed trajectory. During the probe’s advance in-plane imaging (1–3 images/second) provides real-time control and final image confirmation of the target point.78 With short-bore MRs, the needle can be advanced by the surgeon reaching into the bore. However, remote control or robotic devices provide more comfortable reach and can be potentially employed within MRIs with less access.78,79 Current studies discuss in-bore procedures for deep brain stimulation.24


Within the integrated system originally described by Hall et al.15 a secondary surgical site can be used for specific tasks.40,65 When the MRI table is extended beyond the back of the MRI, the patient’s head can be accessed freely for surgery. This area is within the 5-gauss line, thus necessitating the use of MR-safe equipment. While ultrasonic aspirator and bipolar coagulation can be used in this site, microscopes which provide familiar illumination and magnification qualities are not available. The transfer to the MRI is much shorter, repeated imaging becomes easier. This secondary surgical site returns to the idea of a close interlacing of imaging and surgery. However, as long as microneurosurgical techniques are hampered, the utility of this area is limited to smaller interventions.


Interestingly despite this restrain, this secondary surgical site allowed a major development: the inception of an integrated, dedicated 3-T system within an operating theater.80,81 Contrary to shared-resources solutions, this setup is the only one to attempt the combination of intraoperative 3-T system and surgery. While there are still significant drawbacks, this installation provides the proof of concept, that dedicated high-field OR-MR rooms for biopsies and open craniotomies can be realized.80–82


















Summary


Intraoperative imaging addresses the crucial need to support surgical decision making with online information to improve quality control and complication avoidance. The main modalities are US, fluoroscopy, CT, and MRI.


Ultrasound can be easily integrated into the surgical workflow. Combination with navigation systems facilitates interpretation. The capacity to simultaneously capture flow and structure is particularly useful in vascular malformations. Resection control for gliomas is of limited use, even with the most recent contrast-enhanced US.


Mobile fluoroscopy has been integrated into conventional ORs for spinal surgery and DBS. The biplane representation has been extended to a 3D perspective by rotating units. This enhances their potential application for vascular neurosurgery and spinal instrumentation, where 3D rotational fluoroscopy may become a competitor for intraoperative CT.


The evolution of IoUS and fluoroscopy has facilitated integration into the surgical surrounding. Current-generation equipment has been reduced in size, while significant improvements have been achieved in functionality.


CT and MRI are less prone to undergo simultaneous miniaturization and improvement. These cut-plane imaging modalities are primarily integrated through workflow and suite design.


The latest iCT generation shows significant improvement in image quality and integration into the surgical workflow. Spinal instrumentation and vascular neurosurgery are the main indications. In brain tumor surgery, the use of iCT is less conclusive, albeit there have been significant improvements, in particular for low-grade gliomas.


In iMRI suites, intraoperative imaging has taken its most elaborate form. Despite its cost, special demands, and labor intensiveness, this field keeps expanding, due to the unparalleled imaging capabilities for the analysis of structural pathology as well as physiologic investigations of the central nervous system (e.g., neurooncology, epilepsy surgery). Various groups reported more complete resections for high-grade gliomas and pituitary lesions employing intraoperative low-,52,83 mid-,84,85 and high-field systems.39,86 Increased resection percentages were also shown for low-grade lesions.53,87


The attempt to decrease MRI size to facilitate integration, resulted in a compact low-field system, albeit with limited imaging potential.51 Higher-field MRIs providing diagnostic imaging capability are integrated primarily through their suite design, which separates surgical and imaging site within the same (dedicated systems) or adjacent rooms (twin operating theater, shared resource). In dedicated systems, the transfer between surgical and imaging site can be achieved swiftly.40,53 In shared resource concepts, transfer is longer. Furthermore potential conflicts in using the imaging for surgery and routine diagnostics may lead to prolonged waiting periods before intraoperative imaging can be commenced.54,56


Long envisioned intraoperative MRI has been successfully combined with standard microneurosurgical and navigation techniques into comprehensive units for neurosurgical procedures.50,88 High-field MRI and its intraoperative application represent a major interdisciplinary challenge and opportunity. Further refinements may lead back to the original concept of merging therapy and MRI, with robotic devices for surgery, focused US for noninvasive ablative procedures88 or open high-field magnet designs.


Multimodal imaging OR concepts (MRXO and AMIGO) extend the modular arrangement as realized by the shared-resources concept. Additional modalities have been integrated into adjacent rooms (CT, PET-CT, and high-field MRI) of a hybrid neurointerventional-neurosurgical OR (angiography and US). The modular shared-resources design provides the structural framework for integrating otherwise incompatible units. Such installations represent a major research effort to evaluate the impact and value of different imaging modalities.


The essential link between imaging and surgery is the computer-assisted IGN system. It represents the platform on which the pre- and intra-operative multimodal imaging information coalesces to enable surgical decision making.71,88–90


In current systems, imaging interrupts surgery for various periods of time. While microneurosurgical techniques remain unrestricted, the surgical workflow is disrupted and the procedure prolonged. Thus intraoperative imaging represents a compromise balancing the additional value of the imaging information versus timely conclusion of the surgery.


Especially for MRI, the overabundance of high-quality image information becomes a challenge in its own right. Fiber tracking has been employed in sophisticated ways, delineating the major fiber connections.91,92 Spectroscopy has been used to guide stereotactic biopsies,93 and with further refinement may yield information on resection borders in open surgery.54


Intraoperative imaging has to be carefully balanced to minimize delay while obtaining the best information possible. Any device used for intraoperative imaging becomes a surgical tool, and has to be employed with the same scrutiny and deliberation. It remains the surgeon’s obligation to decide, ideally in close communication with neuroradiologists, when to obtain which information as a basis for surgical decision making.









Conclusion


Intraoperative imaging and navigation have developed from a vision50 to a neurosurgical reality. The development of various OR designs to accommodate intraoperative imaging and surgery has accelerated. Solutions apparently prohibitive in scope and cost 10 years ago have been implemented and surpassed. The higher the expectation of image information, the more complex the resulting design. The most intricate, but at present also the most flexible and informative modality for cranial neurosurgery, is intraoperative MRI. The multitude of designs, implementations, and field strengths make this a most multifaceted area of expertise. Incorporation of magnets with increasing field strengths and multimodal imaging concepts (MRXO) including metabolic information (AMIGO) represent the next challenges.


Technological advances almost appear to gain autonomous momentum. It is essential to ensure that surgical needs remain at the core of this multidisciplinary effort.








Key References





 Black P.M., Moriarty T., Alexander E.3rd, et al. Development and implementation of intraoperative magnetic resonance imaging and its neurosurgical applications. Neurosurgery. 1997;41:831-842.


 Claus E.B., Horlacher A., Hsu L., et al. Survival rates in patients with low-grade glioma after intraoperative magnetic resonance image guidance. Cancer. 2005;103:1227-1233.


 Hadani M., Spiegelman R., Feldman Z., et al. Novel, compact, intraoperative magnetic resonance imaging-guided system for conventional neurosurgical operating rooms. Neurosurgery. 2001;48:799-807.


 Hall W.A., Galicich W., Bergman T., Truwit C.L. 3-Tesla intraoperative MR imaging for neurosurgery. J Neurooncol. 2006;77:297-303.


 Hall W.A., Martin A.J., Liu H., et al. High-field strength interventional magnetic resonance imaging for pediatric neurosurgery. Pediatr Neurosurg. 1998;29:253-259.


 Jankovski A., Francotte F., Vaz G., et al. Intraoperative magnetic resonance imaging at 3-T using a dual independent operating room-magnetic resonance imaging suite: development, feasibility, safety, and preliminary experience. Neurosurgery. 2008;63:412-424.


 Jolesz F.A., Nabavi A., Kikinis R. Integration of interventional MRI with computer-assisted surgery. J Magn Reson Imaging. 2001;13:69-77.


 Matsumae M., Koizumi J., Fukuyama H., et al. World’s first magnetic resonance imaging/x-ray/operating room suite: a significant milestone in the improvement of neurosurgical diagnosis and treatment. J Neurosurg. 2007;107:266-273.


 Nabavi A., Black P.M., Gering D.T., et al. Serial intraoperative magnetic resonance imaging of brain shift. Neurosurgery. 2001;48:787-797.


 Nabavi A., Dorner L., Stark A.M., Mehdorn H.M. Intraoperative MRI with 1.5 Tesla in neurosurgery. Neurosurg Clin North Am. 2009;20:163-171.


 Nabavi A., Goebel S., Doerner L., et al. Awake craniotomy and intraoperative magnetic resonance imaging: patient selection, preparation, and technique. Top Magn Reson Imaging. 2009;19:191-196.


 Nimsky C., Fujita A., Ganslandt O., et al. Volumetric assessment of glioma removal by intraoperative high-field magnetic resonance imaging. Neurosurgery. 2004;55:358-370.


 Nimsky C., Ganslandt O., Cerny S., et al. Quantification of, visualization of, and compensation for brain shift using intraoperative magnetic resonance imaging. Neurosurgery. 2000;47:1070-1079.


 Nimsky C., Ganslandt O., Kober H., et al. Intraoperative magnetic resonance imaging combined with neuronavigation: a new concept. Neurosurgery. 2001;48:1082-1089.


 Nimsky C., Ganslandt O., Von Keller B., et al. Intraoperative high-field-strength MR imaging: implementation and experience in 200 patients. Radiology. 2004;233:67-78.


 Pamir M.N., Ozduman K., Dincer A., et al. First intraoperative, shared-resource, ultrahigh-field 3-Tesla magnetic resonance imaging system and its application in low-grade glioma resection. J Neurosurg. 2010;112:47-69.


 Schulder M. Intracranial surgery with a compact, low-field-strength magnetic resonance imager. Top Magn Reson Imaging. 2009;19:179-189.


 Steinmeier R., Fahlbusch R., Ganslandt O., et al. Intraoperative magnetic resonance imaging with the magnetom open scanner: concepts, neurosurgical indications, and procedures: A preliminary report. Neurosurgery. 1998;43:739-747.


 Sutherland G.R., Kaibara T., Louw D., et al. A mobile high-field magnetic resonance system for neurosurgery. J Neurosurg. 1999;91:804-813.


 Sutherland G.R., Latour I., Greer A.D. Integrating an image-guided robot with intraoperative MRI: a review of the design and construction of neuroarm. IEEE Eng Med Biol Mag. 2008;27:59-65.


 Tronnier V.M., Wirtz C.R., Knauth M., et al. Intraoperative diagnostic and interventional magnetic resonance imaging in neurosurgery. Neurosurgery. 1997;40:891-900.


 Uhl E., Zausinger S., Morhard D., et al. Intraoperative computed tomography with integrated navigation system in a multidisciplinary operating suite. Neurosurgery. 2009;64:231-239.


Numbered references appear on Expert Consult.











References





1. Albert F.K., Forsting M., Sartor K., et al. Early postoperative magnetic resonance imaging after resection of malignant glioma: objective evaluation of residual tumor and its influence on regrowth and prognosis. Neurosurgery. 1994;34:45-60.


2. Stummer W., Pichlmeier U., Meinel T., et al. Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant glioma: a randomised controlled multicentre phase III trial. Lancet Oncol. 2006;7:392-401.


3. Claus E.B., Black P.M. Survival rates and patterns of care for patients diagnosed with supratentorial low-grade gliomas: data from the SEER program, 1973-2001. Cancer. 2006;106:1358-1363.


4. Smith J.S., Chang E.F., Lamborn K.R., et al. Role of extent of resection in the long-term outcome of low-grade hemispheric gliomas. J Clin Oncol. 2008;26:1338-1345.


5. Lopez K.A., Waziri A.E., Granville R., et al. Clinical usefulness and safety of routine intraoperative angiography for patients and personnel. Neurosurgery. 2007;61:724-729.


6. Klopfenstein J.D., Spetzler R.F., Kim L.J., et al. Comparison of routine and selective use of intraoperative angiography during aneurysm surgery: a prospective assessment. J Neurosurg. 2004;100:230-235.


7. Kosmopoulos V., Schizas C. Pedicle screw placement accuracy: a meta-analysis. Spine (Phila Pa 1976). 2007;32:E111-120.


8. Watanabe E., Watanabe T., Manaka S., et al. Three-dimensional digitizer (neuronavigator): new equipment for computed tomography-guided stereotaxic surgery. Surg Neurol. 1987;27:543-547.


9. Roberts D.W., Strohbehn J.W., Hatch J.F., et al. A frameless stereotaxic integration of computerized tomographic imaging and the operating microscope. J Neurosurg. 1986;65:545-549.


10. Nimsky C., Ganslandt O., Cerny S., et al. Quantification of, visualization of, and compensation for brain shift using intraoperative magnetic resonance imaging. Neurosurgery. 2000;47:1070-1079.


11. Nabavi A., Black P.M., Gering D.T., et al. Serial intraoperative magnetic resonance imaging of brain shift. Neurosurgery. 2001;48:787-797.


12. Black P.M., Moriarty T., Alexander E.3rd, et al. Development and implementation of intraoperative magnetic resonance imaging and its neurosurgical applications. Neurosurgery. 1997;41:831-842.


13. Jolesz F.A. 1996 RSNA Eugene P. Pendergrass New Horizons Lecture. Image-guided procedures and the operating room of the future. Radiology. 1997;204:601-612.


14. Tronnier V.M., Wirtz C.R., Knauth M., et al. Intraoperative diagnostic and interventional magnetic resonance imaging in neurosurgery. Neurosurgery. 1997;40:891-900.


15. Hall W.A., Martin A.J., Liu H., et al. High-field strength interventional magnetic resonance imaging for pediatric neurosurgery. Pediatr Neurosurg. 1998;29:253-259.


16. Steinmeier R., Fahlbusch R., Ganslandt O., et al. Intraoperative magnetic resonance imaging with the magnetom open scanner: concepts, neurosurgical indications, and procedures: A preliminary report. Neurosurgery. 1998;43:739-747.


17. Black P.M., Alexander E.3rd, Martin C., et al. Craniotomy for tumor treatment in an intraoperative magnetic resonance imaging unit. Neurosurgery. 1999;45:423-431.


18. Hill D.L., Maurer C.R.Jr., Maciunas R.J., et al. Measurement of intraoperative brain surface deformation under a craniotomy. Neurosurgery. 1998;43:514-526.


19. Ferrant M., Nabavi A., Macq B. Serial registration of intraoperative MR images of the brain. Med Image Anal. 2002;6:337-359.


20. Miga M.I., Roberts D.W., Hartov A., et al. Updated neuroimaging using intraoperative brain modeling and sparse data. Stereotact Funct Neurosurg. 1999;72:103-106.


21. Sun H., Lunn K.E., Farid H., et al. Stereopsis-guided brain shift compensation. IEEE Trans Med Imaging. 2005;24:1039-1052.


22. Miga M.I., Paulsen K.D., Hoopes P.J., et al. In vivo quantification of a homogeneous brain deformation model for updating preoperative images during surgery. IEEE Trans Biomed Eng. 2000;47:266-273.


23. Starr P.A., Martin A.J., Ostrem J.L., et al. Subthalamic nucleus deep brain stimulator placement using high-field interventional magnetic resonance imaging and a skull-mounted aiming device: technique and application accuracy. J Neurosurg. 2010;112(3):479-490.


24. Starr P.A., Martin A.J., Larson P.S. Implantation of deep brain stimulator electrodes using interventional MRI. Neurosurg Clin North Am. 2009;20:193-203.


25. Dohrmann G.J., Rubin J.M. History of intraoperative ultrasound in neurosurgery. Neurosurg Clin North Am. 2001;12:155-166. ix


26. Koivukangas J., Louhisalmi Y., Alakuijala J., Oikarinen J. Ultrasound-controlled neuronavigator-guided brain surgery. J Neurosurg. 1993;79:36-42.


27. Unsgaard G., Rygh O.M., Selbekk T., et al. Intra-operative 3D ultrasound in neurosurgery. Acta Neurochir (Wien). 2006;148:235-253. discussion 253


28. Ellegala D.B., Leong-Poi H., Carpenter J.E., et al. Imaging tumor angiogenesis with contrast ultrasound and microbubbles targeted to alpha(v)beta3. Circulation. 2003;108:336-341.


29. Ji S., Wu Z., Hartov A., et al. Mutual-information-based image to patient re-registration using intraoperative ultrasound in image-guided neurosurgery. Med Phys. 2008;35:4612-4624.


30. Sergeeva O., Uhlemann F., Schackert G., et al. Integration of intraoperative 3D-ultrasound in a commercial navigation system. Zentralbl Neurochir. 2006;67:197-203.


31. Unsgaard G., Gronningsaeter A., Ommedal S., Nagelhus Hernes T.A. Brain operations guided by real-time two-dimensional ultrasound: new possibilities as a result of improved image quality. Neurosurgery. 2002;51:402-411.


32. Tronnier V.M., Bonsanto M.M., Staubert A., et al. Comparison of intraoperative MR imaging and 3D-navigated ultrasonography in the detection and resection control of lesions. Neurosurg Focus. 2001;10:E3.


33. Hartov A., Roberts D.W., Paulsen K.D. A comparative analysis of coregistered ultrasound and magnetic resonance imaging in neurosurgery. Neurosurgery. 2008;62:91-99.


34. Katisko J.P., Koivukangas J.P. Optically neuronavigated ultrasonography in an intraoperative magnetic resonance imaging environment. Neurosurgery. 2007;60:373-380.


35. Shalit M.N., Israeli Y., Matz S., Cohen M.L. Experience with intraoperative CT scanning in brain tumors. Surg Neurol. 1982;17:376-382.


36. Lunsford L.D. A dedicated CT system for the stereotactic operating room. Appl Neurophysiol. 1982;45:374-378.


37. Uhl E., Zausinger S., Morhard D., et al. Intraoperative computed tomography with integrated navigation system in a multidisciplinary operating suite. Neurosurgery. 2009;64:231-239.


38. Fahlbusch R., Ganslandt O., Buchfelder M., et al. Intraoperative magnetic resonance imaging during transsphenoidal surgery. J Neurosurg. 2001;95:381-390.


39. Nimsky C., Fujita A., Ganslandt O., et al. Volumetric assessment of glioma removal by intraoperative high-field magnetic resonance imaging. Neurosurgery. 2004;55:358-370.


40. Nabavi A., Dorner L., Stark A.M., Mehdorn H.M. Intraoperative MRI with 1.5 Tesla in neurosurgery. Neurosurg Clin North Am. 2009;20:163-171.


41. Sutherland G.R., Kaibara T., Louw D., et al. A mobile high-field magnetic resonance system for neurosurgery. J Neurosurg. 1999;91:804-813.


42. Buchfelder M., Fahlbusch R., Ganslandt O., et al. Use of intraoperative magnetic resonance imaging in tailored temporal lobe surgeries for epilepsy. Epilepsia. 2002;43:864-873.


43. Rubino G.J., Farahani K., McGill D., et al. Magnetic resonance imaging-guided neurosurgery in the magnetic fringe fields: the next step in neuronavigation. Neurosurgery. 2000;46:643-653.


44. Lewin J.S., Nour S.G., Meyers M.L., et al. Intraoperative MRI with a rotating, tiltable surgical table: a time use study and clinical results in 122 patients. AJR Am J Roentgenol. 2007;189:1096-1103.


45. Kacher D.F., Maier S.E., Mamata H., et al. Motion robust imaging for continuous intraoperative MRI. J Magn Reson Imaging. 2001;13:158-161.


46. Moriarty T.M., Quinones-Hinojosa A., Larson P.S., et al. Frameless stereotactic neurosurgery using intraoperative magnetic resonance imaging: Stereotactic brain biopsy. Neurosurgery. 2000;47:1138-1145. discussion 1145-1136


47. Nabavi A., Kacher D.F., Gering D.T., et al. Neurosurgical procedures in a 0.5 Tesla, open-configuration intraoperative MRI: planning, visualization and navigation. Automedica. 2001;20:163-197.


48. Gering D.T., Nabavi A., Kikinis R., et al. An integrated visualization system for surgical planning and guidance using image fusion and an open MR. J Magn Reson Imaging. 2001;13:967-975.


49. Nabavi A., Gering D.T., Kacher D.F., et al. Surgical navigation in the open MRI. Acta Neurochir Suppl. 2003;85:121-125.


50. Jolesz F.A., Kikinis R., Shtern F. The Vision of Image-Guided Surgery: the High-Tech Operating Room. In: Taylor R.H., Lavalle S., Burdea G.C., Moesges R. Computer-Integrated Surgery. Cambridge: MIT Press, 1996.


51. Hadani M., Spiegelman R., Feldman Z., et al. Novel, compact, intraoperative magnetic resonance imaging-guided system for conventional neurosurgical operating rooms. Neurosurgery. 2001;48:799-807.


52. Schulder M. Intracranial surgery with a compact, low-field-strength magnetic resonance imager. Top Magn Reson Imaging. 2009;19:179-189.


53. Nimsky C., Ganslandt O., Von Keller B., et al. Intraoperative high-field-strength MR imaging: implementation and experience in 200 patients. Radiology. 2004;233:67-78.


54. Pamir M.N., Ozduman K., Dincer A., et al. First intraoperative, shared-resource, ultrahigh-field 3-Tesla magnetic resonance imaging system and its application in low-grade glioma resection. J Neurosurg. 2010;112:57-69.


55. Matsumae M., Koizumi J., Fukuyama H., et al. World’s first magnetic resonance imaging/x-ray/operating room suite: a significant milestone in the improvement of neurosurgical diagnosis and treatment. J Neurosurg. 2007;107:266-273.


56. Jankovski A., Francotte F., Vaz G., et al. Intraoperative magnetic resonance imaging at 3-T using a dual independent operating room-magnetic resonance imaging suite: development, feasibility, safety, and preliminary experience. Neurosurgery. 2008;63:412-424.


57. Kacher D.F., Nabavi A., Kanan A.R., et al. Design and implementation of surgical instruments, devices and receiver coils for intraoperative MRI-guided neurosurgical and neuroablative procedures. Automedica. 2001;20:89-134.


58. Hushek S.G., Russell L., Moser R.F., et al. Safety protocols for interventional MRI. Acad Radiol. 2005;12:1143-1148.


59. Schenck J.F., Jolesz F.A., Roemer P.B., et al. Superconducting open-configuration MR imaging system for image-guided therapy. Radiology. 1995;195:805-814.


60. Hall W.A. The safety and efficacy of stereotactic biopsy for intracranial lesions. Cancer. 1998;82:1749-1755.


61. Johnston T., Moser R., Moeller K., Moriarty T.M., Intraoperative M.R.I. safety. Neurosurg Clin North Am. 2009;20:147-153.


62. Hall W.A., Truwit C.L. Intraoperative MR-guided neurosurgery. J Magn Reson Imaging. 2008;27:368-375.


63. Nimsky C., Ganslandt O., Fahlbusch R. Comparing 0.2 tesla with 1.5 tesla intraoperative magnetic resonance imaging analysis of setup, workflow, and efficiency. Acad Radiol. 2005;12:1065-1079.


64. Archip N., Clatz O., Whalen S., et al. Compensation of geometric distortion effects on intraoperative magnetic resonance imaging for enhanced visualization in image-guided neurosurgery. Neurosurgery. 2008;62:209-215.


65. Hall W.A., Martin A.J., Liu H., et al. Brain biopsy using high-field strength interventional magnetic resonance imaging. Neurosurgery. 1999;44:807-813.


66. Nimsky C., Ganslandt O., Hastreiter P., et al. Preoperative and intraoperative diffusion tensor imaging-based fiber tracking in glioma surgery. Neurosurgery. 2007;61:178-185.


67. Ulmer S., Hartwigsen G., Riedel C., et al. Intraoperative dynamic susceptibility contrast MRI (iDSC-MRI) is as reliable as preoperatively acquired perfusion mapping. Neuroimage. 2010;49(3):2158-2162.


68. Neuwelt E.A., Varallyay C.G., Manninger S., et al. The potential of ferumoxytol nanoparticle magnetic resonance imaging, perfusion, and angiography in central nervous system malignancy: a pilot study. Neurosurgery. 2007;60:601-611.


69. Knauth M., Egelhof T., Roth S.U., et al. Monocrystalline iron oxide nanoparticles: possible solution to the problem of surgically induced intracranial contrast enhancement in intraoperative MR imaging. AJNR Am J Neuroradiol. 2001;22:99-102.


70. Wirtz C.R., Bonsanto M.M., Knauth M., et al. Intraoperative magnetic resonance imaging to update interactive navigation in neurosurgery: method and preliminary experience. Comput Aided Surg. 1997;2:172-179.


71. Nimsky C., Ganslandt O., Kober H., et al. Intraoperative magnetic resonance imaging combined with neuronavigation: a new concept. Neurosurgery. 2001;48:1082-1089.


72. . Advanced Multimodality Image Guided Operating (AMIGO) Suite, 2008 Available at http://www.ncigt.orgt/pages/AMIGO


73. Schulder M., Azmi H., Biswal B. Functional magnetic resonance imaging in a low-field intraoperative scanner. Stereotact Funct Neurosurg. 2003;80:125-131.


74. Levivier M., Wikler D., De Witte O., et al. PoleStar N-10 low-field compact intraoperative magnetic resonance imaging system with mobile radiofrequency shielding. Neurosurgery. 2003;53:1001-1006. discussion 1007


75. Baumann F., Schmid C., Bernays R.L. Intraoperative magnetic resonance imaging-guided transsphenoidal surgery for giant pituitary adenomas. Neurosurg Rev. 2010;33(1):83-90.


76. Gerlach R., du Mesnil de Rochemont R., Gasser T., et al. Feasibility of Polestar N20, an ultra-low-field intraoperative magnetic resonance imaging system in resection control of pituitary macroadenomas: lessons learned from the first 40 cases. Neurosurgery. 2008;63:272-284.


77. Nabavi A., Goebel S., Doerner L., et al. Awake craniotomy and intraoperative magnetic resonance imaging: patient selection, preparation, and technique. Top Magn Reson Imaging. 2009;19:191-196.


78. Hall W.A., Liu H., Martin A.J., et al. Brain biopsy sampling by using prospective stereotaxis and a trajectory guide. J Neurosurg. 2001;94:67-71.


79. Sutherland G.R., Latour I., Greer A.D. Integrating an image-guided robot with intraoperative MRI: a review of the design and construction of neuroArm. IEEE Eng Med Biol Mag. 2008;27:59-65.


80. Hall W.A., Galicich W., Bergman T., Truwit C.L. 3-Tesla intraoperative MR imaging for neurosurgery. J Neurooncol. 2006;77:297-303.


81. Truwit C.L., Hall W.A. Intraoperative magnetic resonance imaging-guided neurosurgery at 3-T. Neurosurgery. 2006;58:ONS-338-345.


82. Kim P.D., Truwit C.L., Hall W.A. Three-Tesla high-field applications. Neurosurg Clin North Am. 2009;20:173-178.


83. Knauth M., Wirtz C.R., Tronnier V.M., et al. Intraoperative MR imaging increases the extent of tumor resection in patients with high-grade gliomas. AJNR Am J Neuroradiol. 1999;20:1642-1646.


84. Trantakis C., Tittgemeyer M., Schneider J.P., et al. Investigation of time-dependency of intracranial brain shift and its relation to the extent of tumor removal using intra-operative MRI. Neurol Res. 2003;25:9-12.


85. Schneider J.P., Schulz T., Schmidt F., et al. Gross-total surgery of supratentorial low-grade gliomas under intraoperative MR guidance. AJNR Am J Neuroradiol. 2001;22:89-98.


86. Hatiboglu M.A., Weinberg J.S., Suki D., et al. Impact of intraoperative high-field magnetic resonance imaging guidance on glioma surgery: a prospective volumetric analysis. Neurosurgery. 2009;64:1073-1081.


87. Claus E.B., Horlacher A., Hsu L., et al. Survival rates in patients with low-grade glioma after intraoperative magnetic resonance image guidance. Cancer. 2005;103:1227-1233.


88. Jolesz F.A., Nabavi A., Kikinis R. Integration of interventional MRI with computer-assisted surgery. J Magn Reson Imaging. 2001;13:69-77.


89. Nimsky C., von Keller B., Schlaffer S., et al. Updating navigation with intraoperative image data. Top Magn Reson Imaging. 2009;19:197-204.


90. Nimsky C., Ganslandt O., Fahlbusch R. Functional neuronavigation and intraoperative MRI. Adv Tech Stand Neurosurg. 2004;29:229-263.


91. Nimsky C., Grummich P., Sorensen A.G., et al. Visualization of the pyramidal tract in glioma surgery by integrating diffusion tensor imaging in functional neuronavigation. Zentralbl Neurochir. 2005;66:133-141.


92. Nimsky C., Ganslandt O., Fahlbusch R. Implementation of fiber tract navigation. Neurosurgery. 2007;61:306-317.


93. Martin A.J., Hall W.A., Roark C., et al. Minimally invasive precision brain access using prospective stereotaxy and a trajectory guide. J Magn Reson Imaging. 2008;27:737-743.















Section 1
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Chapter 3 Functional Tractography, Diffusion Tensor Imaging, Intraoperative Integration of Modalities, and Neuronavigation
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Diffusion tensor imaging (DTI) with functional tractography is a noninvasive MRI modality which depicts the probable location and orientation of subcortical white matter tracts in vivo. DTI offers a variety of possible applications for neurosurgeons and neuroscientists to help further the understanding of neurologic organization and function and to advance patient care which explains the enthusiasm and optimism with which it has been received. Potential clinical applications for individual patients include prediction of neurologic outcome from tumor1 and stroke,2–4 targeting for functional and stereotactic neurosurgery5–7 and pre- and intra-operative planning for the surgical resection of space-occupying lesions. This chapter shall focus on the application of DTI in the surgical resection of intra-axial brain tumors.


Surgery occupies a vital place in the management of intra-axial brain tumors by virtue of providing symptom relief, recovery of pathologic tissue for diagnosis and beneficial influence on long-term outcome. The ultimate aim of resection of intra-axial brain tumors is to achieve as complete excision of neoplastic tissue as possible. A substantial body of evidence exists to suggest that a greater extent of resection results in extended mean survival time in low-grade and high-grade glioma.8–17 However, the neurosurgeon is limited in the scope of surgical resection possible by the imperative to avoid injury to eloquent brain tissue and therefore the development of post-operative neurologic deficits. Knowledge of which tissue is functionally important in the individual patient is therefore crucial in pre-operative and intra-operative decision making. Although imaging in the form of computerized tomography (CT) and MRI can define structural anatomy, they do not provide reliable information on functional anatomy in the individual. Other modalities need to be employed by the neurosurgeon to delineate areas of functional importance. This functional mapping can be performed by invasive and non-invasive methods. Invasive examinations include pre-operative cortical electrode grid recordings and intra-operative cortical and subcortical stimulation. Non-invasive examinations include functional MRI and magnetoencephalography (MEG). Of those studies performed pre-operatively, none provide information on subcortical functional anatomy. Despite great care taken by the neurosurgeon to avoid injury to eloquent cortex through careful pre-operative and intra-operative functional mapping and meticulous surgical technique, straying into critical subcortical white matter tracts can still result in devastating deficits. There is concern that localization using subcortical white matter stimulation is less reliable and safe than cortical stimulation.18,19 By visually representing white matter tracts to the surgeon, DTI promises to improve the safety of tumor resections, especially when involving subcortical areas.






Scientific Principles of DTI


Diffusion MRI scans image the molecular diffusion of water at the same scale as cellular dimensions and therefore allow the microarchitecture of the brain to be investigated. The constant random motion of molecules is described by Brownian motion and is exploited by diffusion imaging to specifically detect the displacement of water molecules through the brain tissue medium. Diffusion-weighted scanning consists of a T2-weighted spin-echo sequence with the addition of two diffusion-sensitizing gradients applied before and after the 180o refocusing pulse, through an identical axis. Therefore, there is a loss of signal intensity as a result of incomplete rephasing of water proton spins after they have moved during the time elapsed between the two diffusion-sensitizing gradients.20 Diffusion times in the region of 10 to 50 ms are used which provides microscopic detail, capturing average molecular displacements of 10 μm.20 Scan acquisition using standard MRI systems takes 3 to 10 min,21 and therefore is minimally burdensome on patient, radiographer, or scanner time.


The direction of the passage of water is different depending on the nature of tissue in which it is found. Where no structural boundaries exist nearby, the molecular motion of water is unimpeded and equal in all directions. This is known as isotropic diffusion. This is exhibited within the cerebrospinal fluid spaces of the brain, with the exception of sites of bulk flow such as the aqueduct of Sylvius or foramen of Munro.20 Isotropic diffusion is also believed to occur in grey matter.22,23 In contrast, myelinated white matter fiber tracts are arranged into parallel, densely packed bundles that impede the diffusion of water molecules perpendicular to the fibers’ direction. Therefore, diffusion of water molecules in this situation is not equal in all directions and is defined as anisotropic diffusion. Detection of water molecule anisotropy is the basis of diffusion tensor imaging and tractography.


The diffusion tensor is a 3 × 3 matrix of vectors which mathematically describes the three-dimensional (3D) directionality and magnitude, or diffusion anisotropy, of water molecules.20,21,24 The three principal axes of the diffusion tensor are termed eigenvectors. When plotted as an ellipsoid, isotropic diffusion is a sphere whereas anisotropic diffusion forms an elongated ellipsoid, becoming a prolate (cigar) shape when the eigenvector of greatest magnitude is much larger than the other two. Prolate diffusion within a brain voxel is assumed to represent a white matter fiber bundle where the primary eigenvector is aligned with the axonal axis. Tracing of white matter tracts to produce functional tractograms uses each voxel’s diffusion tensor to link it to adjacent voxels and in this way trace out the likely path of a fiber bundle in 3D space (Fig. 3-1).





[image: image]

FIGURE 3-1 Main eigenvectors in adjacent voxels providing the basis for tractogram construction (A). Fractional anisotropy map derived from diffusion tensor image (B). Examples of seed points are seen overlying both thalami.




DTI fiber tract data can be presented in two forms. Functional anisotropy maps provide information on fiber anatomy in cross-sectional two-dimensional (2D) images with color-coded axes where the brightness is proportional to the degree of anisotropy (see Fig. 3- 1). By convention, the anteroposterior axis is represented by green, left-right by red, and up-down by blue. Therefore, the corpus callosum will appear red, for example. Alternatively, deterministic or probabilistic25 functional tractography performs a 3Ddimensional reconstruction and portrayal of the fiber pathways based on following a white matter tract from voxel to voxel as described above (Fig. 3-2). Specified anatomic points, known as “seeds” (see Fig. 3-1), can be selected by the user from where the tractogram can be plotted by the processing software to delineate proposed neural connectivity with the selected site. Alternatively, larger volumes of brain can be selected as regions of interest or “masks.” To reduce dependence on the user and therefore the inherent subjectivity of seed selection while also increasing the likelihood of depicting functionally relevant tracts, Schonberg et al. used functional MRI to define where seed points should be sited.26 Although this represents an extra stage of patient assessment, they found that it enabled a more comprehensive mapping of fiber systems such as the pyramidal tract and the superior longitudinal fasciculus. See glossary of terms in Table 3-1.
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FIGURE 3-2 Tractogram representing the ascending and descending pathways among cortex, brainstem, and cerebellum after seed selected in pons.


(Courtesy of Prof. Peter Silburn and Dr. Terry Coyne, University of Queensland, Brisbane, Australia.)





Table 3-1 Glossary of Diffusion Tensor Imaging Terms






	Isotropic diffusion

	Motion of Molecules Being Equal in all Directions






	Anisotropic diffusion

	Motion of molecules not being equal in all directions






	Fractional anisotropy

	Directionally averaged diffusion of water molecules within a voxel measured as its deviation from isotropic diffusion






	Diffusion tensor

	Matrix of vectors which mathematically describe anisotropic diffusion within a 3D space






	Tractography

	Representation of white matter fiber tracts produced by following eigenvectors of adjacent voxels in 3D space














Preoperative Planning Applications


DTI shows the surgeon the relationship of the intra-axial tumor to local white matter tracts in multiple planes. A variety of aspects of the tumor–tract relationship can therefore be demonstrated. The identity of the tract can be surmised from its position and course, such as the corticospinal tract and optic radiations. The proximity of the tumor to the tract can be appreciated. Also the position of the tumor can be seen in relation to the tract, for example superior, lateral, medial etc., allowing optimal approach to be determined to highly eloquent and complex areas such as the pons.27 Displacement of the tract by the tumor or edema can also be demonstrated.28,29 This is crucial information when planning a surgical trajectory in order to avoid eloquent tissue. DTI has been found to provide important preoperative warning of this surgical hazard in situations where a precisely planned trajectory is imperative such as during resection of thalamic juvenile pilocytic astrocytoma with displacement of the posterior limb of the internal capsule.30 Incorporation of white matter fibers within the tumor mass, seen especially in low-grade tumors,31 and destruction of white matter fibers by the tumor can also be depicted. These features will have profound implications for the extent of resection amenable for the individual tumor.


DTI can also help elucidate the anatomy of poorly described pathways in vivo in the human to inform and advance established surgical strategies. Resection strategies that aim to excise normal as well as neoplastic tissue with a view to minimizing the likelihood of recurrence such as frontal and temporal lobectomy can be enhanced by DTI to maintain safety. The anatomico-functional connectivity of the dominant temporal lobe, for example, was reviewed by Duffau et al. using a combination of DTI and subcortical intraoperative stimulation studies to elucidate the white matter pathways, which should represent the resection boundaries of temporal lobectomy such as the pyramidal tract and the anterior wall of the temporal part of the superior longitudinal fasciculus.32 Indeed, DTI has been proposed as the preoperative investigation to assess individual patients’ risk of visual field defect prior to anterior temporal lobe resection as it images the Meyer loop of the optic radiation as it courses anteriorly from the lateral geniculate nucleus and around the tip of the temporal horn before projecting to the visual cortex. The individual variation of this white matter pathway33 increases the risk of a deficit which can permanently disqualify the patient from holding a driving license. Therefore, preoperative warning of a more ventral position of the Meyer loop along its course anterior to the temporal horn should identify those with a higher likelihood of postoperative deficit.34,35


Although DTI visualizes white matter tracts, it is possible to extrapolate these projections and therefore visualize their grey matter cortical projections/origins. Kamada et al. applied this technique to map the primary motor area (PMA) preoperatively in thirty patients with supratentorial lesion affecting the motor system.36 By selecting seed points within the corticospinal tract at the cerebral peduncle, plus the medial lemniscus to differentiate from somatosensory projections, a PMA map was produced that was successfully validated against subsequent intraoperative cortical somatosensory evoked potentials. Indeed, fMRI failed to identify the PMA in eight patients. The reasons for this were inherent in the patients’ pathology through its effect on the motor system in that they were incapable of successfully completing the self-paced finger tapping task required to elicit the blood oxygenation level dependent signal that fMRI detects. In contrast, DTI requires no patient tasks to acquire its data and therefore offers an important alternative for preoperative non-invasive cortical mapping in patients who, for whatever reason, cannot complete them.


DTI has been applied in neuro-oncology beyond not only functional mapping but for noninvasive assessment of tumor architecture in terms of cell density, white matter invasion and even histologic discrimination such as the distinction between primary and secondary intra-axial tumors.37–41 It has been proposed that DTI can distinguish between vasogenic edema and tumor-infiltrated edema. Edematous tissue surrounding glioma is generally accepted to be infiltrated by tumor cells. In contrast, edema surrounding cerebral metastases or meningioma is considered to be vasogenic.40,42 Therefore, hyperintensity surrounding tumor on T2-weighted MRI may reflect any of glioma, metastasis or meningioma. However, as the FA at the voxels corresponding to the site of edema has been shown in some studies to be of a lower value in infiltrative pathologies such as glioma, a tumor infiltration index was derived by Lu et al. to help distinguish against pathologies producing only vasogenic edema.39 There have been contradictory reports including a PET-labeling study questioning whether this DTI analysis is specific enough to differentiate between tumor-infiltrated edema and vasogenic edema.41,43 Further investigation will determine whether DTI can fulfill this potential and provide reliable presurgical histologic tumor characterization.


Therefore, DTI provides advanced warning of potential intraoperative misadventures to help surgeons adapt their approach subsequently in theater to minimize these. Even prior to this stage, DTI can inform the surgeon of how amenable the tumor is to surgery by virtue of its relationship to eloquent brain and even potentially its histologic nature, and therefore what surgery can offer in terms of likely benefits and associated risk of adverse effects.









Intraoperative Neuronavigation


The prospect of intraoperative tract navigation is possibly the most exciting application of DTI for the surgeon. It is logical to expect that an intraoperative map of functionally important subcortical tracts should reduce the likelihood of inadvertent straying into white matter pathways, reassure the surgeon to be more aggressive allowing optimization of resection limits or, conversely, restraint when critical tracts are close leading to an associated reduction in the incidence of postoperative neurologic deficits and increase in tumor volume reduction. A number of studies have sought to establish whether current DTI techniques fulfill this promise.


Various neuronavigation systems capable of integrating DTI with frameless stereotaxy exist. The DTI FA sequence can be subjected to predefined thresholds to delineate in three dimensions the white matter tracts of interest and the surgeon can then also manipulate the final renditions using the drawing tools available in the software. A standard 3D stereotactic neuronavigational MRI sequence is selected to provide the reference images for navigating and the DTI sequence is selected to provide the working images to be merged with it. The intensity of the tractograms can be altered to optimize the prominence of the tracts with respect to the structures of interest, usually the tumor, and the surgeon’s preference. Standard patient registration and navigating strategies are then employed as in conventional navigation. Depending on the surgeon’s preferences and the particular software and hardware facilities available, the navigational display can be presented on the workstation beside the patient or projected through the microscope’s heads-up display.


The feasibility of intraoperative guidance by incorporation of DTI fiber tracking into neuronavigation systems has been demonstrated by a number of investigators within the last decade.44–49 White matter pathways such as the pyramidal tract and the optic radiation were successfully portrayed in relation to intra-axial tumors such as cavernoma and glioma. Coenen et al. were the first to report the use of intraoperative neuronavigation with 3D tract reconstruction to assist the resection of glioblastoma associated with the pyramidal tract. They found fiber tract navigation to be a helpful adjunct to resection in the four patients in whom it was applied. Subsequent studies have also underlined its potential for efficiency and patient safety.47,48 The ability of DTI to reliably predict the true location of critical white matter pathways intraoperatively is crucial for the technique to be applied with confidence during surgery. Investigators have evaluated intraoperative DTI’s accuracy in depicting motor pathways by comparing it to intraoperative electrophysiologic methods, in particular cortical stimulation.50,51 One particular study of 13 patients employed electrical motor cortex stimulation to verify the location of the precentral gyrus and indirectly the pyramidal tract, DTI neuronavigation correctly predicted the principal motor pathways’ position in 92%.51 DTI has not only been applied to surgery for supratentorial tumors but also to the resection of brainstem lesions such as cavernoma with promise of improving operative safety.52


The perceived benefits of fiber tract neuronavigation need to be translated into objective improvements in aspects of patient care; however, few studies have addressed this rigorously with objective endpoints. Notably, Wu et al. performed a prospective, randomized controlled trial to attend to this deficiency in the literature.53 They studied 238 patients undergoing resection for high- and low-grade supratentorial glioma involving the pyramidal tracts over 4 years. A total of 118 patients underwent preoperative DTI scanning to aid preoperative planning and integration by rigid registration into the neuronavigation system for intraoperative image guidance. This cohort was compared to 120 similar controls undergoing resection aided by standard neuronavigation. Multiple outcome measures were improved by the implementation of fiber tracking. Gross total resection of high-grade glioma in the DTI group was achieved in more than twice the number of cases than in the control group (74.4% vs. 33.3%). Median survival was 21.2 months in the DTI group compared to 14 months and DTI neuronavigation estimated hazard ratio was 0.570, conferring a 43% reduction in mortality risk. With respect to neurologic function, 6-month Karnofsky Performance Scale score was significantly better in the DTI group (32.8% vs. 15.3%). A criticism of this investigation was the lack of physician blinding in the nonradiologic assessments. However, it provides Class I evidence that fiber tract neuronavigation can improve patient mortality and morbidity in glioma surgery, and that this technology can be successfully integrated into a routine neurosurgical practice.


The promising results of these investigations need to be repeated, particularly as scanner technology, analysis techniques, and intraoperative imaging advances. The impact on preservation of other tracts such as the optic radiations and language pathways also warrants examination.









Limitations of DTI


Although DTI promises to be an effective tool in the surgeon’s armamentarium, its limitations must be borne in mind so that it is appropriately interpreted in individual patients. DTI does not directly trace fibers unlike tracer injection studies, which remain the gold standard for defining neural connectivity. Rather it produces representations of white matter tracts based on the fundamental assumption that the dominant direction of water movement is aligned with the predominant direction of white matter fiber bundles within each voxel.21,54 This is closer to the biological reality in some circumstances more than others. Neuronal axons are micrometers wide but the voxels used are in the order of a few millimeters in each plane; therefore, one voxel may contain some tens of thousands of axons. If a voxel contains groups of nearby axons with differing longitudinal axes such as are found at sites where different tracts cross or axons whose path is tortuous and change course within a very short distance, their anatomy will be misrepresented by current DTI methods. Advances in resolution and modeling of water diffusion are improving this limitation such that complex fiber architectural relationships can be depicted more reliably and accurately in the future.55–61 In larger, densely packed parallel fiber bundles such as the corpus callosum, this is much less of a problem. Other limitations include the inability to decipher whether a tract is projecting retrograde or anterograde,55 which hampers neuroscientific investigation. However, in the context of surgical planning and intraoperative neuronavigation, the presence and location of major white matter tracts is the critical information rather than the direction in which they project.


A further limitation is that tractography is a user-dependent technique. The ultimate results of fiber tracking reflect the chosen thresholding of the functional anisotropy, the site and size of selected seed areas, and which algorithm is used.62 A threshold value of 0.15 to 0.2 has been suggested by a rigorous, albeit retrospective, comparison of DTI tract representation and stereotactic biopsy histologic findings, although the functionality of the tracts was not evaluated.40 Therefore, interuser variation can produce important differences in the tractogram generated.


Acquisition and processing of DTI images is affected by multiple sources of spatial inaccuracy therefore allowances need to be made when interpreting tractograms during surgical resection to maintain patient safety. During the scanning process, static and encoding direction-dependent distortions occur due to factors such as magnetic field inhomogeneity, imperfections in gradient waveforms, and eddy currents.52 Although progress has been made in minimizing the impact of these by correcting for the resulting misrepresentations,63,64 some inaccuracy remains in the current DTI technique. The integration of DTI images with neuronavigation systems produces further discrepancy with an image registration error in the region of 2 to 3 mm, although this is comparable to the error encountered when integrating functional MRI data.48


Neuronavigation using functional tractography also suffers from the same limitations as conventional neuronavigation. Patient registration error must be factored in to the overall inaccuracy.48 Further, any change in patient position with respect to the registration landmarks will severely diminish accuracy. As neuronavigation images are acquired preoperatively, they do not respond in real-time to the changing anatomy and brain shifts of cranial surgery. Therefore, head positioning, continuing resection, cerebrospinal fluid loss, breach of the ventricles and brain retraction, for example, will diminish the accuracy. However, with the advent of intraoperative MRI, this limitation could in future be overcome. Nimsky et al.47 successfully applied preoperative and intraoperative DTI and stereotactic MRI acquisition with a 1.5-Tesla scanner in 37 patients undergoing glioma surgery. They first demonstrated that it was feasible to perform intraoperative DTI in all patients and that the encountered brain shift was reflected in DTI white matter tract shifts of up to 15 mm.


The multiple sources of spatial inaccuracy described above must be taken into consideration when employing DTI during tumor resection in patients. Animal, phantom, and patient studies have attempted to quantify this discrepancy.65–67 Berman et al. compared the location of DTI-imaged fiber tracts to intraoperative subcortical stimulation and found a mean distance between stimulation sites and imaged tracts of 8.7 mm.65 Investigators therefore advise a safety margin of up to 1 cm to be maintained around the depicted white matter pathways, such as the corticospinal tract, during surgery.31,48,65









Intraoperative Integration of Modalities


In view of the limitations of DTI described above and the complementary information that can be provided by other techniques, integration of DTI with other modalities has been implemented in the hope of harnessing all of their advantages to enhance neuronavigation. Some modalities, such as CT and MEG, can be integrated directly with the neuronavigation images while others, such as subcortical stimulation, are used alongside the neuronavigation system.


The term “functional neuronavigation” has been coined to describe the incorporation of MEG and fMRI data into frameless stereotactic neuronavigation systems.48 This has been an important adjunct to modern tumor surgery and has been demonstrated to reduce morbidity during resection of lesions adjacent to eloquent brain.68 These modalities provide truly functional information generated preoperatively during series of patient tasks, whereas DTI provides only structural information. All three imaging modalities can be incorporated into the neuronavigation system to provide simultaneous representations of the cortical and subcortical functionally important tissue which is then displayed on the workstation or heads-up display. Successful incorporation and navigation using fMRI and DTI together has been reported to be user-friendly and suitable for routine use within a neurosurgical service69 and to help facilitate maximal tumor resection,70 although there has been no control group to compare outcomes with. Other imaging modalities such as CT or MR angiography can also be incorporated within the neuronavigation system providing the surgeon with the optimal anatomic and functional representation of the intracranial cavity.


If preoperative imaging, such as MEG, fMRI, and angiography, are integrated with DTI and stereotactic images and intraoperative MRI is performed then registration will be lost due to the brain shift associated with surgery.71 There are potential solutions to this problem whereby the preoperative data are registered with the intraoperative data; however, as brain shift is complex and difficult to predict reliably,47 suitable algorithms to make this correction are some way off. Therefore, as intraoperative DTI has been shown to be a more reliable possibility in responding to brain shift,47 this may be the most accurate intraoperative functional imaging modality once the resection has advanced.


An alternative solution to the brain shift problem during surgery is the use of intraoperative 3D ultrasound scanning (3D USS). It has the advantage over intraoperative MRI of not requiring modifications to the operating theater and it is much less expensive. 3D USS acquired intraoperatively can be used to update preoperative stereotactic MRI images, allowing continued navigation with fMRI and DTI data throughout the resection.72 Two studies of patients undergoing resection of cavernoma or glioma have found that intraoperative updates of fMRI and DTI neuronavigation by 3D USS has been feasible,69,70 and that the combination facilitates maximal tumor resection.70


Subcortical stimulation has been used in trials to verify the reliability of depicted DTI fiber tracts; however, it can be used in tandem with DTI to confirm functional tissue location. Bello et al. reported the accurate identification of eloquent fiber tracts using a combination of DTI neuronavigation and subcortical electrical stimulation during resection of low- and high-grade glioma in 64 patients.31 They concluded that surgery safety was improved with a shorter operative time and fewer intraoperative seizures. The use of combined intraoperative recorded motor-evoked potentials with neuronavigation has been supported by other investigators with reported benefits such as real-time demonstration of spatial relationships, less injury to eloquent tracts and optimal tumor resections.73,74 Again, no controlled trials currently exist; however, the addition of direct functional monitoring would be expected to increase the likelihood of identifying eloquent pathways. Intraoperative DTI has been successfully coregistered with the electrical stimulation probe to facilitate both navigation and stimulation of cortical and subcortical tracts during resection of recurrent glioblastoma beside eloquent brain.75 Therefore, it is possible for both of these modalities to be truly integrated in the operating theater.


Virtual reality technology in neurosurgery has emerged during the last decade as a viable complement to surgical planning and intraoperative performance.76–79 It is possible to integrate the variety of imaging modalities including fiber tracking into the virtual display (Figs. 3-3 and 3-4). Intraoperative neuronavigation using this technology has also been achieved.80 This therefore allows a preoperative “dry run” of surgery in the virtual world using multiple anatomic and functional image data followed by the retracing of the same operative steps stereotactically in the operating theater. Virtual neurosurgery may be an important platform in which DTI fiber tracking is employed in the future.
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FIGURE 3-3 Example of a brainstem cavernoma (white arrow) depicted on a virtual reality workstation by incorporation of T1-weighted MRI, DTI tractography, and MR angiography. The cavernoma is intimate to the posterior circulation which lies against its anterior and superior surfaces, but the tumor is predominantly anterior to white matter tracts.


(Courtesy of Dr. Ralf A. Kockro, University Hospital of Zurich, Switzerland, and Volume Interactions PTE Ltd.)
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FIGURE 3-4 Example of a subcortical cavernoma (red) represented on a virtual reality workstation. Integration of T1-weighted MRI and DTI tractography demonstrates distortion of the left pyramidal tract by the cavernoma.


(Courtesy of Dr. Ralf A. Kockro, University Hospital of Zurich, Switzerland, and Volume Interactions PTE Ltd.)












Postoperative Evaluation


There is scope for DTI to answer important surgical questions postoperatively. Duffau et al. suggest postoperative check DTI to compare with preoperative DTI to help establish whether eloquent tracts have been interrupted.32 In the case of new deficits occurring postoperatively, interruption of pre-existing functional tracts would imply that direct surgical injury had been the cause. Alternatively, an intact pathway in the presence of a novel deficit may suggest that there had been indirect injury to eloquent tissue from interruption of the white matter bundles’ blood supply such as the perforators to the pyramidal tract.81


Just as DTI has been shown to predict functional outcome after stroke,2–4 it may provide prognostic information with regard to postoperative deficits. If relevant tracts are spared this may suggest a more favorable prognosis with function potentially returning in some degree with time. It is important to bear in mind, however, that intact tract anatomy alone does not guarantee functional recovery as DTI describes the tissue architecture but does not provide information on the level of physiologic performance.









Summary


Diffusion tensor imaging is an exciting and developing noninvasive modality, which has the potential to help surgical decision making and improve safety for patients. It can be applied in diagnosis, preoperative planning, intraoperative navigation with or without other complementary modalities, and in postoperative assessment. DTI does have a number of limitations which the neurosurgeon must keep in mind when treating patients, although several of these may be addressed by advances in the state of the art.
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Chapter 4 Intraoperative Neurophysiology


A Tool to Prevent and/or Document Intraoperative Injury to the Nervous System




Vedran Deletis, Francesco Sala





Over the past 25 years, intraoperative neurophysiology (ION) has established itself as a clinical discipline that uses neurophysiologic methods—especially developed or modified from existing methods of clinical neurophysiology—to detect and prevent intraoperatively induced neurologic injuries. Recent developments have solidified its role in neurosurgery and other surgical disciplines. Ideally, ION not only predicts but serves to prevent intraoperatively induced injury to the nervous system. Furthermore, ION can be used to document the exact moment when the injury occurred. As a result, it can be used for both educational and medicolegal purposes.


Generally, ION techniques can be divided in two groups: mapping and monitoring. Neurophysiologic mapping is a technique that, when applied intraoperatively, enables us to identify anatomically indistinct neural structures by their neurophysiologic function. This allows the surgeon to avoid lesioning critical structures in the course of the surgical procedure. In essence, the information gained from neurophysiologic mapping allows the surgeon to operate more safely.


The following procedures use a neurophysiologic mapping technique: identification of the primary motor cortex with direct cortical stimulation, identification of the cranial nerve motor nuclei on the surgically exposed floor of the fourth ventricle, mapping of the corticospinal tract (CT) subcortically (i.e., at the level of the cerebral peduncle or at the spinal cord), mapping of the pudendal afferents in the sacral roots, before selective dorsal rhizotomy, and so on.


Neurophysiologic monitoring is a technique that continuously evaluates the functional integrity of nervous tissue and gives feedback to the (neuro)surgeon. This feedback can be instantaneous, as in a recently developed technique of monitoring motor-evoked potentials (MEPs) from the epidural space of the spinal cord or limb muscles. If the surgical procedure allows us to combine monitoring with mapping techniques, then optimal protection of nervous tissue can be achieved during neurosurgery.


Furthermore, ION uses provocative tests to examine their influence on neurophysiologic signals before the surgical procedure. A temporary clamping of the carotid artery during endarterectomy with monitoring of somatosensory-evoked potentials (SEPs) or electroencephalography is a typical example of a provocative test that measures the ability of the collateral cerebral circulation to supply a potentially ischemic hemisphere. Endovascular injection of a short-acting barbiturate or lidocaine into a vascular malformation of the spinal cord, before embolization, and observation of its influence on the neurophysiologic signals is another example of a provocative test.






Supratentorial Surgery


Surgery for brain gliomas has become more and more aggressive. This is based on clinical data that support better patient survival and quality of life after gross total removal of both low- and high-grade lesions.1,2


However, the resection of tumors located in eloquent brain areas, such as the rolandic region and frontotemporal speech areas, requires the identification of functional cortical and subcortical areas that must be respected during surgery. Moreover, the dogmatic assumption that tumoral tissue could not retain function has been repeatedly questioned by neurophysiologic and functional magnetic resonance imaging studies.3–5 In response to the need for a safe surgery in eloquent brain areas, the past decade has seen the development of a number of techniques to map brain functions, including, but not limited to, functional magnetic resonance imaging, magnetoencephalography, and positron emission tomography.6–11


The neurophysiologic contribution to brain mapping has been evident since the late 19th century with the pioneering work of Fritsch and Hitzig12 and Bartholow.13 In the 20th century, Penfield and colleagues14,15 made invaluable contributions through intraoperative mapping of the sensorimotor cortex, whose findings have been substantiated by a number of recent studies.16–18






Somatosensory-Evoked Potential Phase-Reversal Technique


To indirectly identify the central sulcus, SEPs can be recorded from the exposed cerebral cortex by using the phase-reversal technique. SEPs are elicited by stimulation of the median nerve at the wrist and the posterior tibial nerve at the ankle (40-mA intensity, 0.2-msec duration, 4.3-Hz repetition rate). Recordings are performed from the scalp at CZ′-FZ (for legs) and C3′/C4′-CZ′ (for arms) according to the 10–20 International Electroencephalography System. After craniotomy, a strip electrode is placed across the exposed motor cortex and primary somatosensory cortex, transversing the central sulcus. This technique is based on the principle that an SEP, elicited by median nerve stimulation at the wrist, can be recorded from the primary sensory cortex.19 Its mirror-image waveform can be identified if some of the contacts of the strip electrode are placed on the opposite side of the central sulcus, over the motor cortex20–22 (Fig. 4-1). For phase reversal, a strip electrode with four to eight stainless steel contacts with an intercontact distance of 1 cm is used. In the literature, the success rate of the phase reversal technique to indirectly localize the primary motor cortex ranges between 91%20,21 and 97%.18 Interestingly, identification of the central sulcus by magnetic resonance imaging provided contradictory results when compared with intraoperative phase reversal.20 Although it is expected that ongoing progress in the field of functional magnetic resonance imaging will eventually replace the need for neurophysiologic tests, ION still retains the highest reliability in mapping of the motor cortex and language areas when compared with functional neuroimaging.23–26
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FIGURE 4-1 Identification of the central sulcus by phase reversal of median nerve cortical somatosensory-evoked potentials. To the right is a schematic drawing of the exposed brain surface with a grid electrode position orthogonally to the central sulcus. On the left are the recorded evoked potentials phase reversed between electrode 6 and 7, showing a mirror image of the evoked potential between the motor and sensory cortices, depicting the central sulcus lying between electrodes 6 and 7.


(From Deletis V. Intraoperative neurophysiological monitoring. In: McLone D, ed. Pediatric Neurosurgery: Surgery of the Developing Nervous System, 4th ed. Philadelphia: WB Saunders; 1999:1204-1213.)












Direct Cortical Stimulation (60-Hz Penfield Technique)


Once the motor strip has indirectly been identified by the phase reversal technique, direct cortical stimulation is needed to confirm the localization of the motor cortex. Most current methods are based on the original Penfield technique. This calls for continuous direct cortical stimulation over a period of a few seconds with a frequency of stimulation of 50 to 60 Hz and observation of muscle movements.14,16,27 An initial current intensity of 4 mA is used and, if no movements are elicited in contralateral muscles of the limbs and face, stimulation is increased in steps of 2 mA to the point at which movements are elicited.16 Muscle responses can either be observed visually or documented by multichannel electromyography, which appears to be more sensitive.28 If no response is elicited with an intensity as high as approximately 16 mA, that area of cortex is considered not functional and can therefore be removed.29 It should be emphasized that a negative mapping does not always ensure safety. To increase the chances of obtaining a positive mapping result, technical and anesthesiologic drawbacks have to be carefully ruled out and cortical exposure should be generous.


More in general, a limitation to the reliability of cortical mapping is the large variability of threshold for a positive mapping response across and within individuals.30 A motor response from the same muscular group can be elicited from more than one cortical site, using different stimulation intensities.


Therefore, function localization may vary in different studies as a result of stimulation parameters and mapping strategies. Mapping strategies appear as one of the main variables that may affect the results of stimulation. Two different theories underline the choice of one or the other strategy:




1. Some authors apply the concept that thresholds (the minimum stimulation current required to induce functional changes) vary across the exposed cortex depending on the task being assessed and the location being maped. This is in keeping with the observation that even afterdischarge (AD) thresholds can vary significantly, not only across the population but in the same subject at different cortical sites.30,31 Accordingly, they attempt to maximize stimulation currents at each cortical site to ensure the absence of eloquent function. Doing so, it is more common to exceed AD thresholds in adjacent cortices, and there is a higher risk of distal activation due to current spreading to adjacent sites.


2. Other authors29,32,33 keep stimulation intensity constant while mapping the entire cortex and set threshold just below the lowest current observed to induce AD. This strategy is aimed to minimize the risk of inducing ADs (which may invalidate the results) and clinical seizures, but may miss the identification of eloquent cortical sites.





Spreading of the current using the 60-Hz stimulation technique is limited to 2 to 3 mm as detected by optical imaging in monkeys.34 Accordingly, one can assume that using this technique is safe for removal of tumors very close to the motor and sensory pathways as long as stimulation is repeated whenever a 2- to 3-mm section of tumoral tissue is removed.29 Similarly, this technique allows us to map motor pathways subcortically while removing tumors that arise or extend to the insular, subinsular, or thalamic areas.27,35 At the subcortical level, the stimulation intensity required to elicit a motor response is usually lower than that required for cortical mapping. When performing subcortical mapping, however, we have to keep in mind that a distal muscle response after stimulation of subcortical motor pathways can be misleading. Although this stimulation activates axons distal to the stimulation point, the possibility of damage to the pathways proximal to that point cannot be ruled out. This is a concern, especially when dealing with an insular tumor where there is a risk of cortical or subcortical ischemia induction secondary to manipulation of perforating vessels (Fig. 4-2).
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FIGURE 4-2 Upper left: Preoperative axial contrast-enhanced, magnetic-resonance, T1-weighted image of a right frontotemporoinsular anaplastic astrocytoma that was removed with the assistance of intraoperative neurophysiologic monitoring. Lower left: Intraoperative view at the end of tumor resection. The internal capsule (C) has been identified using mapping of the subcortical motor pathways with the short train of stimuli technique. The temporal lobe (T) and branches of the middle cerebral artery (MCA) are on view. Right: Motor-evoked potentials (MEPs) recorded intraoperatively from the left abductor brevis pollicis (L-APB) and tibialis anterior (L-TA) muscles. MEP recordings at the end of tumor removal (A); MEP loss during hemostasis (B); transitory MEP reappearance by increasing stimulation to seven stimuli and 130-mA intensity (C); new disappearance of MEPs despite increased stimulation (D); progressive MEP reappearance after papaverine infusion and increased systemic blood pressure (E and F); MEPs at the end of the procedure (G).


(Modified from Sala F, Lanteri P. Brain surgery in motor areas: The invaluable assistance of intraoperative neurophysiological monitoring. J Neurosurg Sci. 2003;47:79-88.)





Despite its popularity in the past, this 60-Hz Penfield technique has some disadvantages. With the exception of speech mapping, it is our opinion that these disadvantages should prevent its use as a motor cortex/pathways mapping technique. First, this technique can induce seizures in as many as 20% of patients, despite therapeutic levels of anticonvulsants and regardless of whether there is a preoperative history of intractable epilepsy.36,37 Second, in children younger than 5 years old, direct stimulation of the motor cortex for mapping purposes may not yield localizing information because of the relative unexcitability of the motor cortex.19,38 Third, because this is a mapping and not a monitoring technique, no matter how often cortical or subcortical stimulation is repeated, the functional integrity of the motor pathways cannot be assessed continuously during surgery.









Direct Cortical Stimulation and Motor-Evoked Potential Monitoring (Short Train of Stimuli Technique)


Recently, mapping techniques have integrated monitoring techniques to continuously assess the functional integrity of the motor pathways and therefore increase the safety of these procedures.20,39–41 The following is a description of the technique that we use at our institutions and have found suitable for both mapping and monitoring.


Muscle MEPs are initially elicited by multipulse transcranial electrical stimulation (TES). Short trains of five to seven square-wave stimuli of 500-μsec duration with an interstimulus interval of 4 msec are applied at a repetition rate of as high as 2 Hz through electrodes placed at C1 and C2 scalp sites, according to the 10–20 International Electroencephalography System. The maximum stimulation intensity should be as high as 200 mA, which is strong enough for most cases. Muscle responses are recorded via needle electrodes inserted into the contralateral upper and lower extremity muscles. We usually monitored the abductor pollicis brevis and the extensor digitorum communis for the upper extremities and the tibialis anterior and the abductor hallucis for the lower extremities. For the face area, the orbicularis oculi and orbicularis oris muscles are typically used.


After exposure of the cortex and once phase reversal has been performed, direct cortical stimulation of the motor cortex can be achieved by using a monopolar-stimulating probe to identify the cortical representation of contralateral facial and limb muscles. The same parameters of stimulation used for TES, except for a much lower intensity (≤20 mA), can be used.39 Sometimes the short train of stimuli technique requires slightly higher current intensities than those required by the Penfield technique. However, by using a very short train, the charge applied to the brain is significantly reduced42 and, consequently, the risk of inducing seizures. The number of pulses in the short-train technique is five to seven pulses per second, whereas in the Penfield technique, there are 60 pulses per second. The effect of stimulation on the cerebral cortex, from a neurophysiologic point of view, differs between the Penfield technique and the short train of stimuli technique. The Penfield technique delivers one stimulus every 15 to 20 msec continuously for a couple of seconds. The short train of stimuli technique delivers five to seven stimuli in a period of approximately 30 msec with a long pause between trains (470 to 970 msec, which depends on train repetition rate—1 or 2 Hz). Therefore, the Penfield technique is more prone to produce seizures, activating the cortical circuitry more easily than short-train stimuli do. Furthermore, compared with the Penfield technique, the short-train technique does not induce strong muscle twitches that may interfere with the surgical procedure. Responses are usually recorded from needle electrodes used to record muscle MEPs elicited by TES. However, any combination of recording muscles can be used, according to the tumor location. The larger the number of monitored muscles, the lower the chance of a false-negative mapping result. We suggest that stimulation of the tumoral area should always be performed to rule out the presence of some functional cortex. As already described, this is especially true in the case of low-grade gliomas.3–5


In the illustrative case presented in Fig. 4-2,39 an impairment of muscle MEPs occurred at the end of tumor removal when opening and closing mapping procedures had already been done and confirmed the integrity of motor pathways distal to the stimulation point at the level of the internal capsule. However, ischemia of the pyramidal tracts secondary to severe vasospasm of the main perforating branches of the middle cerebral artery occurred during hemostasis and was detected by muscle MEP monitoring. If not detected in time, this event would have likely resulted in an irreversible loss of muscle MEPs and, consequently, a permanent motor deficit. Mapping techniques are unlikely to detect these events because they do not allow a continuous “online” assessment of the functional integrity of neural pathways.


In our experience with using the short-train technique, a threshold lower than 5 mA for eliciting muscle MEPs usually indicated proximity to the motor cortex. When muscle responses are elicited through higher stimulation intensities, activation of the CT is of less localizing value because of the possibility of spreading of the current to adjacent areas.39


Once mapping of the cortex has clarified the relationship between eloquent motor areas and the lesion, continuous MEP monitoring of the contralateral muscles can be sustained throughout the procedure to assist during the surgical manipulation. To do so, one of the same contacts of the strip electrode can be used as an anode for stimulation while the cathode is at Fz. The stimulation point on the motor cortex with the lowest threshold used to elicit muscle MEPs from contralateral limbs or face usually corresponds with the contact from which the largest amplitude of the mirror-image SEPs was obtained. The same stimulation parameters as those used for the short-train mapping technique can be used.


When removing a tumor that extends subcortically, preservation of muscle MEPs during monitoring from the strip electrode will guarantee the functional integrity of motor pathways and avoid the need for periodic remapping of the cortex at known functional sites.39


For insular tumors where the motor cortex is not exposed by the craniotomy, a strip electrode can still be gently inserted into the subdural space to overlap the motor cortex. Phase reversal and/or direct cortical stimulation can be used to identify the electrode with the lowest threshold to elicit muscle MEPs. The use of MEPs during surgery for insular tumors has proved very useful to identify impending vascular derangements to subcortical motor pathways in time for corrective measures to be taken. In spite of the observation that intraoperative MEP changes occurred in nearly half of the procedures, these were reversible in two thirds of the cases.43









Warning Criteria and Correlation with Postoperative Outcome


Still debated are the warning criteria for changes in muscle MEPs that are used to inform the surgeon about an impending injury to the motor system. It should be stressed that although for spinal cord surgery, a “presence/absence” of muscle MEPs criterion has proved to be reliable and strictly correlates with postoperative results,44,45 there are not definite MEP parameters indicative of significant impairment during supratentorial surgery.46 We believe that the predictive value of muscle MEPs is different for supratentorial and spinal cord surgeries. As such, different warning criteria must be employed. This judgment is based on the difference in types of CT fibers in supratentorial portion of the CT as compared with the spinal cord. Different groups with established experience in this field have proposed similar criteria,40,46 suggesting that a shift in latency between 10% and 15% and a decrease in amplitude of more than 50% to 80% correlate with some degree of postoperative motor deficit. However, a permanent new motor deficit has consistently correlated only with irreversible complete loss of muscle MEPs.46


A persistent increase in the threshold to elicit muscle MEPs or a persistent drop in muscle MEP amplitude, despite stable systemic blood pressure, anesthesia, and body temperature, represents a warning sign. However, it should be noted that muscle MEPs are easily affected by muscle relaxants, bolus of intravenous anesthetics and high concentrations of volatile (and other) anesthetics such that wide variation in muscle MEP amplitude and latency can be observed.47 Due to this variability, the multisynaptic nature of the pathways involved in the generation of muscle MEPs, and the nonlinear relationship between stimulus intensity and the amplitude of muscle MEPs, the correlation between intraoperative changes in muscle MEPs (amplitude and/or latency) and the motor outcome are not linear. Further clinical investigation is needed to clarify sensitive and specific neurophysiologic warning criteria for brain surgery.












Brain Stem Surgery


The human brain stem is a small and highly complex structure containing a variety of critical neural structures. These include sensory and motor pathways; sensory and motor cranial nerve nuclei; cardiovascular and respiratory centers; neural networks supporting swallowing, coughing, articulation, and oculomotor reflexes; and the reticular activating system. In such a complex neural structure, even small lesions can produce severe and life-threatening neurologic deficits.


The neurosurgeon faces two major problems when attempting to remove brain stem tumors. First, if the tumor is intrinsic and does not protrude on the brain stem surface, approaching the tumor implies a violation of the anatomic integrity of the brain stem. Knowledge of the location of critical neural pathways and nuclei is mandatory when considering a safe entry into the brain stem,48,49 but may not suffice when anatomy is distorted. Morota and colleagues50 reported that visual identification of the facial colliculus based on anatomic landmarks was possible in only three of seven medullary tumors and was not possible in five pontine tumors. The striae medullares were visible in four of five patients with pontine tumors and in five of nine patients with medullary tumors.


Therefore, functional rather than anatomic localization of brain stem nuclei and pathways should be used to identify safe entry zones.






Mapping Techniques


Neurophysiologic mapping techniques have been increasingly used to localize CT and cranial nerve motor nuclei on the lateral aspect of the midbrain and on the floor of the fourth ventricle.50–54









Mapping of the Corticospinal Tract at the Level of the Cerebral Peduncle


This is a recently described technique used to map the CT tract within the brain stem at the level of the cerebral peduncle.54,55 To identify the CT, we use a hand-held monopolar-stimulating probe (0.75-mm tip diameter) as a cathode, with a needle electrode inserted in a nearby muscle as an anode. If the response (D wave) is recorded from an epidural electrode, a single stimulus is used. Conversely, if the response is recorded as a compound muscle action potential from one or more muscles of contralateral limbs, a short train of stimuli should be used.


We usually increase stimulation intensity to 2 mA. When a motor response is recorded, the probe is then moved in small increments of 1 mm to find the lowest threshold to elicit that response.


This technique is particularly useful for midbrain tumors that have displaced the CT tract from its original position. Usually, the so-called midbrain lateral vein described by Rhoton56 represents a useful anatomic landmark because it allows an indirect identification of the CT tract, located anterior to the vein. However, when an expansive lesion distorts anatomy, only neurophysiologic mapping allows the identification of the CT and, consequently, a safe entry zone to the lateral midbrain.


In the case of a cystic midbrain lesion, sometimes mapping of the CT is negative at the beginning of the procedure, but a positive response can be recorded when mapping from within the cystic cavity toward the anterolateral cystic wall.57









Mapping of Motor Nuclei of Cranial Nerves on the Floor of the Fourth Ventricle


This technique is based on intraoperative electrical stimulation of the motor nuclei of the cranial nerves on the floor of the fourth ventricle, using a hand-held monopolar stimulating probe. Compound muscle action potentials are then elicited in the muscles innervated by the cranial motor nerves. A single stimulus of 0.2-msec duration is delivered at a repetitive rate of 2.0 Hz. Stimulation intensity starts at approximately 1 mA and is then reduced to determine the point with the lowest threshold that elicits muscle responses corresponding with the mapped nucleus (Fig. 4-3). No stimulation intensity higher than 2 mA should be used.50,51 To record the responses from cranial motor nerves VII, IX/X, and XII, wire electrodes are inserted into the orbicularis oculi and orbicularis oris muscles, the posterior wall of the pharynx, and the lateral aspect of the tongue muscles, respectively. Based on mapping studies, characteristic patterns of motor cranial nerve displacement, secondary to tumor growth, have been described (Fig. 4-4).58 The case described in Fig. 4-5 is consistent with this observation.
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FIGURE 4-3 Mapping of the brain stem cranial nerve motor nuclei. Upper left: Drawing of the exposed floor of the fourth ventricle with the surgeon’s handheld stimulating probe in view. Upper middle: The sites of insertion of wire hook electrodes for recording the muscle responses are depicted. Far upper right: Compound muscle action potentials recorded from the orbicularis oculi and oris muscles after stimulation of the upper and lower facial nuclei (upper two traces) and from the pharyngeal wall and tongue muscles after stimulation of the motor nuclei of cranial nerves IX/X and XII (lower two traces). Lower left: Photograph obtained from the operating microscope shows the hand-held stimulating probe placed on the floor of the fourth ventricle (F). A, aqueduct.


(Reproduced from Deletis V, Sala F, Morota N. Intraoperative neurophysiological monitoring and mapping during brain stem surgery: A modern approach. Oper Tech Neurosurg. 2000;3:109-113.)
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FIGURE 4-4 Typical patterns of cranial nerve motor nuclei displacement by brain stem tumors in different locations. Upper and lower pontine tumors: Pontine tumors typically grow to push the facial nuclei around the edge of the tumor, suggesting that precise localization of the facial nuclei before tumor resection is necessary to avoid their damage during surgery. Medullary tumors: Medullary tumors typically grow more exophytically and compress the lower cranial nerve motor nuclei ventrally; these nuclei may be located on the ventral edge of the tumor cavity. Because of the interposed tumor, in these cases mapping before tumor resection usually does not allow identification of cranial nerve IX/X and XII motor nuclei. Responses, however, could be obtained close to the end of the tumor resection when most of the tumoral tissue between the stimulating probe and the motor nuclei has been removed. At this point, repeat mapping is recommended because the risk of damaging motor nuclei is significantly higher than at the beginning of tumor debulking. Cervicomedullary junction spinal cord tumors: These tumors simply push the lower cranial nerve motor nuclei rostrally when extending into the fourth ventricle.


(Reproduced from Morota N, Deletis V, Lee M, et al. Functional anatomic relationship between brain stem tumors and cranial motor nuclei. Neurosurgery. 1996;39:787-794.)








[image: image]

[image: image]

FIGURE 4-5 Upper panel: (Top): Preoperative contrast-enhanced, T1-weighted magnetic resonance imaging (MRI) of an upper left pontine low-grade astrocytoma in a 16 year old female. Bottom: Postoperative MRI study showing complete tumor removal. Surgery was performed under neurophysiologic guidance. Middle panel: Direct mapping of the facial nerve motor nuclei on the floor of the fourth ventricle. The tumor was approached through a median suboccipital craniectomy. When the floor of the fourth ventricle was exposed, the median sulcus appeared dislocated to the right and the left median eminence was expanded. Electromyographic wire electrodes were inserted bilaterally in the left (LU) and right (RU) orbicularis oculi and left (LL) and right (RL) orbicularis oris muscles for mapping and monitoring of the seventh nerve, and in the abductor pollicis brevis (LA and RA) for continuous monitoring of the corticospinal tract integrity. We initially stimulated on the left side, approximately 1.5 cm rostral to the striae medullares, where the motor nuclei were expected to be according to normal brain stem functional anatomy. A response was obtained from the left orbicularis oculi (LU) at a stimulation intensity of 1.5 mA (A). By moving the stimulating probe caudally and to the right, a consistent response from the left orbicularis oris (LL) was recorded at a stimulation intensity of 0.5 mA (B). At this point, we moved the stimulation probe more laterally to the right side, approximately 1 cm above the striae medullares, and a clear response was recorded from the right orbicularis oris (RL) at the lowest threshold intensity of 0.2 mA (C). Finally, by moving the stimulating probe paramedially to the left side, a few millimeters above the striae medullares, a consistent response was recorded from both the left orbicularis oris (LL) and orbicularis oculi (LU), using the same low threshold (0.2 mA) (D). The conclusion was drawn that the tumor displaced caudally the facial nerve motor nuclei, especially on the left side. Based on mapping results, the surgeon decided to enter the brain stem on the left side in correspondence with the higher threshold stimulating point (A).Lower left: Schematic summary of mapping results. A and B represent the original position of the left and right facial colliculi, as expected according to brain stem anatomy. A, B, C, and D correspond to the stimulating point illustrated in the upper panel. C and D also correspond to the lower threshold to elicit a consistent response from, respectively, the right and left muscles innervated by the facial nerve. The conclusion was made that real location of facial nerve motor nuclei (C and D) was more caudal than expected, especially on the left side, due to the tumor mass effect. Accordingly, initial incision (I) was carried on transversely in correspondence with stimulating point A Lower right: Continuous neurophysiologic monitoring of muscle motor-evoked potentials during tumor removal. Electromyographic wire electrodes were inserted in the left orbicularis oris (LL) and abductor pollicis brevis (LA) muscles for continuous monitoring of, respectively, the corticobulbar and corticospinal tract integrity, after transcranial electrical stimulation (electrode montage C4/Cz; short train of four stimuli; intensity 50 mA).


(Modified from Sala F, Lanteri P, Bricolo A. Intraoperative neurophysiological monitoring of motor evoked potentials during brain stem and spinal cord surgery. Adv Tech Stand Neurosurg. 2004;29:133-169.)





A similar methodology can be applied to identify the motor nuclei of cranial nerves innervating ocular muscles (nerves III, IV, and VI) during a dorsal approach to midbrain lesions as well as quadrigeminal plate, tectal, and pineal region tumors.59,60


Despite the relative straightforwardness of the fourth ventricle mapping technique and its indisputable usefulness in planning the most appropriate surgical strategy to enter the brain stem, postoperative functional outcome is not always predicted by postresection responses.50 In the case of mapping of the motor nuclei of the seventh cranial nerve, brain stem mapping cannot detect injury to the supranuclear tracts originating in the motor cortex and ending on the cranial nerve motor nuclei. Consequently, a supranuclear paralysis would not be detected, although lower motoneuron integrity has been preserved. Similarly, the possibility of stimulating the intramedullary root more than the nuclei itself exists. This could result in a false-negative peripheral response still being recorded despite an injury to the motor nuclei.50


Mapping of the glossopharyngeal nuclei is also of limited benefit. Recording activity from the muscles of the posterior pharyngeal wall after stimulation of the ninth cranial nerve motor nuclei on the floor of the fourth ventricle assesses the functional integrity of the efferent arc of the swallowing reflex. This technique, however, does not provide information on the integrity of afferent pathways and afferent/efferent connections within brain stem, which are indeed necessary to provide functions involving reflexive swallowing, coughing, and the complex act of articulation. Recently, however, Sakuma and colleagues61 succeeded in monitoring glossopharyngeal nerve compound action potentials after stimulation of the tongue in dogs, opening the possibility of a new field of investigation in humans. Functional magnetic resonance imaging of the brain stem has also provided a new, yet experimental, tool to localize cranial nerve nuclei in humans.62


An intrinsic limitation of all mapping techniques, however, is that these do not allow the continuous evaluation of the functional integrity of a neural pathway. The identification of the safe entry zone for approaching a pontine astrocytoma, as in Fig. 4-5, does not provide any information on the well-being of the adjacent corticospinal, corticobulbar, sensory, and auditory pathways during the surgical manipulation aimed to remove the tumor. Therefore, it is essential to combine mapping with monitoring techniques.









Monitoring Techniques


SEPs and brain stem auditory-evoked potentials have been extensively used to assess the functional integrity of the brain stem, and we refer the reader to the related literature for a review of these classic techniques. Unfortunately, SEPs and brain stem auditory-evoked potentials can evaluate only approximately 20% of brain stem pathways.63 As a result, their use is of limited valued when the major concern is related to corticospinal and cranial nerve motor function. Still, brain stem auditory-evoked potentials can provide useful information on the general well-being of the brain stem, especially during those procedures in which a significant surgical manipulation of the brain stem and/or of the cerebellum is expected. When interpreting brain stem auditory-evoked potential recordings, a thoughtful analysis of the waveform and of their correlation with neural generators provides useful information about the localization of the changes.


When an initial myelotomy is performed at the region of dorsal column nuclei of the medulla, further monitoring with SEPs is compromised due to limitations similar to those related to intramedullary spinal cord tumor surgery after myelotomy.54 For pontine and midbrain tumors, SEPs have little localizing value but can still be used to provide nonspecific information about the general functional integrity of the brain stem (because it is expected that a major impending brain stem failure will be detected by changes in SEP parameters).


Similar to what has occurred for brain and spinal cord surgery, the major breakthrough in modern ION of the brain stem has been the advent of MEP-related techniques.


With regard to motor function within the brain stem, standard techniques for continuously assessing the functional integrity of motor cranial nerves relies on the recording of spontaneous electromyographic activity in the muscles innervated by motor cranial nerves.60,64,65 Several criteria have been proposed to identify electromyographic activity patterns that may anticipate transitory or permanent nerve injury, but these patterns are not always easily recognizable and criteria remain vague or at least subjective. Overall, convincing data regarding a clinical correlation between electromyographic activity and clinical outcomes is still lacking.60,64


Seeking more reliable techniques in the neurophysiologic monitoring of motor cranial nerve integrity, the possibility of extending the principles of CT monitoring to the corticobulbar tracts is currently under investigation.57,66






Monitoring of Corticobulbar (Corticonuclear) Pathways


For this purpose, TES with a train of four stimuli, with an interstimulus interval of 4 msec, and a train-stimulating rate of 1 to 2 Hz, intensity between 60 and 100 mA can be used. The stimulating electrode montage is usually C3/Cz for right-side muscles and C4/Cz for left-side muscles. For recording muscle MEPs, electromyographic wire electrodes are inserted in the orbicularis oris and orbicularis oculi muscles for nerve VII, in the posterior pharyngeal wall for the cranial motor nerves IX and X, and in the tongue muscles for the hypoglossal nerve (i.e., in the same manner as described for mapping of motor nuclei of the cranial nerves). Reproducible muscle MEPs can be continuously recorded from the facial, pharyngeal, and tongue muscles while the brain stem is surgically manipulated (see Fig. 4-5). This technique allows one to monitor the entire pathway, from the motor cortex down to the neuromuscular junction so that a supranuclear injury can be detected. However, the corticobulbar tract monitoring technique is still far from becoming standardized due to some theoretical and practical drawbacks. First, from a neurophysiologic perspective, use of the lateral montage as an anodal stimulating electrode (C3 or C4) increases the risk that strong TES may not activate the corticobulbar pathways but the cranial nerve directly. Accordingly, an injury to the corticobulbar pathway rostral to the point of activation may be masked by a misleading preservation of the muscle MEP. To minimize this risk, stimulation intensity should be kept as low as possible. One of the ways to recognize structure generating this response is as follows; 90 msec after delivering train of stimuli a single stimulus was delivered through the same stimulating montage. The rationale for this kind of stimulation is the fact that in most patients under general anesthesia, only a short train of stimuli can elicit “central” responses generated by the motor cortex or subcortical part of corticobulbar tract (CBT). If a single stimulus elicits a response, this should be considered a “peripheral” response which activates the cranial nerve directly by spreading current more distally.67


Furthermore, given the continuous fluctuations in the threshold required to elicit muscle MEPs intraoperatively (i.e., due to variability in room temperature, anesthesiologic regimen, and physiologic variability in muscle MEP threshold, and so on), the appropriate threshold for monitoring corticobulbar pathways should be rechecked throughout the surgical procedure. Another limitation of this technique is that spontaneous electromyographic activity can sometimes hinder the recording of reliable muscle MEPs from the same muscles. In our experience, this spontaneous activity appears to be more common in the pharyngeal muscles as compared with the facial and tongue muscles. Further experience with this technique will indicate the extent to which monitoring of the corticobulbar tract predicts postoperative function and allows an impending injury to the motor cranial nerves to be recognized in time to be corrected (see Fig. 4-5).


Due to the complexity of the brain stem’s functional anatomy, the more neurophysiologic techniques that can be rationally integrated, the better the chances for successful monitoring.68 The battery of techniques to be used should be tailored to each individual patient according to tumor location and clinical status. Keeping this in mind, SEPs and brain stem auditory-evoked potentials should always be considered. However, unlike in the past decade when these classic monitoring methods allowed only a very limited assessment of the brain stem functional integrity, current techniques of MEP monitoring and motor nuclei mapping are receiving increasing credit in assisting the neurosurgeon during brain stem surgery.















Spinal and Spinal Cord Surgery


These surgeries are potentially burdened with serious neurologic deficits such as para- or quadri-plegia (paresis). As a rule, the closer to the spinal cord that the neurosurgeon operates, the higher is the risk of injury. Of course, there is always the possibility that surgeries on the bony structures of the spinal cord can result in paraplegia.69,70 Furthermore, long-lasting intraoperative hypotension can be disastrous for the spinal cord if neurophysiologic monitoring has not been used because no other routine methods are available to evaluate the functional integrity of the spinal cord during hypotension.


It has been shown that the use of SEPs to monitor the functional integrity of the spinal cord is inadequate and can result in false-negative results (i.e., no changes in SEP parameters intraoperatively, but the patient wakes up paraplegic after surgery69,70). Therefore, it is mandatory that during spinal and spinal cord surgeries, monitoring of both sensory and motor modalities of evoked potentials is conducted. Each of these methods evaluates different long tracts; SEPs evaluate the dorsal columns, whereas MEPs evaluate CT If a lesion to the spinal cord is diffuse in nature, affecting both long tracts, monitoring one of them may suffice. Unfortunately, this is not always the case. A typical example is anterior spinal cord artery syndrome with preservation of SEPs and disappearance of MEPs.70


Surgery for intramedullary spinal cord tumors requires a special approach concerning monitoring with MEPs. During this type of surgery, very precise surgical instruments are used, such as the Contact Laser System (SLT, Montgomeryville, PA),71 and a very selective lesion within the spinal cord can occur. Therefore, monitoring this type of surgery using only MEPs recorded from limb muscles can be insufficient. Monitoring the D wave (i.e., recording descending activity of the CT using catheter electrodes placed over the exposed spinal cord) should be combined with MEP recording from limb muscles. Combining both of these techniques proved highly effective in preventing paraplegia/quadriplegia. This gives the neurosurgeon the opportunity to be more radical in tumor resection. This combined type of monitoring can precisely predict transient postoperative motor deficits45,72 and clearly distinguish them from permanent ones.






Neurophysiologic Monitoring of the Spinal Cord and Spinal Surgeries with Motor-Evoked Potentials


A schematic drawing of techniques for eliciting MEPs by TES or direct electrical stimulation of the exposed motor cortex while recording them from the spinal cord (D wave) or limb muscles (muscle MEPs) is presented inFig. 4-6.
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FIGURE 4-6 A, Schematic illustration of electrode positions for transcranial electrical stimulation of the motor cortex according to the 10-20 International Electroencephalography System. The site labeled 6 cm is 6 cm anterior to Cz. B, Illustration of grid electrode overlying the motor and sensory cortexes. C, Schematic diagram of the positions of the catheter electrodes (each with three recording cylinders) placed cranial to the tumor (control electrode) and caudal to the tumor to monitor the descending signal after passing through the site of surgery (left). In the middle are D and I waves recorded rostral and caudal to the tumor site. On the right is depicted the placement of an epidural electrode through a flavectomy/flavotomy when the spinal cord is not exposed. D, Recording of muscle motor-evoked potentials from the thenar and tibial anterior muscles after eliciting them with short train of stimuli applied either transcranially or over the exposed motor cortex.


(Modified from Deletis V, Rodi Z, Amassian VE. Neurophysiological mechanisms underlying motor evoked potentials in anesthetized humans. Part 2: Relationship between epidurally and muscle recorded MEPs in man. Clin Neurophysiol 2001;112:445-452.)





Table 4-1 summarizes the results from the combined use of D-wave and muscle MEP recordings during surgery for intramedullary spinal cord tumors. The neurosurgeon can proceed with the surgery aggressively, without jeopardizing the patient’s motor status despite the complete disappearance of the muscle MEPs during surgery. This is only allowed when the D-wave amplitude does not decrease more than 50% from the baseline amplitude. After disappearance of muscle MEPs, patients will have only transient postoperative motor deficits, with a full recovery of muscle strength later on. Therefore, to achieve a good postoperative motor outcome, it is imperative that the critical decrement in D-wave amplitude not be permitted. The neurophysiologic explanation for transient paraplegia is that the D wave is generated exclusively by the descending activity of the transcranially activated fast neurons of the CT, whereas muscle MEPs are generated by the combined action of the fast neurons of the CT and propriospinal and other descending tracts within the spinal cord (of course, with consecutive activation of alpha motoneurons, peripheral nerves, and muscles). The selective lesion to the propriospinal and other descending tracts can occur with the use of precise neurosurgical instruments (e.g., contact laser with a tip of 200 μm, producing minimal collateral damage).71 Lesioning of the propriospinal system and other descending tracts can be functionally compensated postoperatively, whereas a lesion to the fast neurons of the CT cannot. Empirically, we have discovered that decrements in the amplitude of the D wave occur in a stepwise fashion (except in the case of anterior spinal artery lesion). Therefore, the neurosurgeon has enough time to make a decision and can immediately stop the surgery when a critical decrement in D-wave amplitude occurs. The previous statement has been tested in 100 surgeries for intramedullary spinal cord tumors performed by one neurosurgeon and using a combined monitoring method. This approach showed a sensitivity of 100% and a specificity of 91%.45 Based on these results, Table 4-1 was produced to explain the meaning and predictive features of combined monitoring of the spinal cord surgery using muscle MEPs and D wave.


TABLE 4-1 Principles of Motor-Evoked Potential Interpretation






	D Wave

	Muscle MEP∗


	Motor Status






	Unchanged or 30%–50% decrease

	Preserved

	Unchanged






	Unchanged or 30%–50% decrease

	Lost uni- or bilaterally

	Transient motor deficit






	>50% decrease

	Lost bilaterally

	Long-term motor deficit







∗ In the tibial anterior muscle(s).


Source: Deletis V. Intraoperative neurophysiological monitoring. In: McLone D. Pediatric Neurosurgery: Surgery of the Developing Nervous System, 4th ed. Philadelphia: WB Saunders; 1999:1204-1213.


Combined monitoring of MEPs in one typical patient with an intramedullary spinal cord tumor showed a disappearance of muscle MEPs and a sustained D wave. This resulted in a transient postoperative paraplegia, with a complete recovery from paraplegia, as presented in Fig. 4-7.
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FIGURE 4-7 A 9-year-old boy underwent gross total resection of a pilocytic astrocytoma of the thoracic spinal cord that spanned four spinal segments. Preoperatively, there were no motor deficits. During surgery, the muscle motor-evoked potentials from the left and right tibial anterior muscles were lost (upper) and the D wave decreased, although not less than 50% of baseline value (lower). Postoperatively, the patient was paraplegic. Within 1 week, he regained antigravity force in both legs, and by 2 weeks he walked again.


(Reproduced from Kothbauer K, Deletis V, Epstein FJ. Intraoperative spinal cord monitoring for intramedullary surgery: An essential adjunct. Pediatr Neurosurg. 1997;26:247-254.)












Mapping of the Corticospinal Tract within the Surgically Exposed Spinal Cord


Further improvement in the prevention of lesioning of the CT during spinal cord surgery has been achieved by introducing a neurophysiologic method of mapping the CT by using a D-wave collision technique. This technique has recently been developed by our group and has allowed us to precisely map the anatomic location of the CT when the anatomy of the spinal cord has been distorted.73,74 The anatomic position of the CT is difficult to determine by visual inspection alone. D-wave collision is accomplished by simultaneously stimulating the exposed spinal cord (with a small handheld probe delivering a 2-mA intensity stimulus), with TES to elicit a D wave. Because the resulting signals are transmitted along the same axons, the descending D wave collides with the ascending signal carried antidromically along the CT (Fig. 4-8). This results in a decrease in the D-wave amplitude recorded cranially to the collision site. This phenomenon indicates that the spinal cord-stimulating probe is in close proximity to the CT. This could potentially guide surgeons to stay away from the “hot spot.” Mapping of the CT is now in the process of a technical refinement. Its initial use indicates an impressive ability to selectively map the spinal cord for the CT’s anatomic location. Using this method, the CT can be localized within 1 mm. This is in concordance with the other CT mapping techniques used within the brain stem that show the same degree of selectivity.50
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FIGURE 4-8 The neurophysiologic basis for intraoperative mapping of the corticospinal tract (CT). Mapping of the CT by the D-wave collision technique (see text for details). S1, transcranial electrical stimulation (TES); S2, spinal cord electrical stimulation; D1, control D wave (TES only); D2, D wave after combined stimulation of the brain and spinal cord; R, the cranial electrode for recording D wave in the spinal epidural space. Lower left: Negative mapping results (D1 = D2). Lower right: Positive mapping results (D2-wave amplitude significantly diminished after collision). Inset: Handheld stimulating probe over the exposed spinal cord.


(Modified from Deletis V, Camargo AB. Interventional neurophysiological mapping during spinal cord procedures. Stereotact Funct Neurosurg. 2001;77:25-28.)












Mapping of the Dorsal Columns of the Spinal Cord


To protect the dorsal columns from lesioning during myelotomy, a novel neurophysiologic technique has been developed. To approach an intramedullary tumor, accepted neurosurgical techniques require a midline dorsal myelotomy. Distorted anatomy, however, often does not allow a precise determination of the anatomic midline by visual inspection and anatomic landmarks. Therefore, to facilitate the precise determination of the medial border between the left and right dorsal columns of the spinal cord, a technique for dorsal column mapping has been developed.75 Dorsal column mapping is based on two basic principles. First, after stimulation of the peripheral nerves, evoked potentials traveling through the dorsal columns can be recorded. Second, the area over the dorsal columns of the spinal cord where the maximal amplitude of the SEPs is recorded represents the point on the recording electrode in closest proximity to the dorsal columns. For recording these traveling waves, a miniature multielectrode is placed over the surgically exposed dorsal columns of the spinal cord. This electrode consists of eight parallel wires, 76 μm in diameter and 2 mm in length, placed 1 mm apart and embedded in a 1-cm2 (approximately) silicone plate (Fig. 4-9). An extremely precise amplitude gradient of the SEPs is recorded as the conducted potentials pass beneath the electrodes after alternating stimulation of the tibial nerves.
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FIGURE 4-9 Dorsal column mapping in an 18-year-old patient with a syringomyelic cyst between the C2 and C7 segments of the spinal cord. Upper right: Magnetic resonance imaging shows the syrinx. Lower middle: Placement of miniature electrode over surgically exposed dorsal column; vertical bars on the electrode represent the location of the underlying exposed electrode surfaces. Sensory-evoked potentials after stimulation of the left and right tibial nerves showing maximal amplitude between electrodes 1 and 2 (lower left and right). These data strongly indicate that both dorsal columns from the left and right lower extremities have been pushed to the extreme right side of the spinal cord. Using these data as a guideline, the surgeon performed the myelotomy using a YAG laser through the left side of the spinal cord and inserted the shunt to drain the cyst (upper middle). The patient did not experience a postoperative sensory deficit.


(Reproduced from Krzan MJ. Intraoperative neurophysiological mapping of the spinal cord’s dorsal column. In: Deletis V, Shils JL, eds. Neurophysiology in Neurosurgery. A Modern Intraoperative Approach. San Diego: Academic Press; 2002:153-164.)





The amplitude gradient of the conducted potentials indicates the precise location of the functional midline corresponding to the dorsal fissure of the spinal cord (i.e., the optimal site for myelotomy). These data can be used by the neurosurgeon to prevent injury to the dorsal columns that could occur through an imprecise midline myelotomy. This is especially useful during surgery for intramedullary spinal cord tumors or during the placement of a shunt to drain syringomyelic cysts (see Fig. 4-9).74









Neurophysiologic Monitoring during Spinal Endovascular Procedures


Endovascular procedures for the embolization of spinal and spinal cord vascular lesions carry the risk of spinal cord ischemia.76 Whenever these procedures are performed under general anesthesia, only neurophysiologic monitoring can provide an “online” assessment of the functional integrity of sensory and motor pathways. Monitoring of SEPs and muscle MEPs is performed in the same fashion as described for monitoring of intramedullary spinal cord tumor surgery.77,78 The D wave, in contrast, is usually not monitored during these procedures because these patients receive a considerable amount of heparin in the perioperative period and the percutaneous placement of the recording epidural electrode would expose the patient to the risk of an epidural bleed. Besides safety issues, there is also no evidence that monitoring the D wave is an essential adjunct to muscle MEPs during these endovascular procedures. Both peripheral and myogenic MEPs have, in fact, been proven to be more sensitive than the D wave in detecting spinal cord ischemia. Similar results have been consistently reported both in experimental and clinical studies, supporting the hypothesis that whenever the mechanism of spinal cord injury is purely ischemic, muscle MEPs may suffice.79–82 Given the complexity of spinal cord hemodynamics, which is even more unpredictable in the presence of a spinal cord hypervascularized lesion, it is mandatory to perform both SEP and MEP monitoring to enhance the safety of these risky procedures.78


A critical step regarding neurophysiologic monitoring during these procedures consists of the provocative tests.78,83,84 These tests rely on the properties of two drugs, lidocaine and amobarbital, to selectively block axonal and neuronal conduction (respectively) when injected intra-arterially in the spinal cord.85 Provocative tests are usually performed once the endovascular catheter has reached the embolizing position, before any embolizing material is injected. If that specific vessel not only feeds the target of the embolization (e.g., spinal cord arteriovenous malformation, hemangioblastoma, arteriovenous fistula) but also perfuses normal spinal cord, it is expected that the provocative drug will block the white and/or gray matter conduction, and this will be reflected in neurophysiologic tests. Criteria for positive provocative tests are the disappearance of the MEPs and/or a 50% decrease in SEP amplitude. If the test is positive, embolization from that specific catheter position is not performed and embolization from a different feeder or from a more selectively advanced catheter position is attempted. Provocative tests mimic the effect of the embolization and select those patients amenable to a safe embolization. Although the specificity of provocative tests has not been tested (because the procedure is abandoned whenever provocative tests are consistently positive), their sensitivity has proven to be very high and no false-negative results (i.e., new postoperative neurologic deficit despite embolization performed after a negative provocative test) have so far been reported.78












Surgery of the Lumbosacral Nervous System


Intraoperative monitoring during surgery of the lumbosacral nervous system is a very demanding task and is still not developed in comparison with monitoring of the surgeries for other parts of the central and peripheral nervous systems. The neurophysiologic techniques used to monitor the lumbosacral nervous system are dependent on the pathology and structures involved. Generally, monitoring of the lumbosacral system involves the epiconus, conus, and cauda equina. These structures are essential in both voluntary and reflexive control of micturition, defecation, and sexual function as well as somatosensory and motor innervation of the pelvis and lower extremities. So far, only methodologies for monitoring and mapping of the somatomotor and somatosensory components of the lumbosacral nervous system have been developed. Intraoperative monitoring of the vegetative component of the lumbosacral nervous system is still in the embryonic stage.86


One of the most widely used applications of intraoperative monitoring of the lumbosacral nervous system, at least in the pediatric population, is for patients undergoing surgery for a tethered spinal cord. During these procedures, the surgeon cuts the filum terminale or removes the tethering tissue that envelopes the conus and/or the cauda equina roots. In a large series of patients operated on for tethered spinal cords, permanent neurologic complications have been described in as many as 4.5%.87,88 The rate increased to 10.9% when transient complications were considered. Due to the tethering, the lumbosacral nerve roots leave the spinal cord in different directions than in a healthy spinal cord. Furthermore, the cord may be skewed and sometimes a nerve root may pass through a lipoma. Nerve roots may also be involved in the thickened filum terminale that is cut during untethering. Direct electric stimulation of these structures in the surgical field or direct recording from them after peripheral nerve stimulation has proven helpful. Using mapping techniques, functional neural structures of the lumbosacral region can be correctly identified and thus possibly preserved. In Fig. 4-10, schematic drawings of the most important neurophysiologic techniques for monitoring afferent and efferent events (i.e., recording and monitoring neurophysiologic signals from sensory or motor parts of the lumbosacral system) are presented. During intraoperative testing with these techniques, it has been found that some of them are more important than others, from pragmatic point of view. Only these are described.
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FIGURE 4-10 Neurophysiologic events used to intraoperatively monitor the sacral nervous system. Left: Afferent events after stimulation of the dorsal penile/ clitoral nerves and recording over the spinal cord: 1, pudendal somatosensory-evoked potentials (SEPs), traveling waves; 2, pudendal dorsal root action potential; and 3, pudendal SEPs, stationary waves recorded over the conus. Right: Efferent events: 4, anal M wave recorded from the anal sphincter after stimulation of the S1–S3 ventral roots; 5, anal motor-evoked potentials recorded from the anal sphincter after transcranial electrical stimulation of the motor cortex; 6, bulbocavernosus reflex obtained from the anal sphincter muscle after electrical stimulation of the dorsal penile/ clitoral nerves. BCR, bulbocavernosus reflex; DRAP, dorsal root action potentials; MEP, motor-evoked potential.


(From Deletis V. Intraoperative neurophysiological monitoring. In: McLone D, ed. Pediatric Neurosurgery: Surgery of the Developing Nervous System, 4th ed. Philadelphia: WB Saunders; 1999:1204-1213.)









Pudendal Dorsal Root Action Potentials


In the treatment of spasticity (e.g., in cerebral palsy), sacral roots are increasingly being included during rhizotomy procedures.89 Children who underwent L2–S2 rhizotomies had an 81% greater reduction in plantar/flexor spasticity compared with children who underwent only L2–S1 rhizotomies. However, as more sacral dorsal roots have been included in rhizotomies, neurosurgeons have experienced an increased rate of postoperative complications, especially with regards to bowel and bladder functions.


To spare sacral function, we have attempted to identify those sacral dorsal roots carrying afferents from pudendal nerves using recordings of dorsal root action potentials after stimulation of dorsal penile or clitoral nerves. Patients were anesthetized with isoflurane, nitrous oxide, fentanyl, and a short-acting muscle relaxant introduced only at the time of intubation. The cauda equina was exposed through a T12–S2 laminotomy/laminectomy, and the sacral roots were identified using bony anatomy. The dorsal roots were separated from the ventral ones, and dorsal root action potentials were recorded by a hand-held sterile bipolar hooked electrode (the root being lifted outside the spinal canal) (Fig. 4-11). The dorsal root action potentials were evoked by electrical stimulation of the penile or clitoral nerves. One hundred responses were averaged together and filtered between 1.5 and 2100 Hz. Each average response was repeated to assess its reliability. Afferent activity from the right and left dorsal roots of S1, S2, and S3 were always recorded, along with occasional recordings from the S4–S5 dorsal roots. Of special relevance was the finding that in 7.6% of these children, all afferent activity was carried by only one S2 root (see Fig. 4-11C and F). These findings were confirmed by a later analysis of results of mapping in 114 children (72 male, 42 female; mean age, 3.8 years).90 Mapping was successful in 105 of 114 patients. S1 roots contributed 4%, S2 roots 60.5%, and S3 roots 35.5% of the overall pudendal afferent activity. The distribution of responses was asymmetrical in 56% of the patients (see Fig. 4-11B, C, and F). Pudendal afferent distribution was confined to a single level in 18% (see Fig. 4-11A) and even to a single root in 7.6% of patients (see Fig. 4-11C and F). Fifty-six percent of the pathologically responding S2 roots during rhizotomy testing (using electrical stimulation of dorsal roots with spreading activity in adjacent myotomes) were preserved because of the significant afferent activity (as demonstrated during pudendal mapping). None of the 105 patients developed long-term bowel or bladder complications.
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FIGURE 4-11 Six characteristic examples of dorsal root action potentials showing the entry of a variety of pudendal nerve fibers to the spinal cord via S1–S3 sacral roots. A, Symmetrical distribution of dorsal root action potentials confined to one level (S2) or three levels (D). Asymmetrical distribution of dorsal root action potentials confined to the one side (B), only one root (C or F), or all roots except right S1 (E). Recordings were obtained after electrical stimulation of bilateral penile/clitoral nerves.


(From Vodušek VB, Deletis V. Intraoperative neurophysiological monitoring of the sacral nervous system. In: Deletis V, Shils J, eds. Neurophysiology in Neurosurgery: A Modern Intraoperative Approach. San Diego: Academic Press; 2002:197-217.)





All our results in the early series of dorsal root mapping with 19 patients have been confirmed by analysis of the larger series of 105 patients.90 With this series, we showed that selective S2 rhizotomy can be performed safely without an associated increase in residual spasticity while preserving bowel and bladder function by performing pudendal afferent mapping.89 Therefore, we suggest that the mapping of pudendal afferents in the dorsal roots should be employed whenever these roots are considered for rhizotomy in children with cerebral palsy without urinary retention. In children with cerebral palsy with hyper-reflexive detrusor dysfunction, in whom sacral rhizotomy may be considered to alleviate the problem, preoperative neurologic investigation of the child should help in making appropriate decisions. In any case, intraoperative mapping of sacral afferents should make selective surgical approaches possible and provide the maximal benefit for children with cerebral palsy. Mapping of pudendal afferents has been further expanded by introducing methodology that maps afferents from the anal mucosa by stimulating them using anal plug electrodes and recording them in the same way as penile/clitoral afferents.91









Mapping and Monitoring of Motor Responses from the Anal Sphincter


These responses can be elicited by direct stimulation of the S2 to S5 motor roots and recording from the anal sphincters, after surgical exposure of the cauda equina, or by TES of the motor cortex. The first method of cauda equina stimulation, using a small hand-held monopolar probe, is easy to perform with recording of responses from each anal hemisphincter with intramuscular wire electrodes identical to the ones used to record the bulbocavernosus reflex.92 This mapping method is very useful when it becomes necessary to identify roots within the cauda equina during tethered cord or tumor surgeries in which the normal anatomy is distorted. To perform mapping, the surgeon must stop surgery and map the roots with a monopolar probe. To continuously monitor the functional integrity of parapyramidal motor fibers (for volitional control of the anal sphincters) and the motor aspects of the pudendal nerves from the anterior horns to the anal sphincters, the method of TES and recording of anal responses was introduced. Because the response recorded from the anal sphincter after TES has to pass multiple synapses at the level of the spinal cord, this method is moderately sensitive to anesthetics and rather light anesthesia should be maintained. So far no clinical correlation using this method has been published.









Monitoring of the Bulbocavernosus Reflex


The bulbocavernosus reflex is an oligosynaptic reflex mediated through the S2–S4 spinal cord segments that is elicited by electrical stimulation of the dorsal penis/clitoris nerves with the reflex response recorded from any pelvic floor muscles. The afferent paths of the bulbocavernosus reflex are the sensory fibers of the pudendal nerves and the reflex center in the S2–S4 spinal segment. The efferent paths are the motor fibers of the pudendal nerves and anal sphincter muscles. In neurophysiologic laboratories, the bulbocavernosus reflex is usually recorded from the bulbocavernosus muscles, and this is where it gets its name. We have described an intraoperative method for recording the bulbocavernosus reflex from the anal sphincter muscle, with improvement in methodology reported by others.92–94 The advantage of bulbocavernosus reflex monitoring is that it tests the functional integrity of the three different anatomic structures: the sensory and motor fibers of the pudendal nerves and the gray matter of the S2–S4 sacral segments (see Fig. 4-10). Because of a lack of published statistical data collected for large groups of patients, the reliability of monitoring for conus and cauda equina surgeries remains unclear.






Special Consideration for ION in Children


ION techniques are extensively used in adult neurosurgery and, in their principles, can be applied to the pediatric population. However, especially in younger children, the motor system is still under development, making both mapping and monitoring techniques more challenging.


With regard to D-wave monitoring, Szelenyi et al. reviewed D-wave data from 19 children aged 8 to 36 months operated on for intramedullary spinal cord tumors.95 The D-wave was present in 50% of children aged 21 months or older but was never recorded in children younger than 21 months. Although the preoperative neurologic status of these children was not specified, a 50% D-wave monitor ability rate compares unfavorably to the data reported in adults, where mean monitor ability rate is around 66% and reaches 80% in patients in McCormick grade I.45 This is likely due to the immaturity of the CT in younger children where incompletely myelinated fibers have variable conduction velocities resulting in desynchronization.96 A few studies have recently looked at the feasibility of muscle MEP monitoring in children after TES, and consistently reported higher threshold in younger children.95,97,98 Our data are in agreement with those reported by Journee et al., who suggested preconditioning TES to overcome some of the limitations in eliciting MEPs in this subgroup of patients. 96,99


According to Nezu, electrophysiologic maturation of the CT innervating hand muscles is complete by the age of 13 and the CT appears to be the only spinal cord pathway with incomplete myelination at birth.100,101 There is likely a discrepancy between the anatomic and neurophysiologic development of the CT. Cortico-motoneuronal connections reach sacral levels between 18 and 28 weeks PCA, and are completed at birth.102 Myelination of the lumbar spinal cord occurs between 1 and 2 years of age, with a slower development for lower extremities than for upper extremities.103 However, the neurophysiologic maturation of the CT progresses throughout childhood and adolescence with myelogenesis and synaptogenesis that continues in to the second decade of life. Overall, a transition from development to motor control function exists for the CT.104 In conclusion, in Pediatric Neurosurgery essentially the same techniques used in adults can be applied to map and monitor the motor system. Yet, younger children have less excitable motor cortex and pathways due to their neurophysiologic—rather than anatomic—immaturity. Different stimulating parameters may be required to overcome these limitations.
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Chapter 5 Gamma Knife Surgery for Cerebral Vascular Malformations and Tumors




Chun-Po Yen, Ladislau Steiner





The gamma knife is a neurosurgical tool used either as a primary or adjuvant procedure for intracranial pathologies. It was developed in the late 1960s as an alternative to open stereotactic lesioning for functional disorders. Variations in anatomy and needs for physiologic confirmation of the target limited its usefulness for these indications at that time. However, the technology was found to be efficacious in the management of structural disorders later on. The limited scope of the pathologies treated with the gamma knife (intracranial) and unique technology make the gamma knife an extension of the neurosurgeons’ therapeutic armamentarium and not a separate specialty. It should not be mistaken for a form of radiation therapy, for it differs in concept from the radiation oncologists’ idea of tumor treatment that is based on variable tissue response to fractionated radiation. It is a single session, stereotactically guided procedure for various neurosurgical pathologic processes limiting exposure to radiation as much as possible to the lesion only.


Recently it has been shown that the gamma knife can palliate some ocular tumors. In a more limited application of the concept, the treatment of extracranial tumors in abdominal and thoracic locations has evolved with the use of the various stereotactic body radiation therapy machines.1–4 Obviously, lesions that lie outside the central nervous system will not be treated by a neurosurgeon. However, when it is used for neurosurgical pathology, no one is more qualified to apply it. It is the operator and the pathology that define the use of a technology. When Walter Dandy placed a cystoscope in a ventricle for the first time, he was not performing a urologic procedure.5 The microscope when used by the neurosurgeon, ophthalmologist, or otolaryngologist is a neurosurgical, ophthalmologic, or otolaryngologic instrument, respectively.


It is remarkable how difficult it was, and still is for some neurosurgeons, to accept the use of gamma knife as a neurosurgical tool. Some of the causes of this reticence can be identified:




1. Lack of historic perspective makes it difficult for some neurosurgeons to realize that Leksell’s concept was rooted in the philosophy of the founders of neurosurgery, that is, recognition of technological advances and their application to neurosurgical practice. The early adoption by Cushing of the x-ray machine, his use of the “radium bomb” in glioma treatment,6 and the introduction, also by Cushing, of radiofrequency treatment of lesions are just a few examples of “technology transfer.”


2. The difficulty of accepting a neurosurgical procedure without opening the skull, despite the fact that every neurosurgeon knows that trephination is itself a minor part of the neurosurgical act. The laser beam, the bipolar coagulator, and the ultrasound probe are accepted without resistance because they are used after trephining the skull. The recently introduced “photon radiosurgery” with its limited scope compared to gamma surgery is accepted widely as “neurosurgery” because it reaches the target through a small burr hole.


3. The loss of the thrill and glamor provided by open surgery.


4. The deeply rooted acceptance of the dogma that where ionizing beams are involved a radiotherapist is needed. The last 40 years have demonstrated that a neurosurgeon can acquire the necessary knowledge of radiophysics and radiobiology to handle ionizing beams. This is much easier than for a radiation oncologist to master neuroanatomy and management of neurosurgical lesions, and thus to exclude bias when deciding whether to use the microscope or the gamma knife in each particular case.





The trend in cranial as well as spinal neurosurgery has been minimally invasive approaches. These may be achieved with the increasing skill of the operators and by new technology. If the result of these changes in the procedure, aspects are modified or even eliminated, the procedure is still neurosurgical. To relegate less-invasive procedures to non-surgeons is to argue that the only aspect of a patient’s care that is unique to a surgeon is purely technical. This is patently untrue; it is the surgeon’s responsibility to maintain surgical care standards by adapting to new technologies.


There is no substitute at this time for the physical extirpation of a mass lesion in terms of cure or control of either vascular or oncologic pathologies. The attractiveness of radiosurgery is not that it supplants open neurosurgical procedures, but that it allows treatment of pathologies only treated earlier with unacceptable morbidity or mortality. There is, and likely always will be a gray area where the benefits of various modalities are debated. It will only be through evaluation of long-term results of these various therapies as well as their availability, cost, experience of the operators and individual patient preferences that the “best” therapy in any given case is decided.


In this chapter we describe the results of our experience with the gamma knife as well as published results of other centers where required.


Table 5-1 lists all the cases treated with the gamma knife worldwide through 2006. It should be kept in mind that many of the indications listed are not universally accepted as appropriate for gamma surgery. In this chapter we will give our version of the facts for each indication.


TABLE 5-1 Cases Treated with Gamma Knife Worldwide through December 2008






	Diagnosis

	n

	Percentage






	Vascular

	65,084

	12.95






	Arteriovenous malformation

	57,136

	11.37






	Cavernous angioma

	3,258

	0.65






	Other vascular

	4690

	0.93






	Tumor

	397,215

	79.01






	Benign

	176,319

	35.07






	Vestibular schwannoma

	46,835

	9.32






	Trigeminal schwannoma

	2,822

	0.56






	Other schwannoma

	1,590

	0.32






	Meningioma

	64,115

	12.75






	Pituitary tumor

	38,553

	7.67






	Pineal tumor

	3,540

	0.70






	Craniopharyngioma

	4,053

	0.81






	Hemangioblastoma

	2,056

	0.41






	Chordoma

	1,911

	0.38






	Hemaniopericytoma

	1,151

	0.23






	Benign glial tumors

	3,594

	0.71






	Other benign tumors

	6,099

	1.21






	Malignant

	220,896

	43.94






	Metastasis

	185,070

	36.81






	Malignant glial tumors

	26,437

	5.26






	Chondrosarcoma

	775

	0.15






	Nasopharyngeal carcinoma

	1,454

	0.29






	Other malignant tumors

	7,160

	1.42






	Ocular Disorder

	1,966

	0.39






	Functional

	38,461

	7.65






	Intractable pain targets

	622

	0.12






	Trigeminal neuralgia

	32,798

	6.52






	Parkinson’s disease

	1,473

	0.29






	Obsessive compulsive disorder

	154

	0.03






	Epilepsy

	2,399

	0.48






	Other functional targets

	1,015

	0.20






	Total indications

	502,726

	100.0







Note: These figures include cases treated at gamma knife sites throughout the world from 1968 through December 2008.


Source: Elekta Radiosurgery Inc.






History


Clarke and Horsley developed the first stereotactic system,7 and the method was first applied clinically by Spiegel et al.8 This system allowed for the localization of intracranial structures by their spatial relationship to Cartesian coordinates relative to a ring rigidly affixed to the skull. This was a prerequisite to the development of radiosurgery by Lars Leksell. His ambition was to develop a method of destroying localized structures deep within the brain without the degree of coincident brain trauma associated with open procedures. The convergence of multiple ionizing beams at one stereotactically defined point was the result. A nominal dose is delivered to the paths of each incident beam. However, at the point of intersection of the beams, a dose proportional to the number of individual beams is delivered. The physical specifications of the device would be designed to ensure steep drop-off of delivered radiation at the edge of the intersection point. This would allow precise selection of the targeted lesion and minimization of trauma to surrounding tissue. He named this concept radiosurgery in 1951.9


Various sources of ionizing radiation were tried. Leksell first used an orthovoltage x-ray tube coupled to a stereotactic frame in the treatment of trigeminal neuralgia and for cingulotomy in obsessive compulsive disorders.9 A cyclotron was then used as an accelerated proton source and used to treat various pathologies.10,11 The cyclotron was too cumbersome and expensive for widespread application. A linear accelerator was evaluated but found at that time to lack the inherent precision necessary for this work. Fixed gamma sources of cobalt-60 and a fixed stereotactic target fulfilled the requirements of precision and compactness. The first gamma knife was built between 1965 and 1968.


The use of a single high dose of ionizing beams to treat neurosurgical problems was a novel and creative concept 40 years ago, which changed the direction of development in many fields of neurosurgery. However, a creative innovation is not perfect in its inception. The gamma knife was not an exception. Contributions of excellence by numerous neurosurgeons and physicists, and utilizing advances in computer technology to improve the software used in planning have over the years defined the present use of the tool. For instance improvements in the planning system now allow for systematic shielding of the optic apparatus from exposure during treatment of parasellar masses. In lesions only 2 to 5 mm away, the dose to sensitive structures can be limited to less than 2% to 7% of the maximum dose. However, in spite of all the changes in application of gamma surgery the underlying concepts behind it have not changed since its inception. This speaks for the sagacity of Lars Leksell and his invention.


Doses delivered and indications for the various pathologies treated were all empiric initially. In the subsequent discussions this should be considered when doses, both minimal and maximal are discussed, as well as results.









Pathophysiology


The effects of single high-dose gamma radiation on pathologic and normal tissue have been studied on clinical human and experimental animal tissue. These studies are incomplete because the human material tends to come from treatment failures and the experimental material is from normal animals. However some conclusions as to the method of effectiveness and of tissue tolerances can be drawn.






Normal Tissue


The relative radioresistance of normal brain relates to its low mitotic activity. Also, the rate at which a total dose of radiation is applied affects the damage caused by the dose. This is due to the ability of the cell to effect repairs during the actual time of irradiation. A higher dose rate (same total dose applied over a shorter period of time) consequently increases the lethality of the dose. The normal tissue surrounding the stereotactically targeted pathologic tissue receives a markedly lower dose but over the same time. Therefore, not only is the total dose lower, but the dose rate is lower as well. The radiation effect is seen most clearly at doses above and below 1 Gy/min.12 This radiobiological phenomenon explains part of the relative safety of single dose radiation with steep gradients at the edge of targeted tissue on the surrounding structures. There are likely additional mechanisms of such sparing.


The steep gradient of dose and consequently dose rate described above does not exist in conventional radiotherapy. When treating tumors the radiation oncologist uses “fractionation” or dividing the total dose into smaller portions, which allows repair of normal tissue as well as transition of dormant cells within the target to cells in division (at which time they are more sensitive to radiation). Creating a dose gradient at the lesion’s margin not only eliminates the need for fractionation but also improves the effectiveness of the delivered dose within the target (high-dose rate zone) 2.5 to 3 times that of the same dose delivered in a fractionated manner. The gamma knife stereotactically excludes normal tissue from the high-dose rate zone as much as possible. It may also take advantage of the natural difference in susceptibility of pathologic versus normal tissue.


In order to understand the radiobiology of a single high-dose of radiation on normal brain the parietal lobe of rats treated by a gamma knife was studied at our center. It was found that a dose of 50 Gy caused astrocytic swelling without changes in neuronal morphology or breakdown of the blood–brain barrier at 12 months. There was fibrin deposition in the walls of capillaries. At 75 Gy, necrosis was seen at 4 months as was breakdown of the blood–brain barrier. More vigorous morphological changes were seen in astrocytes and hemispheric swelling coincident with the necrosis occurred at 4 months. With the dose increased to 120 Gy, necrosis was seen at 4 weeks but not associated with hemispheric swelling. Astrocytic swelling occurred at only 1 week postirradiation.13 These findings are consistent with earlier reports on the effective dose to produce well-defined lesions in the thalamus in patients treated with the gamma knife.14,15









Tumor Response


Little is known about the pathophysiologic changes induced by gamma surgery at the cellular level in tumors. Division of tumor cells is presumably inhibited by radiation induced damage to DNA. Also it has been shown that the microvascular supply to tumors is inhibited by changes resulting from gamma surgery. In meningiomas studied after this treatment there was reduction of blood flow over time.16 Tumors responding early showed the greatest reduction in blood flow. Other authors have proposed that the induction of apoptosis by gamma radiation to proliferating cells may be responsible for at least a portion of the effect of gamma surgery on tumors.17,18 Although such contentions may be premature they may point the direction to future research.


Thus the pathophysiologic effect of gamma surgery seems not to be tumor necrosis. For this, higher doses than typically used would be required. Necrotic doses are rarely used for gamma surgery (e.g., in functional cases). Ideally following gamma surgery, tumors begin to shrink without changes in the normal tissue. The rate of shrinkage in general is slower in more benign tumors.


The effectiveness of the therapy is most dependent on the ability to define and treat the entire lesion. However, the result can also be obtained at times by treating the nutrient or feeding vessels of tumors (e.g., meningiomas). Malignant gliomas do poorly with any surgical technique, including gamma surgery because of the inability to include all of the microscopic disease within the treated area. Individual metastatic deposits and small benign tumors are adequately handled with both open resection and with the gamma knife because the tumor margin can be well-defined intraoperatively or on neuroimaging studies.


In order to conformally cover the target more than one isocenter is nearly always utilized. When multiple radiation fields are made to overlap the radiation dose distribution becomes inhomogeneous. The resulting areas of local maxima are called “hot spots.” Controversy exists as to whether the presence of “hot spots” in gamma surgery is beneficial or detrimental. An even dose distribution is an essential and basic concept in radiotherapy. There is some evidence that these areas may be of benefit in gamma surgery. The factors to keep in mind to understand this line of reasoning are as follows: due to radiation geometry hot spots are usually located in the deep portions of the target. In tumors this is usually the area that receives the poorest blood supply and is therefore relatively hypoxic and radioresistant. Furthermore the ability of a cell to respond to otherwise sublethal dosages of radiation can be affected by its own condition as well as the state of the cells near it. Cells that are sublethally injured and are in the vicinity of similar cells recover more often than cells that are in the vicinity of lethally injured cells. The hot spots therefore create islands of lethally injured cells that will enhance the cell kill in the sublethal injury zone.19 Oxygen is a radiosensitizer, and the relatively high-dose rate of the hot spots will act to offset any loss of efficacy in the hypoxic core of the target. This position is supported by the work of other authors.20









Cranial Nerves


The susceptibility of cranial nerves to injury from gamma surgery is of great interest. Tolerance is dependent on the particular nerve and the individual nerves involvement by the pathologic process requiring treatment. Because of these it is difficult to extrapolate exact numbers in many instances. Some statements can be made with some certainty.


The optic and acoustic nerves are the most sensitive to radiation of the cranial nerves. Being central nervous system tracts, containing oligodendrocytes, and carrying complex information is thought to be the source of their vulnerability. These tracts are unable to regenerate following injury. Optic neuropathy has been reported as a complication following single doses greater than 8 Gy.21 The tolerable level of radiation to the optic apparatus is still a subject of debate. Some advocate that the optic apparatus can tolerate doses as high as 12 to 14 Gy.22–24 Others recommend an upper limit of 8 Gy.21,25 Small volumes of the optic apparatus exposed to doses of 10 Gy or less may be acceptable in some cases.26,27 Both the tolerable absolute dose and volume undoubtedly vary from patient to patient. This degree of variability likely depends upon the extent of damage to the optic apparatus by pituitary adenoma compression, ischemic changes, type and timing of previous interventions (e.g., fractionated radiation therapy and surgery), the patient’s age, and the presence or absence of other co-morbidities (e.g., diabetes).


On the other hand the trigeminal and facial nerves are significantly more resilient. Few developed profound hypoesthesia in trigeminal neuralgia patients treated with gamma knife using doses of 80 to 90 Gy. Vey few facial pareses were reported in several large groups of vestibular schwannomas treated with radiosurgery.


The cranial nerves in the cavernous sinus are relatively robust. Low incidence of neuropathies has been reported with doses up to 40 Gy.21 We have not observed any neuropathies of CN IX through XII in the treatment of glomus jugulare tumors.









Normal Cerebral Vasculature


There is both clinical and experimental data regarding the effect of single high-dose gamma irradiation of normal cerebral vasculature. In treating 1,917 arteriovenous malformations we have seen only two incidences of clinical syndromes possibly associated with the stenosis of normal vessels. This low incidence has occurred even though occasionally normal vessels are included in the treatment field. One case was reported after treating a glioma with 90 Gy gamma surgery followed by 40 Gy of fractionated whole brain irradiation of a middle cerebral artery occlusion. Steiner et al. described two cases in which disproportionate white matter changes might have been ascribed to venous stenosis and occlusion.28 Another case, of a diencephalic AVM, demonstrated marked edema associated with venous outflow occlusion. This patient suffered visual and cognitive deficits but over the course of months his neurologic status returned to baseline (Fig. 5-1).
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FIGURE 5-1 A, Thalamic AVM shown with lateral vertebral arteriography. B, Similar view obtained 17 months after gamma surgery shows partial obliteration of the nidus. The basal vein of Rosenthal, the vein of Galen, and the straight sinus were not visualized. Venous drainage of the residual AVM appears to be through ascending choroidal veins and the internal cerebral veins. Early (C) and late (D) filling vertebral arteriogram obtained 37 months after gamma surgery shows obliteration of the AVM and complete absence of the deep venous system.




In our treatment of pituitary adenomas with cavernous sinus extension or parasellar meningiomas, we have not observed occlusion of normal vasculature. This absence of stenosis is noted even though the internal carotid artery or portions of the circle of Willis, or its proximal branches, are often included in the treatment field. The only incidence of treating an intracranial aneurysm by us with a gamma knife did lead to narrowing and eventual occlusion of the adjacent small posterior communicating artery segment.29 Whether this was associated with the obliteration of the aneurysm neck or primary changes in the artery is unknown. It is possible that the incidence of occlusion of smaller vessels is more common than recognized as the occlusion would occur slowly and compensatory changes could take place preventing clinical syndromes from occurring. Regardless, the clinical impact is minimal. Others have noted injury to the cavernous segment of the carotid artery following radiosurgery for pituitary adenomas. A total of four cases have been reported and in only two of these cases were the patients symptomatic from carotid artery stenosis.30–32 Pollock et al. have recommended that the prescription dose should be limited to less than 50% of the intracavernous carotid artery vessel diameter.32 Shin et al. recommended restricting the dose to the internal carotid artery to less than 30 Gy.33


Experimental studies done on normal vasculature in the brains of rats and cats showed similar findings.34,35 The primary injury was endothelial necrosis and desquamation, muscular coat hypertrophy and fibrosis at lower doses (25 to 100 Gy). At doses up to 300 Gy necrosis of the muscular layer was seen in cats. In only one instance, a rat anterior cerebral artery treated with 100 Gy was occlusion of a vessel seen. Similar studies on hypercholesterolemic rabbits treated with 10 to 100 Gy showed no histologic changes in the basilar arteries and no instances of occlusion after 2 to 24 months.36









Arteriovenous Malformations


The minimal clinical and only moderate histologic change in the normal cerebral vasculature after high doses of gamma radiation is in sharp contrast to the response of the vessels of an arteriovenous malformation (AVM). Complete radiographic obliteration can be achieved after appropriate gamma surgery. The effects of ionizing radiation and a role in the management of AVMs was first reported in 1928 by Cushing and Bailey.37 During craniotomy for an AVM he had to interrupt surgery due to major hemorrhage from the lesion. He then treated the patient with fractionated radiation. At reoperation 5 years later only an obliterated avascular mass was discovered. This early success was overshadowed by numerous series of failures.38–40 In this early period, Johnson was the only one to report reasonable results with a 45% angiographic obliteration.41 The introduction of the gamma knife rekindled interest in the treatment of AVMs with radiation.42


The pathologic changes in AVMs treated with the gamma knife have been described by several authors.43–45 The earliest change is damage to the endothelium with swelling of the endothelial cells and subsequent denudation or separation of the endothelium from the underlying vessel wall. The most important changes are seen later in the intima with the appearance of loosely organized spindle cells (myofibroblasts) and an extracellular matrix containing collagen type IV, not seen in the intima of untreated vessels. Expansion of the extracellular matrix and cellular degeneration define the final stage prior to luminal obliteration. The occlusion of the vessels is not a thrombotic process but rather the culmination of concentric narrowing of the vessel by an expanding vessel wall.












Gamma Surgery Procedure






Perioperative Management


Patients are routinely evaluated the day prior to gamma surgery. Preoperative consults are obtained as necessary including evaluation by the neuroradiology service. The patients are loaded with anti-seizure medications and levels drawn prior to therapy. Patients already on medication for seizures also have their levels evaluated. Although we have never had a patient have a seizure during therapy, the small but serious risk of a generalized seizure while the patient is secured within the gamma unit makes every precaution reasonable. Patients are also started on systemic dexamethasone the evening prior to therapy and this is continued until the following evening. The use of high-dose peri-operative dexamethasone is empiric. Although we have used steroids throughout our experience with the gamma knife, their original purpose, to minimize vasogenic edema at the time of therapy, has never been documented as a problem. Hence its prophylactic use is debatable.









Frame Placement


The placement of the head frame is done in the operating room at our institution. The patient is given intravenous sedation, usually short acting narcotics (e.g., fentanyl) and propofol, until they are no longer responsive to verbal or moderate physical stimuli. The anesthesia service monitors the patient throughout the procedure. We have found this far superior to the previous practice of applying the frame using only local anesthesia. Patients that were treated both before and since we have applied the frame in this way have provided clear feedback preferring frame placement under anesthesia.


We have fashioned a simple strap with Velcro ends that is placed across the patients head and then fastened above the frame after it has been lowered into the desired position. This holds the frame in position while the pins are secured. This eliminates the need for the earplugs in the auditory canal, which can be painful.


The space available within the gamma knife is limited as is the three dimensional coordinate system within the frame itself. For these reasons care must be taken to skew the placement of the frame in the direction of the pathology if it is far off the center of the brain. The shifting of the frame is of less importance with the latest gamma knife model, Perfexion, which has a much larger radiation cavity.









Imaging and Dose Planning


The accuracy of a gamma surgery is ultimately dependent on the neurosurgeon’s ability to visualize the intended target. Thus, the technique would be impossible without imaging studies that allow three-dimensional views of anatomic structures in the brain. Magnetic resonance image (MRI) is the most used imaging modality because of its superior visualization of soft tissue structures and solid tumors. Typical MRI protocols include T1-weighted pre- and postcontrast (Gadolinium-enhanced) images through the entire volume of the head. Sequences may be a collection of 2D image slices, or a true 3D acquisition such as the MP-RAGE or its successors. Specialized sequences such as constructive interference in steady state (CISS) protocols may be used for circumstances such as visualization of the internal auditory canals, the cerebellopontine angle, and parasellar regions.


In planning the treatment of an AVM, digital subtraction angiography remains the imaging modality of choice. As with the MRI and computed tomography (CT), images are acquired using a fiducial system. However the digital subtraction angiography is based on projections rather than tomographic information. Images need to be geometrically corrected to account for the curvature of the image intensifier screen before importing the images into the treatment planning system. Gadolinium-enhanced MRI is currently often used to correlate the extent of the AVM nidus with angiography. It helps to define the shape of the AVM and confirms angiographically obtained information. However, it is sometimes difficult to differentiate the nidus from the feeding arteries and draining veins so the MRI tends to overestimate the size of the AVM. The capability to incorporate CTA and MRA data into the planning process is under investigation.









The Gamma Knife


The gamma knife assembly is comprised of unit that contains the radiation source and treatment couch that delivers the patient into the unit. Within the unit are 201 cobalt-60 source capsules aligned with two internal collimators that direct the gamma radiation toward the center of the unit. A third external collimator helmet is attached to the treatment couch. Four external collimator helmets are provided, and they have fixed diameter apertures that create a 4-, 8-, 14-, or 18-mm diameter isocenter. By changing external collimator helmets, the diameter of the roughly spherical isocenter can be varied. The 201 individual collimators within the helmet are machined to exact standards to direct the 201 beams of gamma radiation to a common point where they intersect, creating the isocenter. The frame attached to the patient’s head is adjusted within the collimator helmet so that the area to be treated is at that point of intersection.


In the new gamma knife model, Perfexion, the central body contains 192 cobalt-60 sources that are grouped into eight independent source sectors and collimators are entirely internal to the radiation body. Each source sector is housed in an aluminum frame that is attached to sector drive motors at the rear of the radiation body via linear graphite bushings. There are 576 collimators machined into 12 cm-thick tungsten in five concentric rings to align with the source assembly configurations. Each source has three available collimators (4, 8, and 16 mm) as well as shielded positions (‘‘blocked’’) to shield a critical structure. To achieve a particular collimation, the sector drive motors move the sources along their bushings to the correct position over the appropriate collimator opening. These changes allow a single isocenter composed of different beam diameters to optimize dose distribution shape for each individual shot.









Treatment Execution


After the treatment plan has been made the patient is moved on to the gamma knife couch and the y and z coordinates for the first exposure are set on the frame attached to the patient’s head. The patient’s head is then placed within the collimator helmet and secured on either side by trunions and the x coordinate is set. The head at this point is suspended by the frame within the helmet. The exposure time of the corresponding isocenter is entered at the control panel twice for confirmation and the session then commences with the entire couch being mechanically pulled into the body of the unit. The external collimator helmet locks into place with the internal collimators. After each exposure the patient is withdrawn from the collimator helmet and the process is repeated. Necessary changes of the collimator helmet are made as needed according to the plan. The introduction of the Automatic Positioning System (APS), a system that sets the coordinates by six independent motors just outside the irradiation field, has led to shorter treatment times, enhanced selectivity, and better physician work-flow. In the gamma knife Perfexion, the treatment table itself acts as a positioning device (the Patient Position System, or PPS). The stereotactic frame is attached to the treatment table via a removable frame adapter that attaches to the frame and acts as an interface with the treatment table. Treatment execution with Perfexion is a fully automated process including set up of the stereotactic coordinates, alignment of different sector positions and set up of exposure times. Obviously these changes will not affect the efficacy of the treatment but will make the process simpler for the operator.


At the end of the treatment the frame is removed from the head within the suite. There is usually a sensation of tightening and discomfort reported by the patient during removal. At least two pairs of hands should be available to steady the frame and prevent injury by a pin as they are removed. Venous bleeding when it occurs can be controlled with hand held pressure for a few minutes. The occasional arterial bleeder might require a suture. After frame removal the pin sites are dressed in a sterile fashion, steri-strips are used to oppose the skin edges for optimal cosmesis, and a modest head wrap applied.












Indications






Vascular Malformation






Arteriovenous Malformations


The indications for gamma surgery of arteriovenous malformations (AVMs) versus other treatment options are in many cases unclear at best. Small asymptomatic inoperable AVMs are clearly best treated with the gamma knife while AVMs with a large symptomatic hemorrhage in noneloquent superficial brain are best treated with open surgery. The reason for this is that the risk-benefit value is clear in both of these situations. In other situations it is more ambiguous. Knowledge of the capabilities of various treatments to effect cure, the associated morbidity and mortality associated with the treatment and the natural history of the disease following various treatments must be known to accurately prescribe the most efficacious treatment plan. Unfortunately these are in most instances not known. The natural history of AVMs is not fully understood. Some authors believe that size matters, with smaller AVMs bleeding at a higher rate than larger ones or at a lower rate.46–49 There is also evidence that size is independent of the hemorrhage rate.50–52 Similarly the rate of hemorrhage of an AVM following a previous hemorrhage is thought to be higher than the rate in unruptured AVMs by some authors46,52,53 but not by others.47,54,55 The effects of age, gender, pregnancy and AVM location also confound the question of risk of rupture.50-52,56-58


The results of microsurgery published in the literature tend to come from centers of excellence and the patients they treat with open surgery are, by definition more amenable to this treatment. The effectiveness of the treatment by this manner and its co-morbid results are known shortly after surgery. The short-term morbidity of treatment with the gamma knife approaches zero but because the benefit and potential complications require time to become apparent follow-up of these patients is problematic. The quality of the AVMs treated with the gamma knife also varies in large series with those treated by microsurgery. All of these make comparison of the modalities difficult. Add to that the additional risks and benefits of preoperative embolization and the matter is that much less clear. It is paramount to the physician treating a patient harboring an AVM to be aware, as much as possible, of the options that are available and the magnitude of the risks and benefits associated with each.






Early Experience


Since the first AVM case treated by Steiner et al. in 1972,42 we have treated over 2500 AVMs with the gamma knife. As experience with this tool grows the capabilities and limitations of the gamma knife are being defined.


Serendipitously the first AVM was treated by prescribing a 25 Gy peripheral dose. Subsequent changes in protocol showed a significant decrease in success with doses less than 23 Gy and small improvements in obliteration rates but with significantly more radiation associated complications with higher doses. Optimally, therefore, we treat most AVMs with 23 to 25 Gy at the margin. While more patients with relatively large AVMs were treated, dose lower than 23 Gy was quite often used in hopes of achieving a total obliteration with reasonable risk of complications.


As in microsurgery, also when performing gamma surgery, feeding arteries or draining veins should be left alone and only the nidus should be treated. In very large AVMs, only partially treated due to the excessive dose necessary to treat optimally, occasional cures have been achieved. This is thought to be due to fortuitous inclusion of all the pathologic shunts within the higher dose treatment field. Targeting only the feeding vessels to the AVM have had very limited success because of recruitment of small angiographically occult feeding arteries. Interestingly, the first patient ever treated had only the feeding vessels targeted and a cure was obtained.42 The early success with this strategy has not been reproduced.


The results of gamma surgery on AVMs is affected by the minimum dose applied to the AVM and the size of the AVM. These two factors are interdependent. It has been shown that the limitation of the allowed margin dose by the size of the malformation decreases the rate of obliteration. There are reports contending that low-dose gamma surgery with large malformations results in obliteration rates that are comparable to smaller lesions treated with a larger margin dose. It is doubtful that these results will hold up with larger series. Thus far at our center, larger AVMs have had a lower obliteration rate.


Between 1970 and 1990, 880 AVM patients were optimally treated. Optimally is defined as at least 25 Gy at the margin of the entire nidus of the AVM. Of these patients the age range was 3 to 76 years. Approximately 15% were pediatric patients (<18 years old). The presenting symptoms were hemorrhage (70%), seizures (16%), headache (5%), neurologic deficits not associated with acute hemorrhage (4%), and other symptoms (5%). The majority of referrals were for AVMs deemed operable only with unacceptable morbidity explaining the fact that 73% of the AVMs were located in deep areas of the brain or within eloquent cortex. Patients treated earlier were subjected to a vigorous protocol of repeated angiograms. Later with the introduction of CT and then MRI, angiography was not performed until nidus was no longer evident on these screening examinations. The angiogram should be complete, of high quality, and should be reviewed by an experienced and interested neuroradiologist or neurosurgeon.






Imaging Outcomes


Following gamma surgery, angiography reveals hemodynamic changes occur before changes in the size and shape of an AVM.59 First, the flow rate decreases progressively. This may be related to the changes in the sizes of the feeding arteries and outflow veins. The outcome of an AVM following radiosurgery may be a total, subtotal, or partial obliteration of the nidus.


Total obliteration of the AVM after radiosurgery was defined as “complete absence of former nidus, normalization of afferent and efferent vessels, and a normal circulation time on high-quality rapid serial subtracted angiography”59 (Fig. 5-2). Any remaining nidus, regardless of its size, is considered partial obliteration (Fig. 5-3). Subtotal obliteration of an AVM means the angiographic persistence of an early filling draining veins without demonstrable nidus (Fig. 5-4).60
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FIGURE 5-2 Obliteration of a midbrain AVM. Vertebral arteriogram showing (A) frontal and (B) lateral views before and (C and D) two years after gamma surgery. There was no neurologic deficit.
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FIGURE 5-3 Partial obliteration of an AVM. Left sylvian AVM shown in anteroposterior (A) and lateral (B) views of a left carotid angiogram. Same views 4 years later (C and D) show a decrease in the size of the nidus but persistent shunting of blood through the partially obliterated malformation (arrowheads). The residual AVM was recently retreated.
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FIGURE 5-4 Subtotal obliteration of an AVM after gamma surgery. Anteroposterior (A) and lateral (C) vertebral angiograms demonstrating AVM located within the vermis of the cerebellum. Control angiography with the same views (B and D) obtained 3 years after gamma surgery shows no demonstrable nidus but the presence of an early filling vein (arrowheads).




Of the 880 patients treated 461 had adequate angiographic follow-up. Of these 461 patients, 80% were found to be cured within 2 years. At the time of the last evaluation of the results only 5% of patients had no change in the status of their AVMs. Ten percent had subtotal obliteration and 5% were partially obliterated. In this group of patients obliteration rates were affected by the size of the nidus. The rate for AVMs less than 1 cm3 in volume was 88%. For 1 to 3 cm3 it was 78% and for greater than 3 cm3 it was 50%.


No patient that was harboring an angiographically proven obliterated AVM has ever hemorrhaged in our experience. Nor has a patient with a subtotally obliterated AVM sustained a postradiosurgery hemorrhage. Regardless of this we do not consider a patient cured until he has total obliteration of the AVM. The early draining vein represents persistence of the shunt.









Clinical Outcomes


A review of the long-term clinical outcomes following gamma surgery was carried out on 247 patients we treated between 1970 and 1983.61 The presenting symptoms widely varied and 94% of the patients had hemorrhaged prior to therapy. Ninety-eight of these patients had chronic headaches and 66% had complete relief following gamma surgery. An additional 9% improved. Twenty-six percent had seizures prior to therapy and 19% of these became seizure free and 51% improved. Eleven patients (5%) without prior seizures had at least one seizure following therapy. Resolution or significant improvements were also seen in 53 of 74 patients with motor deficits (72%), 19 out of 46 with a sensory deficit (41%), 23 out of 44 with memory disturbance (52%), and 26 out of 35 with language dysfunction (74%).


The cause for clinical improvement following gamma surgery in such a large number of patients is unknown. The natural history of neurologic deficits to improve over time must be presumed to play a major role. The improvement in regional blood flow following AVM obliteration may also be responsible for a portion of the gains made by the patients. Whatever the reason is, significant improvement is seen in many patients.









Outcomes of Gamma Surgery for Arteriovenous Malformations after 1989


Since 1989, a total of 1350 AVM patients were treated with gamma surgery at the Lars Leksell center for Gamma Surgery, University of Virginia, Charlottesville. Excluding 82 patients completely lost to follow-up, 139 patients with follow-up of less than 2 years and additional 106 patients with large AVMs undergoing only partial treatment, we analyze the outcome of 1023 AVMs. There were 523 males and 500 females with a mean age of 34 years (range 4–82 years). The presenting symptoms leading to the diagnosis of AVMs was hemorrhage in 529 (52%), seizure in 237 (23%), headache in 133 (13%), and neurologic deficits in 94 (9%). In 30 patients (3%), the AVMs were incidental findings. The locations of the AVMs were in the cerebral hemispheres in 630 (62%), basal ganglion in 96 (9%), thalamus in 82 (8%), corpus callosum in 38 (4%), brain stem in 84 (8%), cerebellum in 68 (7%), and insula in 25 patients (2%). The Spetzler-Martin grading of the AVMs were Grade I in 174 (17%) patients, grade II in 328 (32.1%), Grade III in 440 (43%), Grade IV in 78 (7.6%) and grade V in three (0.3%). One hundred and twenty-two patients (12%) had previous partial resection of the nidi, and 244 patients (24%) underwent preradiosurgical embolization. The nidus volume ranged from 0.1 to 33 cm3 (mean 3.5 cm3). The mean prescription dose was 21.1 Gy (range 5–36 Gy), and the mean maximum dose was 39.0 Gy (range 10–60 Gy). The mean number of isocenters was 2.7 (range 1–22).


The mean follow-up was 80 months. Gamma surgery yielded a total angiographic obliteration in 552 (54%) and subtotal obliteration in 42 (4%) patients. In 290 (28%) patients, the AVMs remained patent and in 139 patients (14%) no flow voids were observed on the MRI. The angiographic total obliteration was achieved in 66% of patients with nidus less than 3 cm3; 44% between 3 and 8 cm3, and 28% with nidus volume larger than 8 cm3. Small nidus volume, high prescription dose, and low number of isocenters are predictive of obliteration. Preradiosurgical embolization has a negative effect on obliteration.


The reported obliteration rate following radiosurgery varied greatly.62–65 One should be cautious when interpreting the results owning to the biases injected from different cut-off time and imaging modality used to conclude total obliteration. Studies only including patients with long follow-up, reporting only patients undergoing angiography or including MRI as imaging study to conclude obliteration tend to overestimate the success rate of radiosurgery.63,66,67









Gamma Surgery for AVMs in Pediatric Patients


Between 1989 and 2007, we treated 200 AVM patients less than 18 years of age. Fourteen cases with follow-up less than 2 years were excluded, leaving 186 patients for analysis. There were 98 males and 88 females with a mean age of 12.7 years (range 4–18 years). The presenting symptoms leading to the diagnosis of AVMs were hemorrhage in 133 (72%) patients, seizure in 29 (16%), headache in 11 (6%), and neurologic deficits in 8 (4%). Five (3%) patients were asymptomatic. Thirty-eight patients underwent embolization prior to gamma surgery. Incomplete surgical resection was carried out in 24 patients. Five patients had partial resection and embolization before undergoing gamma surgery.


The locations of the AVMs were hemispheric in 101 (54%) patients, thalamus in 24 (13%), basal ganglia in 23 (12%), corpus callosum in 9 (5%), brain stem in 18 (10%), insula/sylvian fissure in 5 (3%), and cerebellum in 6 (3%). The nidus volumes ranged from 0.1 to 24 cm3 (mean 3.2 cm3). The treatment parameters were: mean prescription dose 21.9 Gy (range 7.5–35 Gy); mean maximum dose 40.1 Gy (range 20–50 Gy).


Following gamma surgery, a total obliteration was confirmed in 109 (59%) and subtotal obliteration in 9 (5%). Forty-nine (26%) patients still had patent residual nidus. In 19 (10%) patients, obliteration was confirmed on MRI only. The actuarial angiographic obliteration rate was 34% at 2 years, 46% at 3 years, and 51% at 5 years. In general, the imaging outcome of pediatric patients is similar to that observed in adult population. A negative history of preradiosurgical embolization and a high prescription dose were significantly associated with increased rate of obliteration.


Only a small series of children went through a systemic psychological test analyzing the cognitive deficits after gamma surgery. However, yearly follow-ups including questioning the parents, the patients, and the referring doctors about the intellectual development and possible cognitive or endocrinologic deficits were conducted. According to this information, 95% of the children had normal intellectual development after radiosurgery with satisfactory or good school performance. As adults, they performed from average to excellent and were socially well-adjusted.


Some studies had proposed that in pediatric patients the response to radiosurgery seems to be less favorable.66 Hypotheses such as the immature vessels in pediatric cases more likely to recover from radiation induced damage and neovascularization in response to radiation have been proposed. Our experience show comparable result in children compared to adults. Additionally, we observe that adverse radiation induced damage seems to be more tolerable for kids, which proves that radiosurgery has a favorable benefit risk profile in the management of pediatric AVMs. However, the risk of hemorrhage remained in pediatric patients and the development of secondary tumor cannot be overlooked.









Gamma Surgery following Embolization of Arteriovenous Malformations


The effectiveness of partial embolization followed by gamma surgery in the management of relatively large AVMs still remains controversial. When comparing the outcome in patients treated with gamma knife alone to those with combined embolization and gamma knife treatment, recent studies reported less favorable outcome in patients with preradiosurgical embolization.65,68


Between 1989 and 2007, a total number of 217 AVMs with prior partial embolization were treated with gamma surgery at the Lars Leksell center. There were 107 males (49%) and 110 females (51%) with a mean age of 32.8 years. Most of the AVMs were embolized with liquid embolics such as NBCA or ethanol. In 167 patients the nidus was compact after the embolization, whereas the angiogram of 50 cases revealed that the nidus was broken apart after the endovascular procedures. The mean volume of the nidus at the time of GKS was 5.1 cm3 (range 0.02–24.9 cm3). The mean prescription dose was 19.6 Gy (range 10–28.0 Gy) and the mean maximum dose was 37.2 Gy (range 20–50 Gy).


After gamma surgery an angiographically confirmed total obliteration of the AVMs was achieved in 71 patients (27%) (Fig. 5-5). A total obliteration on MRI was observed in 26 patients (10%). In 157 patients (60%) only a partial obliteration could be obtained after a follow-up period of at least 2 years. Eight patients (3%) presented with a subtotal obliteration. The outcome after gamma surgery in embolized AVMs (obliteration rate 27%) is much less favorable than AVMs treated with gamma knife only (obliteration rate 72%).
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FIGURE 5-5 Gamma surgery following a partial embolization of the AVM. A 24-year-old male diagnosed with a left-sided AVM at the left sensorimotor cortex following a hemorrhage (A and B lateral and frontal projections of angiograms). The patient underwent a partial embolization. The nidus obliterated completely 3 years following gamma surgery (C and D).




Recanalization of previously embolized parts of the nidus,69 difficulty in nidus delineation following previous embolization,65 and attenuation of radiation dose by embolization materials70 have been proposed to explain the less favorable outcome in patients with preradiosurgical embolization. Theoretically, volume reduction following embolization affords a lower chance of radiosurgery-related adverse effect; however, our data do not show this. Additionally, the complications from embolization are not negligible. Therefore, the use of embolization before gamma knife treatment remains problematic and awaits further investigation.









Gamma Surgery for Large Arteriovenous Malformations


Recently, there has been much discussion of gamma surgery for large AVMs. The main problem with large AVMs is due to the dependence of the obliteration response on dose and volume; this dependency requires a delicate balance in deciding an efficient dose but low enough to avoid adverse neurologic deficits.


The following strategies are currently available to treat large AVMs with radiosurgery.




1. Embolization of a portion of the AVMs then performing radiosurgery if the nidus shrinks to a size manageable with radiosurgery. However, embolization should effectively shrink the nidus for radiosurgery to achieve good results; otherwise fragmentation of the nidus into a number of segments will make the radiosurgical planning difficult and increasing the probability of radiosurgery failure.


2. Staged radiosurgery to selected volumes of the AVMs. Sirin et al.71 used staged volumetric radiosurgery in 28 large AVMs. Out of the 21 patients, seven underwent repeat radiosurgery and were eliminated from outcome analysis. Of the remaining 14 patients, three had total obliteration on angiograms, and 4 had no flow voids on MRI but had no follow-up angiography. Four patients had hemorrhages after radiosurgery resulting in two deaths. Worsened neurologic deficits occurred in one patient.


3. Treating the whole nidus in one session with low-dose radiosurgery. Pan et al.72 reported an obliteration rate of 25% for AVMs with volume larger than 15 cm3. The obliteration rate increased to 50% at 50 months follow-up. The morbidity was 3.3%. Post-treatment hemorrhage occurred in 9.2% of cases.


4. At Lars Leksell center, we evaluated a protocol using combined radiosurgery and microsurgery for the management of large AVMs. Gamma surgery was performed for the deep medullary portion of the AVMs as a first step. The second step was planned as microsurgical extirpation of the superficial segment if the goal of the first step, obliteration of the deep segment of the AVM, was achieved. However, in less than 5% of the patients, this goal was achieved.





The management of large AVMs demonstrates that every treatment has its limitations. In an effort to solve the problems of the management of large AVMs, a cautious approach is warranted pending the development of new techniques and agents for embolization.












Hemorrhage Risk in the Treatment–Response Interval


Whether gamma surgery without obliteration of the nidus provides partial protection from hemorrhage is still controversial. It has been demonstrated by some authors that there may be some degree of protective effect.73–75 Because the incidence of hemorrhage in a matched group of untreated patients will likely never be known and the timing of obliteration is not known except as being between diagnostic scans, it is a difficult position to support.


The incidence of hemorrhage following gamma surgery during the first 2 years was studied in 1604 of our patients and reported by Karlsson et al.76 There were 49 hemorrhages for an annual incidence of 1.4%. This is slightly lower than the generally accepted rate of 2% to 4% per year but includes all 1604 patients, consisting of those known and not known to have obliterated AVMs. Of these hemorrhages, 14 were fatal (annual rate of 0.4%) and 9 had permanent neurologic deficits (annual rate of 0.3%).






Repeat Gamma Surgery for Incompletely Obliterated Arteriovenous Malformations


In general, the risk of hemorrhage persists as long as the AVM nidus is still patent. This provided the rationale for retreatment of still patent AVMs following the initial gamma surgery.


In our experience, 74 males and 66 females with a mean age of 33 years underwent repeat gamma surgery for still-patent AVMs following initial gamma surgery from 1989 to 2007. Causes of initial treatment failure included inaccurate nidus definition in 14, failure to fill part of the nidus due to hemodynamic factors in 16, recanalization of embolized AVM compartments in 6, and suboptimal dose (<20 Gy) in 23 patients. Nineteen patients had repeat gamma surgery for subtotal obliteration of AVMs. In 62 patients, the AVMs failed to obliterate in spite of correct target definition and adequate dose. At the time of retreatment, the nidus volume ranged from 0.1 to 6.9 cm3 (mean 1.4 cm3) and the mean prescription dose was 20.3 Gy. Clinical follow-up ranged from 15 to 220 months with a mean of 84.2 months after repeat gamma surgery.


Repeat treatment yielded a total angiographic obliteration in 77 (55%) (Fig. 5-6) and subtotal obliteration in 9 (6.4%) patients. In 38 (27.1%) patients, the AVMs remained patent. In 16 patients (11.4%) no flow voids were observed on the MRI. High prescription dose, small nidus volume, nidi with only superficial venous drainage, and a negative history of prior embolization were significantly associated with increased rate of AVM obliteration. Clinically, 126 patients improved or remained stable and 14 experienced deterioration (8 due to a rebleed, 2 caused by persistent arteriovenous shunting, and 4 related to radiation induced changes).
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FIGURE 5-6 Repeat gamma surgery for AVM. A 33-year-old male with a left parietal AVM presenting with seizure. The patient underwent first gamma surgery with a prescription of 20 Gy in 1991 (A). The flow of the nidus seemed to be reduced but the overall size of the nidus had not changed (B). He had a repeat gamma surgery in 2002 with 18 Gy as a prescription dose and the nidus completely obliterated in 2005 (C). His seizure frequency decreased significantly.




We advise repeat gamma surgery in cases with still patent nidi 3 to 4 years after initial gamma surgery when open surgery or endovascular procedures were expected to yield higher risk of complications than gamma surgery. Our experience showed that when repeating gamma knife treatment a dose of at least 20 Gy led to a higher chance of subsequent nidus obliteration (77% vs. 47% with prescription dose less than 20 Gy).









Hemorrhage from Angiographically Confirmed Obliterated Arteriovenous Malformations


Some studies have noted AVM reappearance after apparent gamma knife surgery obliteration.77 In our histopathologic analysis, gamma surgery of AVMs caused endothelial damage, proliferation of smooth muscle cells, and the elaboration of extracellular collagen by these cells, which led to progressive stenosis and obliteration of the AVM nidus.43 In this same report, there was evidence of small trapped vessels that would have very little blood flow. It is unclear what histopathologic process would permit the formation of new vessels following radiosurgical-induced obliteration of the AVM nidus. However, it is clear that the infrequent and small trapped vessels observed by Schneider et al.43 could not explain the angiographic findings reported by Linqvist et al.78 Such inconsistent findings following radiosurgical treatment of AVMs suggest the need for further clinical and histopathologic investigation and the continued follow-up of patients, particularly pediatric ones, following gamma surgery.


In our series of AVMs treated with gamma surgery, we observed no recurrent hemorrhage after angiographically confirmed obliteration of the AVMs. In one case reported by Guo et al., a rebleed occurred after angiographic documentation of nidus obliteration.79 The MRI findings suggested that hemorrhage possibly resulted from radiation-induced tissue damage. Furthermore, the histologic examination of the suspected recanalized AVM revealed channels that were one-fiftieth the size of the smallest vascular channels in AVMs, making it unlikely that these were vessels with significant blood flow. This view has been further confirmed by the fact that a repeat angiogram revealed no evidence of residual malformation or recanalization. Rebleeding, in spite of post-treatment angiograms interpreted as normal, may be explained by unsatisfactory quality of the neuroimaging studies or inadequate interpretation leading to the misdiagnosis of angiographic cure.









Subtotal Obliteration of Arteriovenous Malformations


Subtotal obliteration of an AVM following gamma surgery has been reported sporadically. This angiographic phenomenon implies a complete disappearance of AVM nidus but persistence of early filling drainage veins (see Fig. 5-4). Theoretically, the early filling venous drainage suggests that some shunting still persists.


We reported a series of 159 patients with subtotal obliteration of AVMs (SOAVMs).60 The incidence of SOAVMs was 7.6% from a total of 2093 AVM patients who were treated with gamma surgery and had angiographic follow-up available. The diagnosis was made after a mean of 29.4 months (range 4–178 months) following gamma surgery.


During the cumulative period of 767 patient-years (a mean of 4.9 years per patient) after the diagnosis of SOAVMs, no SOAVMs had ruptured. Follow-up angiography was performed in 90 of 136 patients in whom SOAVMs had no further treatment. These studies showed a total obliteration of the original AVMs as well as disappearance of the early filling vein in 66 patients (73%). Twenty-four patients (27%) had persistent SOAVMs. Twenty-three patients with SOAVMs were treated with gamma knife targeting the proximal end of the early filling veins. In this group, follow-up angiography was performed in 19 patients, confirming disappearance of the early filling vein in 15 patients (79%) and persistent SOAVMs in four patients (21%). None of the patients suffered a rupture of the lesion. This suggests that the protection from rebleeding at the stage of subtotal obliteration is significant.


Our series shows that subtotal obliteration of the AVMs did not necessarily prove to be a premature stage of an ongoing obliteration, and instead might be the end point of the obliteration process. Earlier in our series, we repeated gamma surgery for SOAVMs, targeting the proximal segment of the early filling vein. After repeat treatment, 79% SOAVMs were obliterated. However, the necessity of retreatment remains to be determined given the fact that in the whole group no hemorrhage occurred and that 73% of SOAVMs obliterated spontaneously.















Complications






Radiation-Induced Changes


Radiation-induced change is an increased T2 signal around the AVMs on MRI following radiosurgery (Fig. 5-7). Radiation damage of glial cells, endothelial cells damage followed by breakdown of blood–brain barrier, excessive generation of free radicals or release of vascular endothelial growth factors have been proposed to explain this imaging finding. The severity of radiation-induced changes on images and associated neurologic deficits varied ranging from asymptomatic, a few millimeters increased T2 signal surrounding the treated nidus to massive brain edema with symptoms and signs of increased intracranial pressure. From our 1500 gamma knife procedures performed for AVM patients with follow-up MRI available for analysis, 34% of patients developed radiation-induced changes. Among them, 60% had mild (a few millimeters of increased T2 signal surrounding the nidus), 33% had moderate (compression of ventricle and effacement of sulci) and 7% had severe (midline shift) radiation-induced changes. The mean time to the development of radiation-induced changes was 13 months after gamma surgery. Resolution of these changes was the usual course and the mean duration of the changes was 22 months. Large nidus volumes, high prescription doses, history with preradiosurgical embolization, and nidus without previous hemorrhage were associated with higher risk of radiation-induced changes.
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FIGURE 5-7 Onset and resolution of radiation-induced changes of normal brain tissue. Radiation-induced changes 6 months following radiosurgical treatment of a left basal ganglia arteriovenous malformation with a margin dose of 20 Gy. Appearance on (A) T2- and (B) T1-weighted MRI. These changes showed progressive regression and complete disappearance at 2 years following onset (C and D). Angiography documented total obliteration of the arteriovenous malformation.




Of the patients who developed radiation-induced changes, 122 (8.7%) patients had headache, worsening or new seizures, or neurologic deficits. Patients with severe radiation induced changes and nidus at eloquent areas were more likely to develop symptoms. Twenty six patients (1.8%) had permanent neurologic deficits.









Cyst Formation


A rare occurrence following gamma surgery for AVMs is the development of an expansive cyst at or adjacent to an obliterated AVM (Fig. 5-8). Cyst developed after resolution of previous hemorrhages or fluid cavities from encephalomalacia after surgeries should not be considered as complications related to gamma surgery. First reported in 199245 in two patients out of a series of forty, we found a total of 20 patients (1.6%) developing a cyst after a mean of 8.1 years postradiosurgery from our 1272 patients with follow-up MRI available.80 Six patients had large cysts and three of them were symptomatic requiring surgery. Two cases underwent craniotomy and drainage of the cyst. The cyst wall showed no evidence of neoplasia. Direct radiation injury to the perilesional brain tissue, increased permeability of the blood–brain barrier with accumulation of the exudative fluid, hemodynamic perturbations during gradual obliteration of the nidus with subsequent ischemic tissue damage, and tissue destruction due to subclinical perilesional hemorrhages have been proposed as the possible mechanisms of cyst formation.
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FIGURE 5-8 Delayed occurrence of cyst formation following gamma surgery for an AVM. This small, right-sided AVM visualized on anteroposterior (A) and lateral carotid arteriography (B) was cured as shown on this control angiogram obtained 2 years after gamma surgery (C). The development of headaches and personality changes prompted an MRI examination 7 years after gamma surgery (D and E). This cyst was surgically decompressed. Biopsy of the cyst wall did not reveal any evidence of tumor. (Follow-up MRI courtesy of Professor J. Camaert, Chairman, Department of Neurosurgery, Gent, Belgium.)











Radiosurgery-Induced Neoplasia


We found two meningiomas from 1333 AVM patients treated with gamma surgery (Fig. 5-9); however, follow-up imaging was performed over a period of at least 10 years in only 288 of these patients.81 If we conservatively estimate that radiosurgery-induced lesions would be evident within a 10-year time interval, then our incidence of radiosurgery-induced neoplasia is 2 in 2880 person-years or 69 in 100,000 person-years. Thus, there is a 0.7% chance that a radiation-induced tumor may develop within 10 years following gamma surgery. The long latency and relative rarity of these lesions following radiosurgery may defy a conclusive determination of the true incidence.
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FIGURE 5-9 Radiation-induced neoplasia. Anteroposterior (A) and lateral (B) views of vertebral angiograms demonstrate a right temporal AVM before gamma surgery. Two years after treatment the nidus obliterated completely (C and D). Axial and coronal contrast-enhanced, T1-weighted MRI (E and F) obtained 10 years postradiosurgery show a meningioma adjacent to the superior surface of tentorium. It is located in the area where the previous AVM was situated.














Dural Arteriovenous Fistulas


Although dural arteriovenous fistulas (dAVFs) comprise approximately 15% of all intracranial vascular malformations, the precise mechanism of formation remains unknown. The leading theories include adjacent venous sinus stasis as well as alterations in local expression of vasogenic factors, such as vascular endothelial growth factor and fibroblastic growth factor.82,83


From a treatment standpoint, experience with dAVFs is distinct from AVMs. Studies have established that the flow dynamics of dAVFs are the most important indicator of the need to treat and modality to choose, be it embolization, open microsurgery, or radiosurgery. As the aggressive natural history of lesions with cortical venous reflux differs significantly from lesions without angiographic evidence of cortical venous reflux, early definitive therapy via endovascular procedures or open surgical resection appears to be preferable to radiosurgery as a first-line treatment. Although radiosurgery is thought to be an effective agent for decreasing neovascularization in dAVFs, the time interval needed for the desired effect is too great to justify radiosurgery as a first-line therapy.84


The long-term analysis of radiosurgery for dAVFs over 25 years at the Karolinska University Hospital in Stockholm, Sweden included 52 patients treated between 1978 and 2003. The obliteration rate reported in this study was 68% with 16 dAVFs presenting as less aggressive Borden I or Cognard I/IIa lesions.85 In a similar institutional experience at the Lars Leksell center between 1989 and 2005, 55 patients with dAVFs were treated with gamma surgery, primarily as an adjunct to surgery or embolization. Obliteration rates measured by angiography at 3 years ranged from 54% to 65%, with the 16 patients classified as Borden I lesions (Fig. 5-10). Unlike the Karolinska study, the majority of patients treated at the Lars Leksell center received gamma surgery as a secondary therapy, with 41 of the 54 patients receiving surgical or endovascular intervention prior to radiosurgery. Regardless of the difference in utilization of radiosurgery as a primary or secondary treatment modality, the results of these long-term studies indicate that gamma knife is an effective and safe treatment for intracranial dAVFs.
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FIGURE 5-10 Total obliteration of dural arteriovenous fistula following gamma surgery. Left common carotid angiogram lateral (A) and (C) frontal projections of a dural arteriovenous fistula in the region of the left transverse sinus. Complete obliteration is demonstrated at 2 years following gamma surgery in the (B) lateral and (D) frontal projections.











Vein of Galen Malformations


We have treated nine patients with vein of Galen malformations. The patients ranged in age from 4 to 72 years of age. Among these patients, there were three with Yasargil Type I, one with Type II, two with type III, and three with type IV malformations. Prior embolization had failed in four of the cases. Three of the vein of Galen malformations were treated twice with radiosurgery. Follow-up angiograms were obtained in eight of the patients treated.86 Four malformations were completely obliterated (Fig. 5-11). Another one seems to be obliterated but definitive confirmation could not be obtained as the patient refused a final angiogram. Another patient has some residual fistula not in the initial radiosurgical treatment field and has been retreated. Two other patients had marked reduction of flow through their malformations.
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FIGURE 5-11 Gamma surgery for a vein of Galen malformation. A-P (A) and lateral (B) vertebral angiograms show direct shunting of blood into the primitive precursor (promesencephalic vein) of the vein of Galen. C and D, Stereotactic angiogram obtained at the time of treatment. E and F, Control angiography obtained 1 year later demonstrate cure of the malformation. (Courtesy of Hernan Bunge, MD, Clinica del Sol, Buenos Aires, Argentina.)











Cavernous Malformations


The success of treating AVMs prompted the treatment of cavernous malformations (CMs) with the gamma knife. Their tendency to be small in size, with the lack of intervening normal brain tissue and relatively low rate of clinically significant hemorrhage made CMs a natural target for the gamma knife. The rate of hemorrhage for cavernomas is widely disparate in the neurosurgical literature reported as between 0.1% and 32%.87–90 This is largely due to semantic differences in defining a hemorrhage with some authors counting the presence of a hemosiderin ring on MRI as evidence of a hemorrhage as well as in determining the date from which patients were at risk for hemorrhages.


Gamma surgery of CMs appears to have a histologic effect on them, which is not evident on imaging studies. In a case reported earlier,29 a gamma surgery treated CM followed for 5 years showed no change on MRI studies. Histologic examination following surgical removal of the lesion showed it to be partially obliterated (Fig. 5-12).





[image: image]

FIGURE 5-12 Hematoxylin and eosin stained histologic section of a cavernous malformation that was treated with gamma surgery. Because no change was observed on serial MRI examinations over 5 years, the lesion was excised. Except for a single persistent capillary channel, the malformation was obliterated.




A total of 23 patients have been treated by us for CMs between 1985 and 1996, 22 of which are available for follow-up evaluation.91 Maximum treatment dose varied from 11 to 60 Gy (mean 33 Gy). Peripheral dose varied from 9 to 35 Gy (mean 18 Gy). Nine symptomatic hemorrhages occurred in this group after therapy for an annual incidence of 8%. Four of these patients were subsequently operated upon. Six patients suffered neurologic decline secondary to radiation-induced changes, five of which were permanent. Two patients subsequently underwent surgery. Thus the permanent radiation-induced complication rate is 22%, nearly 12 times higher than expected for a similarly treated group of AVM patients. The high incidence of post-treatment hemorrhage and radiation-induced complications is greater than the expected morbidity from an untreated group. For this reason the routine use of the gamma knife in the treatment of CMs cannot be supported at this time.


There have been observations in literature that demonstrate a protective effect of gamma surgery on the rate of hemorrhage in these lesions. Based on 38 cases, Kondziolka et al.92 maintain that radiosurgery offers benefit to these patients. They reported that 6 patients (15%) had significant reduction in size with a 13% hemorrhage rate; 10 of the patients (26%) developed neurologic deficits, 2 of these underwent surgery and succumbed to the illness. The rate of complications reported by them in the face of the fact that only 15% of the patients in this series had any reduction in the size of the lesion does not, in our opinion, constitute grounds for justifying radiosurgery for CMs. Furthermore, their contention that the complications reported by us may in part be due to the high doses used in treatment does not get support from their statistics with a lower dose. These 38 patients were a part of a later report on 47 patients from the same authors detailing the outcome. They found a postradiosurgery annual hemorrhage rate of 8.8%, which is high when compared to the risk reported by the same authors at 0.6% to 4.5%, even if the difference is not statistically significant. They chose, however, to compare their postradiosurgery hemorrhage rates with the preradiosurgery rate in the same subjects, making the assumption that the rate could be based on an epoch starting from first observation or first hemorrhage. This is fallacious since the malformation was present before the presenting hemorrhage and most likely from birth. Recomputed on this basis the preradiosurgery annual bleed rate comes to 5.9%, which is more congruent with expected natural history. Once again the incidence of hemorrhages postradiosurgery seems spuriously higher.


During the past decade, gamma knife has been widely used in some centers to treat CMs. Since the lesions cannot be precisely visualized by any imaging studies, the outcome of radiosurgery was universally evaluated based on the hemorrhage rate before and after radiosurgery using the same group of patients as control. There are methodological flaws in such study design. As been demonstrated in publications,93 patients with previous hemorrhages tend to bleed more often. By calculating the clustering number of hemorrhages in the short period of follow-up time, which was prematurely terminated by radiosurgery prompted by the hemorrhage, the preradiosurgical hemorrhage rate was erroneously high ranging from 17% to 36%.64,88,94–96 The hemorrhage rate after gamma surgery is these series ranged from 2% to 4%, which seems to be significantly low compared to the preradiosurgical bleeding rate but actually is not much different while comparing to the number reported in series studying natural course of CMs. Of note, the complications in these series remained to be high.









Developmental Venous Anomalies


The natural history of developmental venous anomalies (previously named venous angiomas) is benign97 and clearly not a surgical lesion. Prior to clear elucidation of this prognosis, 19 patients were treated for this entity by us.98 One patient was cured and three were partially obliterated. Three patients suffered radionecrosis, and one had symptomatic edema. One patient with radionecrosis underwent subsequent debridement. A 5% cure incidence with a 30% complication incidence for a benign entity is unacceptable.












Tumors


Treatment of tumors with gamma surgery introduces a new approach to the evaluation of the endpoint of the treatment. Unlike microsurgery no actual debulking of tissue occurs, and, in the short term, there are no visible changes. However, in the long term, the tumors often shrink, and some even disappear entirely on follow-up neuroimaging studies. Success is therefore established by a pattern of reducing tumor size over serial follow-up studies or the lack of growth. With benign tumors, the natural history may be one of no growth for many years. As such, longer follow-up is necessary to ascertain whether gamma surgery affords true tumor volume control in slow growing tumors.


In an attempt to eliminate some of the subjectivity of naked eye observations and the obvious fallacy resulting from the estimation of a three dimensional object on the basis of three linear measurements in orthogonal planes, we have developed software that allows estimation of lesion volume based on MRI or CT.99 The procedure involves scanning the study into a computer program and outlining the pathology in each slice. The computer then measures the area within the contour and calculates a volume based on slice thickness, the process is repeated for each slice and the total volume calculated by integrating the individual slice volumes. The error of this method was determined by comparing various hand-partitioned volumes with volumes estimated using polyhedrons to approximate the regions of interest on each slice. The average relative error is strongly dependent on the number of axial slices obtained through the object of interest and is fairly independent of the size of the object itself. For objects varying in volume from 0.1 to 10 cc, the average relative errors per number of slices through the object have been computed as follows: 3% for 7 slices, 4% for 6 slices, 6% for 5 slices, 11% for 4 slices, and 21% for 3 slices. Volumetric estimation based on 1 or 2 slices through the region of interest produces unacceptable average relative errors of more than 40%. We now require all follow-up studies to be performed with a slice thickness of 3 mm with zero overlap or gap between adjacent slices. Such a protocol generally helps ensure the acquisition of 3 or more slices through the region of interest. Even though the technique of volume estimation has an acceptable level of accuracy, we prefer to ignore changes of less than 15%.






Pituitary Adenomas


The efficacy of radiation in the treatment of pituitary adenomas was well-documented before gamma surgery was used for this disease.100,101 Reduced fractionation techniques had been shown to have effectiveness in the treatment of Cushing’s disease and were the impetus for the use of radiosurgery. MRI has replaced less exact invasive localization procedures such as cisternography and CT in the planning of gamma surgery in patients with pituitary adenomas. There still remain difficulties with the use of gamma surgery. The peripheral dose that can be delivered for macroadenomas is limited if the optic apparatus is in proximity with the tumor. Localization of microadenomas can be difficult with even the best MRI examinations (e.g., a fat suppression MRI protocol) and amelioration of hypersecretory syndromes is delayed.


One of the best indications for gamma surgery of secretory or nonsecretory pituitary adenomas is residual tumor that is not removable with microsurgical techniques (i.e., tumors within the cavernous sinus). If it is known before microsurgery that the cavernous sinus is involved and a debulking procedure is considered, then every effort to clear the tumor away from the optic nerves and chiasm should be made in order to make gamma surgery postoperatively more effective. A suprasellar approach should be considered if there is doubt that this can be accomplished through a trans-sphenoidal approach. There is some difficulty in differentiating residual tumor from postoperative changes on MRI. A thorough operative note concerning any foreign material or grafts left behind is important, as well as a high-quality preoperative scan for comparison.


Another indication for gamma surgery is persistence or recurrence of elevated hormone levels after microsurgery. In the presence of residual or recurrent tumor that is not readily amenable to further extirpation, either because of its location or the inability to localize the tumor within the sella, gamma surgery can be applied. Tumor within the cavernous sinus can be treated. Difficulty in localizing the tumor usually requires radiosurgical targeting of all the contents within the sella, and such an approach carries a fair risk of postradiosurgical hormonal insufficiency.102 If the patient has a secretory microadenoma but the symptomatology is not urgent and microsurgery is for some reason not considered, then gamma surgery can be used as the primary therapy.


In preparation for treatment with high-dose, narrow beam radiation, many centers have recommended a temporary cessation of antisecretory medications in the peritreatment time period. In 2000, Landolt et al. first reported a significantly lower hormone normalization rate in acromegalic patients who were receiving antisecretory medications at the time of radiosurgery.103 Since then, this same group as well as others has documented a counterproductive effect of antisecretory medications on the rate of hormonal normalization following gamma surgery.32,104 The degree to which and the mechanism by which antisecretory medications lower hormonal normalization rates is unknown, but Landolt et al. have hypothesized that these drugs lower the tumor’s metabolic rate and decrease their radiosensitivity.105,106 Moreover, the optimal time period to hold antisecretory medications in conjunction with gamma surgery is not clear. Landolt and Lomax recommend that dopamine agonists be withheld 2 months prior to the procedure.104 For acromegalics, they recommend altering antisecretory medication administration as early as 4 months prior to radiosurgery and completely halting all antisecretory medications 2 weeks prior to radiosurgery.103 Although many centers have incorporated such methodology into their treatment regimen, the potential risk and benefits of halting antisecretory medication administration should be weighed. The functional adenoma may be more likely to respond to gamma surgery. However, in the absence of antisecretory medication control, it may also enlarge thereby risking adjacent structures (e.g., the optic apparatus), necessitating a lower prescription dose, and making effective treatment more difficult.


Most centers have observed effective growth control of pituitary adenomas following gamma surgery. However, there have been a wide range of outcomes with regard to hormonal normalization of secretory adenomas. The varied outcome results for hormonal normalization may arise from the following reasons:105 early studies utilized CT rather than more precise MRI for dose planning;106 different criteria for defining an endocrinologic cure have been applied in various studies and there is little consensus even within the neuro-endocrinologic community for precise defining criteria107; and many studies had short or intermediate follow-up periods and may not have been long enough to observe patients with an endocrinologic recurrence following an initial remission.






Nonsecretory Tumors


We have treated 100 patients with nonsecretory pituitary tumors, 90 of which have imaging and endocrinologic follow-up of a minimum of 6 months and an average of 45 months108 (Tables 5-2 and 5-3). Of these, 59 (65.6%) had a decrease in the volume of their tumors (Fig. 5-13) and 24 (26.7%) had no change in the size. In seven (7.8%) patients, the tumors increased in size. Of note, among 61 tumors involving the cavernous sinus, 39 shrank, 17 remained unchanged, and five increased in size. The minimal effective peripheral dose was 12 Gy; peripheral doses greater than 20 Gy did not seem to provide additional benefit. In 61 patients with residual pituitary function at the time of gamma surgery, new hormone deficiency occurred in 12 patients (20%).




TABLE 5-2 Gamma Surgery for Pituitary Adenomas Outcomes at University of Virginia
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TABLE 5-3 Imaging Outcomes of Radiosurgery for Nonsecretory Pituitary Adenomas
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FIGURE 5-13 Nonsecretory pituitary adenoma treated with gamma surgery following three microsurgical resections. Sagittal T1-weighted MRI of a nonsecretory pituitary adenoma in a 34-year-old man (A), demonstrating marked reduction at 30 months after radiosurgery (B). Patient recovered his visual acuity and had resolution of his visual field defect, and returned to his job as a policeman.











Growth Hormone–Secreting Tumors (Table 5-4)


We have performed gamma knife procedures on 137 patients with growth hormone secreting adenomas (Table 5-4). Follow-up of at least 18 months was available for 95 of these patients. There was normalization of IGF-1 in 53% of cases at an average time of 30 months after radiosurgery. Three patients developed recurrence of their acromegaly after initial remission, with a mean time to recurrence of 42 months. New endocrinologic deficiencies developed in 34% of patients, with hypothyroidism and low testosterone levels being the most common new endocrinopathies.




TABLE 5-4 Hormone and Imaging Outcome of Radiosurgery for Growth Hormone–Secreting Pituitary Adenomas
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In five patients the tumors could not be identified on MRI and the whole sella was targeted. Of the remaining 90 tumors treated with gamma surgery, a decrease in tumor size was seen after 83 (92%) gamma procedures. Tumor growth was seen after 2 (2%) procedures. No change in tumor volume was seen after 5 (6%) procedures. Four patients developed the new-onset of visual acuity deficits; three of these patients had received prior conventional fractionated radiation therapy and their vision recovered following a short course of steroids. One patient developed deterioration in visual fields secondary to tumor growth. His vision continued to deteriorate in spite of repeat trans-sphenoidal surgery. One patient developed temporal lobe epilepsy 15 months following radiosurgery with MRI showing temporal enhancement. She is free of seizure with normal MRI scans and off antiepileptics 45 months after gamma surgery. No instance of ophthamoplegia occurred in any patients.









Prolactin-Secreting Tumors


Prolactinomas are usually well-controlled by dopamine agonists (Table 5-5). Nonetheless, this medication occasionally fails to achieve remission and is not tolerated by all patients. Alternative for these patients not responding to medical therapy is surgery. Patients who are refractory to medical and/or surgical therapy may be treated with gamma surgery. Of the 37 prolactin secreting tumors treated by us at the Lars Leksell gamma knife center,109 28 have imaging follow-up of 1 year or more. Thirteen (46%) had a decrease in the size, 12 (43%) were unchanged and three (11%) were increased. Excluding patients with normal prolactin level before gamma surgery and those with normal level at the last follow-up while still receiving dopamine agonists, endocrine follow-up was available for 23 patients. There was remission (serum prolactin level <20 ng/ml) in 26% of cases. New onset endocrine deficiency developed in 29% of patients. Two patients had new onset extraocular movement problems; one developed an oculomotor and the other an abducens nerve palsy. In both cases, the cavernous sinus was involved and both cases received a prescription dose of 25 Gy.




TABLE 5-5 Hormone and Imaging Outcome of Radiosurgery for Prolactin-Secreting Pituitary Adenomas


[image: image]











ACTH-Secreting Tumors


A total of 107 patients with Cushing’s disease underwent gamma surgery at our institution (Table 5-6). Seventeen patients who had less than 12 months follow-up were excluded, leaving 90 patients evaluable.110 All but one patient had undergone previous trans-sphenoidal operations. Of note, in 23 patients in which no tumor can be identified on planning MRI, the entire sellar content and adjacent cavernous sinuses were targeted. The mean prescription dose of gamma surgery was 23 Gy (range 8–30 Gy). Of 67 patients with visible tumors, imaging follow-up demonstrated a decrease in the size of the tumor in 62 cases (92%), no change in 2 (3%), and an increase in size in 3 (5%). However since the hypercortisolism defines the dangerous character of the ACTH-secreting tumor, the control of endocrine abnormalities is the true measure of tumor control. Normal 24-hour, urine-free cortisol levels were achieved in 49 patients (44%), at an average time of 13 months post-treatment (range 2–67 months). Ten patients who achieved remission after gamma surgery suffered a recurrence. Seven of these patients had repeat gamma knife procedures, with three patients achieving another remission. New endocrine deficiencies developed in 20 patients (22%), with hypothyroidism being the most commonly found new endocrinopathy. Five patients developed new-onset ophthalmoplegia (four of them with visual acuity deficits). One of them had received prior conventional fractionated radiation therapy, three had two gamma knife surgeries, and one had fractionated radiotherapy and subsequently two gamma procedures. Evidence of radiation-induced changes presenting as increased enhancement of parasellar area was seen in three patients but only one had symptoms attributable to these changes.




TABLE 5-6 Hormone and Imaging Outcome of Radiosurgery for ACTH-Secreting Pituitary Adenomas
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The results of 35 patients treated at the Karolinska Institute have been reported.111 Of the 29 patients that had follow-up of up to 9 years, 22 (76%) had normalization of their endocrine abnormalities, 10 within 1 year and the remainder within 3.












Nelson’s Syndrome


Patients with an ACTH-secreting pituitary tumor may require a bilateral adrenalectomy to treat their Cushing’s disease when surgical extirpation and radiosurgery for the pituitary tumor failed to normalize hormonal production (Table 5-7). Approximately one third of these patients will experience Nelson’s syndrome, namely, enlargement of residual pituitary adenoma, developing hyperpigmentation and/or having an elevated level of serum ACTH. At the Lars Leksell center, we have performed gamma surgery on 23 Nelson’s patients. Five patients had previously received conventional fractionated radiation therapy, and two patients had received prior gamma surgery for Cushing’s disease. Median prescription dose to the tumor margin was 25 Gy (range 4–30 Gy). Twenty two patients had imaging follow-up and the mean imaging follow-up was 20 months (range 125–124 months). Fifteen patients had elevated ACTH level before gamma surgery and follow-up ACTH level was available. The mean endocrine follow-up was 50 months (range 13–166 months). Tumors decreased in 12 (55%) patients, remained unchanged in 8 (36%), and increased in 2 (9%). ACTH levels decreased in 10 patients (67%) with a median decrease of 75% (range 29%–93%). Three patients (31%) achieved normal ACTH levels with a mean time to remission of 9.4 months postradiosurgery. New endocrinopathies were seen in 4 out of 10 patients with residual pituitary function before gamma knife procedures, growth hormone deficiency being the most common new hormonal deficit. One patient suffered from a permanent oculomotor nerve palsy.




TABLE 5-7 Hormone and Imaging Outcome of Radiosurgery for Nelson’s Syndrome
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It is worth noting that there is a wide variation in both the rates of endocrinologic cure and hypopituitarism following gamma surgery. The difference in cure rates between modern radiosurgical series is likely due to the definition of cure employed and the length of follow-up. However, the discrepancy in the reported rates of hypopituitarism is more likely a function of the degree to which there is rigorous endocrinologic follow-up testing.









Craniopharyngiomas


Craniopharyngiomas are very difficult tumors to treat. Their benign histology is misleading. The near impossibility to resect completely and usual location in and about the hypothalamus make them difficult to cure. Microsurgery, intracystic instillation of radioisotopes, radiation therapy, and now radiosurgery have all been used. Long-term evaluation of patients with craniopharyngiomas is available after various treatment protocols.112,113 The general consensus is that as complete a surgical resection as possible, without creating significant morbidity, should be performed; this is followed by radiation therapy and gives reasonable long-term survival. The ill effects on children after receiving fractionated brain irradiation are well-known.114,115 Good results with resection alone have been achieved but only in the hands of a few neurosurgeons. Even so, long-term results of children with subtotal resection followed by radiation therapy has been shown to be superior to complete resection alone116 and the deficits incurred with aggressive surgery can be considerable.


Gamma surgery as an adjunct to microsurgical resection has been used in lieu of radiation therapy, or in addition to it, at several centers. The instillation of radioisotopes (e.g., P32) into large, nonloculated cystic components of the tumor and gamma surgery for the solid portion is the treatment policy for craniopharyngiomas at our center.


We treated 37 craniopharyngiomas in 35 patients. The prescription doses ranged from 6 to 25 Gy (mean 13.3 Gy). The follow-up ranged between 8 and 212 months with a mean of 62.5 months. Four tumors increased in size. A decrease in the solid component of the tumor was seen in 29 (Fig. 5-14) and no change was seen in 4. However, of the patients whose solid tumors decreased or remained unchanged, 10 developed new or enlarged cystic component with 4 of them requiring further surgical resection and 4 receiving intracavitary P32 instillation. In total, 23 patients improved or remained stable clinically. Twelve deteriorated and 10 of them died from complications of disease or surgeries. The mean 5-year survival rate was 71%.
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FIGURE 5-14 Reduction in size of craniopharyngioma treated with gamma surgery. Residual craniopharyngioma following microsurgery treated with the gamma knife. Contrast-enhanced T1-weighted images before (A) and 4 months after treatment (B). Marked reduction in tumor size. Patient has a normal neurologic examination and endocrine profile.




Several other series have been reported in the use of gamma surgery in the treatment of craniopharyngiomas117,118 with results similar to ours. As larger series with longer follow-up become available it is likely that gamma surgery will either take the place of less discriminate radiation therapy, or be a useful adjunct to it.









Meningiomas


Meningiomas are usually benign, circumscribed tumors that arise from the coverings of the central nervous system and therefore tend to be superficial. Because of these attributes microsurgical extirpation of the entire tumor as well as any involved meninges is the treatment of choice. Unfortunately many meningiomas do not have one or more of the mentioned attributes. Aggressive, locally invasive tumors, especially those invading or involving critical or difficult to control neural or vascular structures and those at the skull base can be problematic in their complete removal. The use of radiation to lower the recurrence rate following microsurgical removal of meningiomas was shown to be beneficial.118–120 Recurrence rates were found to be dramatically decreased, and for patients with residual tumor following surgery the progression of tumor growth was significantly decreased.


We have treated 750 meningiomas at the Lars Leksell center since 1989. The most recent evaluation of our material was for 206 patients with a follow-up of 1 to 6 years. Tumor volume ranged from 1 to 32 cm3. These patients received an average of 38 Gy maximum dose (range 20–60 Gy) and an average peripheral dose of 14 Gy (range 10–20 Gy). There were 142 patients treated for residual tumor and 64 treated with gamma surgery primarily. Imaging follow-up was available for 151 patients. Of the evaluated patients 94 (63%) showed a decrease in the volume of their tumor greater than 15%. No change in size was seen in 40 (26%) and an increase in size in 17 (11%).


Tumors within the parasellar compartment, which is a part of the extradural neural axis compartment, can be difficult to remove with microsurgery without significant morbidity.121,122 Residual tumor attached to still patent vascular or critical neural structures can be targeted with gamma surgery and allows less radical microsurgical resection and a lower incidence of morbidity.


We have recently reviewed the central skull base meningiomas involving the sellar-parasellar space in 138 patients. There were 107 females (78%) and 31 (22%) males. The mean age was 54 years (range 19–85). Mean tumor volume at the time of radiosurgery was 7.5 cm3 (range 0.2–55 cm3). Eighty-four patients had prior microsurgery with partial resection of the tumor. Fifty-four had an upfront gamma procedure. In our assessment, the gamma treatment was optimal in 109 (79%) and nonoptimal in 29 cases (21%). We defined nonoptimal treatment as follows: the part of the tumor close to the optic apparatus did not receive the desired prescription dose, typically because there was no distance between the tumor and the visual pathways. The mean prescription dose used in this series was 13.7 Gy (range 4.8–30 Gy). The mean maximum dose was 34.2 Gy (range 16–60 Gy). The mean MRI follow-up was 82.4 months (range 24–216 months). Sixty-six tumors (48%) shrank (Fig. 5-15), 52 (38%) remained unchanged and 20 (14%) increased in size. Fourteen patients developed new or deteriorated cranial nerve deficits; 11 due to tumor progress and 3 in spite of good tumor control. There was no mortality. Young age, optimal treatment, and smaller tumor size were correlated with better outcome. The tumor progression–free survival at 5 years was 95.4% and at 10 years was 71%.
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FIGURE 5-15 Large left parasellar meningioma residual following microsurgery visualized on postcontrast, T1-weighted axial (A) and coronal (B) MRI. MRI obtained 6 months following gamma surgery shows that the tumor has disappeared (C and D). Repeated control MRI examinations at 5 years show no recurrence of the tumor.




We have long-term follow-up of 10 to 21 years for 31 meningiomas treated with the gamma knife. Two thirds of these tumors have either shrunk significantly or remained stable, and among these were cases where only the vascular supply for the tumor was targeted (Fig. 5-16). This has resulted in significant tumor shrinkage and lasting effect even in the long term. Our practice has been to obtain a stereotactic angiogram prior to gamma surgery for large tumors. This allows treatment to include the vascular supply when ideal treatment is not possible because of radiation dose constraints imposed by the treatment volume or proximity of the tumor to the optic apparatus. Recently we have used MRA source images instead of angiograms to conduct treatment planning. Using MRI, the group from Heidelberg proved that radiation occluded small nutrient vessels of meningiomas providing the rationale for the treatment we have used since 1976.
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FIGURE 5-16 Long-term result of gamma surgery for meningioma. CT scans of a right parasellar meningioma treated with radiation to the nutrient vessels as defined by a CT and angiogram (A and B, respectively). The original size of the tumor is depicted in the pre–gamma surgery axial CT (C), and the last follow-up at 18 years after gamma surgery is shown (D). The tumor has substantially decreased in size.




The primary therapy for meningiomas is microsurgery. The advantage of histologic diagnosis, debulking and reasonable chance of cure secures surgical extirpation as the procedure of choice for this tumor. The tumors most amenable to gamma surgery treatment are less than 10 to 15 cm3 in volume. The ability of gamma surgery to effectively treat small tumors with low morbidity argues strongly, however, for minimizing morbidity during open procedures. The option to treat residual tumor in critical or hard to reach locations should temper the ambition of total surgical removal. This is especially true in locations where complete meningeal resection is impossible and thus the chance of recurrence is high.









Vestibular Schwannomas


Historically and incorrectly referred to as an acoustic neuroma, we prefer the designation of vestibular schwannoma, which recognizes the anatomic and histologic origins of these tumors.123 There may be no other intracranial neuropathology about which the proper treatment arouses as much controversy as the vestibular schwannoma. Neurosurgeons cite the series of surgeons with enormous experience removing these tumors to justify suboccipital removal, while otolaryngologists sacrifice the inner ear during the translabyrinthine approach in an attempt to better expose and preserve the facial nerve. Radiosurgery’s proponents cite excellent tumor control and low morbidity but must acknowledge that although the tumor often shrinks, it is still there. Therefore it is in the best interest of our patients that long-term outcome in patients treated with these three modalities be thoroughly evaluated.


The first vestibular schwannomas treated with the gamma knife were by Leksell and Steiner in 1969.124 Since then more than 36,843 have been treated around the world through 2006. The indications for gamma surgery for this tumor vary. Some physicians advocate gamma surgery in medically high risk patients, patients who refuse microsurgery, and in patients with postoperative residual tumors. However, others advocate gamma surgery as the treatment of choice in nearly all cases of vestibular schwannomas. The usefulness of irradiation in the postoperative period was shown by Wallner in 1987 where external beam irradiation lowered the recurrence rate from 46 to 6% in Boldrey’s surgical series at the University of California at San Francisco.125 By then, gamma surgery was already being widely applied to this disease under many circumstances. The fact is that for a number of reasons few neurosurgeons acquire the necessary competency to satisfactorily extirpate these tumors. This situation may change if a method to improve the acquisition of skills required for extirpation of these lesions is found.


The advent of MRI has made planning for gamma procedures much more exact. With a high-quality MRI scan and a relatively small tumor, the seventh cranial nerve can occasionally be visualized and carefully excluded from the treatment field. The trigeminal nerve can nearly always be identified except with the largest tumors, which in most cases should not be treated primarily with gamma surgery.


Small collimators are used to better match the isodose configuration to the size and shape of the tumor. We have had no brain stem–related complications. Previously we used minimum peripheral doses up to 20 Gy and maximum doses up to 70 Gy. Presently, we use a margin dose of 11 to 13 Gy at the 30% to 50% isodose curve. The incidence of cranial nerve palsies rose considerably at the higher doses without significant improvement in the degree of tumor control.


At the Lars Leksell center, we have treated 470 patients with vestibular schwannomas. A total of 153 of these patients with more than 12 months of follow-up have been reported.126 Radiosurgery was the primary treatment for 96 of such patients and was the adjutant (following microsurgery) in 57. The volume of the treated tumors ranged from 0.02 to 18.3 cm3.


Of the patients treated primarily with gamma surgery a decrease in tumor size was seen in 81% (78 patients), no change in 12%, and an increase in size in 6%. Among those 78 patients with a decrease in the size of their tumors, the decrease was greater than 50% in 20 patients. It is our policy to not consider decreases in volume of less than 15% as significant. This is true of all tumors that we treat. Imaging follow-up for these patients ranged from 1 to 10 years.


Of the 57 patients treated with gamma surgery after microsurgery, a decrease in tumor size was seen in 65%, no change in 25%, and an increase in size in 10%. Among the 37 patients with a decrease in tumor size, the decrease was greater than 50% in 12 patients. The outcome in terms of postradiosurgical volume reduction in patients who had prior microsurgery is worse than those who were primarily treated with gamma surgery. This difference is likely a result of the increased difficulty with accurate targeting in those who have undergone prior microsurgery. Of note, although our experience with treating large vestibular schwannomas is small (n = 19), we have observed a 95% tumor control rate in these following gamma surgery.


In our patients, there were five with transient changes in trigeminal sensation and three with facial paresis. In the first patient, the facial paresis occurred 6 months after the gamma surgery. Unnecessary surgery was performed without asking for our advice and the facial nerve was cut during surgery. Another patient recovered completely in six weeks, and the third has nearly completely recovered at 10 months. Of the patients with useful hearing prior to gamma surgery, 58% retained their hearing following radiosurgery. The majority of hearing changes were observed at the 2-year checkup, and additional auditory changes were observed as late as eight years postradiosurgery.


Other centers report similar rates of tumor control (i.e., with no change or decrease in the size of the tumor) seen in 89% to 100% of patients.127–129


Evaluation of the material from the Karolinska group included evaluation of radiographic changes besides size.130 The most common change was loss of central enhancement within the tumor on either contrasted MRI or CT studies. This occurred in 70% of patients and typically was observed within 6 to 12 months of treatment. However, these changes were reversible. Another change that was observed and that we have often seen is a transient increase in the size of the tumor during the first 6 months after gamma surgery. This is commonly seen in tumors that then regress to their original size or smaller (Fig. 5-17).
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FIGURE 5-17 A right vestibular schwannoma with a volume of 9.3 cm3 shown on a postcontrast, T1-weighted axial MRI prior to gamma surgery (A). Same lesion 6 months after treatment shows central nonenhancement and no change in size (B). At 36 months after treatment, the lesion is again homogeneously enhancing and is significantly smaller (69%) (C). Control MRI examinations for 6 years show that lesion has remained stable.




We have not seen an instance of cerebellar edema or hydrocephalus requiring spinal fluid diversion following gamma surgery for vestibular schwannomas, but both of these have been reported elsewhere.130,131









Astrocytomas


The treatment of astrocytomas, whether low or high grade, is largely defined by the ability to effectively reduce the tumor burden as much as possible and to lessen the rate of recurrence. Except in the case of pilocytic astrocytoma cure is rare. Classically the goal of reducing tumor burden is obtained by gross total resection with a margin of “normal” brain when possible and postoperative radiation in the case of more malignant tumors. The indication for radiation therapy for intermediate grade tumors, chemotherapy, repeat surgical debulking, and other therapies is dependent on several factors, many of which are not clearly defined. Into this cornucopia of choices, gamma surgery has been introduced. Intellectually, we have difficulty accepting the application of a focused technique for an infiltrative process. Nevertheless, recent results showing improved survival indicate that this negative attitude may be inappropriate.


In the case of low-grade tumors, gamma surgery can be used in place of surgical resection when the tumor is in an inaccessible location (e.g., brain stem) or when the patient opts for this alternative. Their small size and relative circumscription make planning straightforward, and fairly good results have been obtained.


For high-grade tumors, gamma surgery may be employed in several ways. If the tumor is small and in an inaccessible location (e.g., thalamus), gamma surgery is used to treat the tumor primarily. Focal or whole brain irradiation is also used as an adjunct therapy. The incidence of radionecrosis is relatively high when aggressive protocols are used and differentiating recurrence from this phenomenon can be problematic. Gamma surgery can also be used as an adjunct to surgical resection. The incidence of residual postoperative tumor is unfortunately not uncommon after “total” surgical resections and care is often taken when the tumor abuts eloquent brain so as not to leave neurologic deficit even at the expense of incomplete gross tumor resection. In these cases, gamma surgery can be used to treat the residual tumor. Whole or focal radiation therapy has been used to lower the recurrence rate after these surgical therapies have been undertaken.






Low-Grade Astrocytomas


We treated 21 pilocytic tumors, 2 subependymal giant cell astrocytomas (Grade II), and 26 Grade II astrocytomas with gamma surgery between 1989 and 2003 at the Lars Leksell center. The median treatment volume was 2.4 cm3 with a range of 0.5 to 36.0 cm3. The median prescription dose was 15 Gy. The mean clinical follow-up was 63 months. Median clinical progression-free survival was 44 months (range 0–118 months). The 5-year clinical progression-free survival was 41%. Eight patients died of disease progression. No information on the cause of the death was available for one patient. The duration of imaging follow-up was 59 months (range 2–118 months). Median imaging progression-free survival was 37 months (range 0–80 months). Five-year, imaging progression-free survival was 37%. At the last imaging follow-up, 37 tumors decreased or remained unchanged and 12 tumors increased in size. Three patients experienced transitory neurologic deficits associated with increased T2 signal on MRI.


Yen et al. reported on a series of 20 patients with brain-stem gliomas presenting with clinical or imaging progression treated with gamma surgery.132 Sixteen tumors were located in the midbrain, four in the pons and one in the medulla oblongata. The mean tumor volume at the time of gamma surgery was 2.5 cm3. Tissue diagnosis was available in only 10 cases (50%). The cases without histology were treated based upon appearance on imaging as well-defined small tumors. Mean prescription dose was 15 Gy (range 10–18 Gy). The tumor disappeared in 4 patients (20%) (Fig. 5-18) and shrank in 12 patients (60%) after a minimal of 12 months of follow-up (mean follow-up 78 months). Transitory extrapyramidal symptoms and fluctuating times of consciousness occurred in one patient. Tumor progression occurred in four patients. One of these four patients required a ventriculoperitoneal shunt for hydrocephalus, two experienced neurologic deterioration, and one died of tumor progression.
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FIGURE 5-18 A pilocytic astrocytoma shown on a postcontrast, T1-weighted sagittal MRI image (A). Annual control MRI examinations were obtained and the latest made 9 years following gamma surgery is shown (B).











High-Grade Astrocytomas


From an intellectual standpoint, it is difficult to understand how a patient with a highly invasive and diffuse tumor like a high-grade glioma can benefit from such a focused treatment as gamma surgery. However, when coupled with chemotherapy and fractionated radiation therapy, the gamma knife can be used to treat the largest concentration of the residual tumor based upon the neuroimaging studies. It seems clear that no single treatment modality in the neuro-oncology armamentarium is a magic bullet for such tumors, and, as such, this multimodality approach to high-grade gliomas is prudent.


We have treated 56 malignant astrocytomas. Our experience has been similar to other reported series133–135 with the majority of patients showing initial decrease in size or remaining stable for a period of time (Fig. 5-19); however, recurrence and progression is the rule with these tumors and no therapy is curative. Because of the differences in histology and the wide variety of therapies and protocols available for these tumors it is difficult to judge the benefit of gamma surgery. Although our group and Nwokedi et al.136 have observed a statistically significant prolongation of life expectancy in the group of patients undergoing aggressive multi-modality treatment (e.g., including some or all of the following: radical tumor debulking, radiation therapy, chemotherapy, and gamma surgery), it remains to be seen if these findings will be borne out in larger, better controlled studies. The limit of the benefit that radiation can contribute to the treatment of these lesions seems to have been reached, hence it may be stated that the dose escalation with the gamma knife in the treatment protocol of this disease will change only marginally the clinical outcome. It is also conceivable that targeting tumor angiogenesis and finding ways to induce apoptosis will have some impact on the management of these cases.
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FIGURE 5-19 Postcontrast, T1-weighted axial MRI demonstrating a right parietal glioblastoma multiforme and associated cyst on postcontrast, T1-weighted axial MRI (A). Same patient 11 months after gamma surgery shows complete radiographic disappearance of lesion (B).














Neurocytomas


Central neurocytomas were described by Hassoun et al. in 1982.137 According to Brandes et al., 210 cases were reported in the literature.138 The histology, biological behavior and clinical course of central neurocytomas may vary from benign to more aggressive patterns.139 Surgical resection is the first choice of treatment. Rades and Fehlhauer compared 108 and 74 patients who underwent complete or incomplete resection.140 At 5 years tumor control rates were 85% and 46%, respectively. If the surgical resection is not total, the residual tumor should be irradiated. The 5-year tumor control rate with postoperative radiotherapy increased from 46% to 83% after incomplete resection but radiotherapy did not seem to improve survival rate.140


With the advent of radiosurgery, it was used as upfront or adjunct therapy following surgery. We used the gamma knife in 7 patients with a total of 9 neurocytomas.141 The mean tumor volume at the time of the gamma procedures ranged from 1.4 to 19.8 cm3 (mean 6.0 cm3). A mean prescription dose of 16 Gy (range 13–20 Gy) was used. After a mean follow-up period of 60 months, 4 tumors disappeared and 5 shrank significantly (Fig. 5-20). One patient had a hemorrhage in the tumor 1 year after gamma surgery and the tumor had decreased significantly at the last follow-up. This patient had a new tumor at some distance of the successfully treated one. Four patients were asymptomatic during the follow-up period and a patient with hemiparesis caused by a previous transcortical resection was stable. A patient died of sepsis due to a shunt infection.
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FIGURE 5-20 Gamma surgery for central neurocytoma. T1-weighted, contrast-enhanced MRI reveals a moderately enhancing neurocytoma spanning both lateral ventricles (A). The last follow-up image obtained 14 years following gamma surgery shows that the tumor decreased in size significantly with only some residual tissue in the septum pellucidum (B).











Chordoma


Skull base chordomas are a rare neoplasm arising from the remnants of notochord. Although histologically benign, these tumors are locally invasive and present significant management challenges. There is consensus that surgical debulking should be performed. Proton radiotherapy has been the mainstay of treatment for recurrent or residual tumors.142,143


Fifteen patients (8 males and 7 females) had undergone gamma surgery between 1990 and 2007 at Lars Leksell center. The median age was 46 years (range 13–80). Twelve patients had undergone tumor resection. Mean tumor volume was 5.8 cm3 (range 1.03–15.6 cm3). The tumors were treated with a mean prescription dose of 12.7 Gy (range 12–20 Gy) and a mean maximal dose of 36.7 Gy (range 28–50 Gy).


Imaging follow-up was available for all patients with a median time of 88 months (range 8–167), and clinical follow-up was available for 11 patients with a median of 70 months (range 8–132). At the last follow-up, tumor control was achieved in five out of 15 patients (33.3%) after initial GKS (Fig. 5-21). Actuarial 5- and 10-year tumor control rates after one gamma surgery was 42.6% and 34%, respectively. Three patients who underwent a second gamma surgery achieved good tumor control. Actuarial 5- and 10-year tumor control rates after one or more gamma procedures improved to 50.3%. Symptomatic progression was seen in 75% of the patients.





[image: image]

FIGURE 5-21 Gamma surgery for chordoma. A 45-year-old male with chordoma was treated with gamma surgery. The size of the tumor progressively decreased. However, after 5 years, recurrence occurred. At the time of retreatment with gamma surgery, the tumor measured 3 cm3 on enhanced, T1-weighted MRI (A). It shrank progressively and, after close to 9 years, measured 0.1 cm3 (B).




For the management of intracranial chordoma, surgery as radical as possible is the main treatment alternative—a goal frequently not achieved and some forms of radiation have to be used as an adjunct. Chordoma is relatively radioresistant and respond best to high doses of fractionated proton radiotherapy. The physical and biological properties of the proton—it carries higher kinetic energy and as they slow down a higher release of energy (Bragg peak)—make it an excellent source of radiation for chordomas. Amichetti et al. in a review article presented the current data on the treatment of skull base chordomas with proton beam and compared the outcomes to those obtained with fractionated photon radiation, ion therapy, fractionated stereotactic photon therapy, and radiosurgery.142 With proton therapy, doses above 70 cobalt Gray equivalent can be applied safely, achieving local control rates at 3 years of 67.4% to 87.5%, at 5 years of 46% to 73%, and at 10 years of 54%. The estimated overall survival rates are 66.7% to 80.5% at 5 years and 54% at 10 years.









Chondromas and Chondrosarcomas


These are rare tumors in the skull base. We have treated four chondromas and eight chondrosarcomas with gamma surgery. More than 50% shrinkage was observed in two cases of chondrosarcomas and three tumors shrank 25% to 50%. None progressed at follow-up, ranging from 1 to 5 years (median 3.5 years).


Muthukumar et al. treated 15 patients (nine with chordomas and six with chondrosarcomas) with gamma surgery and reported their results with an average follow-up of 4 years. Four of their patients had died; only two deaths were related to progression of disease and both of these had progression outside of the treated area. Only one of the surviving 11 had tumor progression, and five had shrunk.144 Gamma surgery seems to be a reasonable treatment alternative for these tumors, but longer follow-up and larger series are required before definitive statements can be made.









Hemangioblastomas


The gold standard treatment for hemangioblastomas is the surgical resection of the solid component of the tumor. It is not necessary to resect, if present, the cystic portion of the tumor. Similarly with gamma surgery only the solid portion of these tumors were targeted. We treated 16 hemangioblastomas with the gamma procedure. Five of them had von Hippel-Lindau disease. The mean prescription dose was 15 Gy. The patients were followed for an average of 21 months. In 12 patients (75%), the solid component of the tumor targeted did decrease in size. In 4 patients, it remained unchanged. It was not uncommon, however, for the cystic portion of the tumor to grow larger regardless of the behavior of the solid portion. During the follow-up, 6 of 16 patients (42%) required surgical drainage for expanding cysts. Although several patients responded well, the high incidence of second, open procedures indicates that the microsurgical removal of hemangioblastomas is in most cases the initial procedure of choice.









Hemangiopericytomas


Hemangiopericytomas are tumors of mesenchymal origin. They are recognized for their aggressive clinical behavior, high recurrence rates, and tendency for distant metastases even after a gross total resection. Initial treatment is usually resection. Upon recurrence, adjuvant treatment is frequently used. Chemotherapy has provided only marginal benefit.145 Radiosurgery or fractionated radiotherapy has been used as alternatives.


Between 1989 and 2008, we treated 28 recurrent or residual hemangiopericytomas in 21 patients with gamma surgery. The median age was 47 years (range 31–61 years). Eight patients had prior fractionated radiotherapy. The mean prescription and maximum radiosurgical doses to the tumors were 17 and 40 Gy, respectively. Thirteen tumors had undergone repeat gamma surgery. The median follow-up period was 68 months (range 2–138 months). At the last follow-up, local tumor control was demonstrated in 10 of 21 patients (47.6%). Of the 28 tumors treated, 8 decreased in size on follow-up imaging (28.6%), 5 remained unchanged (17.9%), and 15 ultimately progressed (53.6%). The progression free survival rates were 90%, 60%, and 29% at 1, 3, and 5 years after initial gamma surgery. The progression free survival rate improved to 95%, 72%, and 72% at 1, 3, and 5 years after one or multiple gamma surgery. The 5-year survival rate after radiosurgery was 81%. In 4 (19%) of 21 patients, extracranial metastases developed.









Metastatic Tumors


Surgical extirpation of a solitary brain metastasis has been shown to significantly prolong survival if the primary disease is controlled. Likewise whole brain irradiation has been show to be of benefit for some tumor types. These conclusions and the well-defined limits on neuroimaging studies of most metastatic lesions make them very amenable to gamma surgery. Because of this as well as the high incidence of these lesions, the treatment of metastatic tumors is presently the most frequent indication for gamma surgery worldwide.


Except for solitary lesions causing mass effect, the treatment of metastatic brain tumors is primarily palliative. In the instance of solitary metastasis the occurrence of long-term survival is not unheard of; however, in general the guiding philosophy is palliation, reversal of neurologic deficits and maintenance of quality of life. There has been some disagreement regarding the total number and volume of tumors that can be treated with gamma surgery in the instance of multiple metastases. Our general guideline is not to treat more than five if that is known to be the case. We have treated more but usually when additional lesions were discovered on the treatment MRI. With the gamma knife model C, if metastatic deposits are located very far from one another in space the ability to treat them all with the same frame placement may be difficult due to the limitation of the space within the treatment helmet. Such consideration makes frame placement for widely separated metastases a challenge at times. The large radiation space within the gamma knife model Perfexion basically eliminates this concern.


Most reports regarding gamma surgery for metastatic tumors report a 7- to 15-month survival following treatment. Local tumor control rates range from 71% to 98.5%. The histology, dosages, and previous treatments vary considerably through the literature. Most centers are using a peripheral dose of 18 to 22 Gy. These doses are adjusted down if whole brain irradiation has been given previously. The reduction of dose in the instance of tumors that appear after whole brain irradiation is possibly not necessary or desirable. In a study comparing the efficacy of surgery plus whole brain radiotherapy with radiosurgery alone in the treatment of solitary brain metastases less than or equal to 3.5 cm in diameter, local tumor control and 1-year death rates did not statistically differ between the two groups.146 In a large, multi-institutional study, the omission of upfront fractionated radiation therapy did not compromise the overall length of survival in brain metastasis patients who had undergone radiosurgery.147 Radiosurgery even appears to be efficacious for treating traditionally relatively “radioresistant” brain metastases such as melanoma and renal cell carcinoma.


We have treated more than 1,000 patients for metastatic tumors to the brain. Evaluation of our series demonstrated an 81% to 97% control rate of treated lesions (disappeared, shrank, or did not change) and a median survival of 8 to 14 months. The usual cause of death was systemic disease.












Lung Carcinoma


Lung carcinoma is the leading cause of death from cancer and the most common source of brain metastases (Table 5-8). Depending on the actual histologic subtypes, lung carcinoma metastasizes intracranially between 13% and 54% of the time. The overall frequency of brain metastasis in patients with lung carcinoma is approximately 32% and between 54% and 64% of patients with lung carcinoma metastatic to the brain harbor or eventually develop multiple lesions.148,149 Treatment options include symptomatic medical management with corticosteroids and whole-brain radiation therapy, which lead to a median survival of 3 to 6 months. Patient with small cell lung cancer developed metastases quite early and adjuvant chemotherapy has also become well-accepted for the treatment of extracranial disease in small cell lung cancer. We have treated 903 metastases in 262 patients with lung carcinoma. The median survival was 15.4 months. Age of less than 65 years, a Karnofsky performance score of greater than 70, and controlled extracranial disease were associated with increased survival.




TABLE 5-8 Outcome of Radiosurgery for Metastatic Lung Carcinoma
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Breast Carcinoma


While improved neuroimaging enable early diagnosis of brain metastases, better treatment of systemic disease increased the frequency of the diagnosis of intracranial metastases as well. Breast cancer is a paradigm in this regard (Table 5-9). The advent of an effective targeted therapy, such monoclonal antibody against HER-2, allows patients to survive much longer than before, thus increased likelihood of central nervous system relapse.




TABLE 5-9 Outcome of Radiosurgery for Metastatic Breast Carcinoma
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Breast cancer is the second most common cause of cerebral metastases. Incidences of metastasis to the central nervous system ranging from 10% to 20% have been reported in clinical series and 30% in autopsy series.150,151 Breast cancer is considered to be a relatively radiosensitive tumor and radiosurgery in the treatment of breast carcinoma that has metastasized to the brain has shown its effectiveness in prolonging overall survival.


We have treated 43 patients with a total of 84 metastatic lesions from breast carcinoma. Overall median survival was 13 months after gamma surgery.152 Analysis revealed that a high Karnofsky performance score and a single lesion correlated with increased survival. Overall median time to local tumor control failure was 10 months. The tumor control rate from the literature ranged from 81% to 94% and the median survival ranged from 13 to 19 months.105,152,153









Melanoma


The incidence of melanoma has progressively risen over the decades (Table 5-10). Melanoma is now the third most common primary tumor associated with central nervous system metastasis. Brain metastases were found in up to 75% of melanoma cases at autopsy and involvement of the central nervous system is the cause of the death in approximately one third of all patients.106 Radiosurgery seems to overcome the problem of radioresistance observed in melanoma. With a single high radiosurgical dose, the tumor control rate following radiosurgery for cerebral metastatic melanoma seems favorable ranging from 61 to 90%. However, the prolongation of survival is not promising with most series reporting median survival in the range of 5.7 to 7.1 months.154–157




TABLE 5-10 Outcome of Radiosurgery for Metastatic Melanoma
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We have treated 90 melanoma patients with a total of 133 tumors. Forty tumors (30%) disappeared, 45 tumors (34%) shrank, 23 tumors (17%) remained unchanged in size, and 25 tumors (19%) grew. Mean prescription dose to the tumor margin was 19 Gy (range 12–23 Gy). The median survival was 10.4 months. A single metastasis and absence of extracranial disease correlated with improved prognosis.









Renal Cell Carcinoma


Renal cell carcinomas are responsible for approximately 2% of cancer deaths in the United States annually, and they have a 10% incidence of developing into brain metastases158 (Table 5-11). The resistance to fractionated radiation therapy and a tendency for limited numbers of metastases make radiosurgery a rational alternative in the management of renal cell carcinoma metastases to the brain. The reported tumor control rate following radiosurgery for metastatic renal cell carcinoma ranged from 83% to 96%.151,159–161




TABLE 5-11 Outcome of Radiosurgery for Metastatic Renal Cell Carcinoma
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A series of 40 patients with 65 renal cell carcinoma brain metastases was treated by us. The average survival was 9.2 months after radiosurgery. A total of 41 tumors decreased in volume, 6 tumors disappeared, and 16 tumors remained unchanged in size (Fig. 5-22). Only 2 tumors increased in size following treatment. An unmatched control group of 119 patients that received external brain radiation therapy had an average survival of 4.4 months.162 Factors associated with longer survival in the group treated with gamma surgery included a higher Karnofsky performance status, absence of extracranial metastases, adjutant whole brain radiation therapy and prior surgical resection. The size and number of metastases did not have a significant effect on survival, although in cases of single metastasis with controlled local disease long-term survival could be achieved.
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FIGURE 5-22 Gamma surgery for renal cell carcinoma. Postcontrast, axial T1-weighted MRI at time of treatment (A), and at 3 months (B) and 1 year (C) following gamma surgery. This patient developed two additional metastases that were subsequently successfully treated with gamma surgery. The patient survived 17 months before succumbing to metastatic deposits outside the brain.











Uveal Melanomas


The most common surgical treatment for uveal melanomas is enucleation, but several centers have relatively large series in the treatment of these tumors with gamma surgery.163–166 Other therapeutic options include radium plaque therapy, and proton beam therapy. The first uveal melanoma treated with gamma surgery was in Buenos Aires167 and gamma surgery has become a more frequently used procedure for this unusual pathology (Fig. 5-23). The use of gamma surgery and its stereotactic technique requires that the eyeball be fixated relative to the stereotactic frame. This is accomplished with retrobulbar blocks and external fixative sutures that are attached to the frame.
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FIGURE 5-23 Gamma surgery for ocular melanoma. Postcontrast, axial T1-weighted MRI at time of treatment (A) and at 16 months (B) following gamma surgery. The tumor shrank significantly.




The Sheffield group reported a series of 29 patients treated and followed for an average of 14 months. The average peripheral dose was 73 Gy, corresponding to the 50% isodose line.163 The dose was delivered in two sessions not more than 8 days apart. All but two patients had good local control. The two failures required later enucleation. Three patients died of metastatic disease. More recent work suggests that a lower margin dose of 41.5 Gy may be just as effective in terms of tumor control but be associated with a lower risk of neovascular glaucoma.168 In a series of 75 patients with uveal melanoma followed for a minimum of 10 months, Simonova et al. reported 84% local tumor control and secondary glaucoma in 25%.169












Conclusions


Technical advances and improvements of the Gamma unit will increase the ease of use of the machine and better defined protocols should improve the clinical results obtained with its use. Other advances in fields such as pharmacology may allow the selective sensitization of tumors or provide protective effect to normal tissue increasing the efficacy and safety in vascular malformation and tumor treatment. In the first stage of development of gamma surgery, it is mandatory to define its usefulness in various pathologies. The elimination of its use when not clinically indicated and to expand its use into new areas when it has been shown to have efficacy are important goals. The rapidly accumulating material from patients that have been treated will define the place of the gamma knife in the armory of neurosurgery.
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Chapter 6 Cortical and Subcortical Brain Mapping




Hugues Duffau





The first goal of brain surgery, especially in neuro-oncology, is to optimize the extent of resection (EOR) of the lesion. Indeed, maximal resection of glioma, when possible, is currently the first treatment to consider, both in low-grade gliomas (LGGs)1 and in high-grade gliomas.2 In the recent series measuring objectively the EOR on repeated postoperative MRI, all of them supported EOR as a statistically significant predictor of overall survival. In WHO grade II gliomas, when no signal abnormality was visible on control MRI, especially on FLAIR-weighted imaging (i.e., the so-called “complete resection”), patients had a significantly longer overall survival compared with patients having any residual abnormality. Interestingly, even in cases of incomplete tumor removal, patients with a greater percentage of resection had a significantly longer overall survival. In addition to the percentage of resection, the postoperative tumor volume is also a predictor of survival, with a significantly longer overall survival when the residue is less than 10 ml (“subtotal resection”) compared with more than 10 ml (“partial resection”).3 In glioblastomas, it was also shown that the complete removal of the enhanced part of the tumor controlled on postsurgical MRI increased the median survival around 17 months, instead of only 12 months if a residual enhancement was left.2


Therefore, the dilemma of cerebral surgery is to maximize the EOR while preserving brain functions. Nonetheless, due to the frequent location of supratentorial gliomas near or within the so-called “eloquent” areas, and due to their infiltrative feature (poorly demarcated), for a long time chances of performing an extensive glioma removal were considered low, whereas the risk of generating postoperative sequelae was high. Indeed, many surgical series have reported a rate of permanent and severe deficit between 13% and 27.5% following removal of intra-axial tumors (for a review, see ref. 4).


Consequently, to optimize the benefit-to-risk ratio of surgery, an increasing number of authors used functional mapping methods over the last decade. Indeed, considerable interindividual anatomofunctional variability was demonstrated in healthy volunteers.5 Furthermore, this variability is increased in cases of gliomas, due to cerebral plasticity, explaining why many patients have no or only a mild deficit before surgery, especially in slow-growing tumor such as LGG.6 It is thus mandatory, for every patient, to study the cortical functional organization, effective connectivity, and brain plastic potential, in order to tailor the resection according not only to oncologic but also to cortico–subcortical functional boundaries.


The goal of this article is to review how, in addition to functional neuroimaging, the method of intraoperative electrostimulation mapping (IESM), at both the cortical and subcortical levels, has enabled significant improvement in the results of glioma surgery, with regard to the impact on the natural history of the tumor as well as on preservation of quality of life. The fundamental implications of IESM will also be considered, especially in the cognitive neurosciences.






Presurgical Functional Brain Mapping: Advances and Pitfalls






Preoperative Neurocognitive Assessment


Gliomas, especially LGG, are usually revealed by inaugural seizures in young patients who have had a normal life, with no or only a mild neurologic deficit. However, recent extensive neuropsychological examinations have demonstrated that most of patients had cognitive disturbances, especially concerning working memory and executive functions.7 This is the reason why a systematic preoperative neurocognitive assessment is now recommended to search the possible neuropsychological deficit not identified by a standard neurologic examination, to adapt the surgical methodology (e.g., functional mapping under local anesthesia) to the results of this assessment, to benefit from a presurgical baseline allowing a comparison with the postsurgical evaluation, and to plan specific functional rehabilitation.


It is nonetheless puzzling to note that these deficits are not more pronounced, despite the frequent location of LGG in the so-called “eloquent areas.” This can be explained by mechanisms of brain reshaping allowing functional compensation in cases of slow-growing lesions. Indeed, it was shown that cerebral remapping was possible, with a recruitment of perilesional or remote areas within the ipsilesional hemisphere and/or recruitment of contra-hemispheric homologous areas. The recent integration of these concepts into the therapeutic strategy has resulted in dramatic changes in the surgical management of LGG patients, with an increase of surgical indications in eloquent regions classically considered “inoperable”.6









Preoperative Functional Neuroimaging: A Necessary Baseline


In this context, advances in functional neuroimaging (FNI), namely functional MRI (fMRI), positron emission tomography and magnetoencephalography, have enabled to perform a non-invasive cortical mapping of the whole brain, and is currently a standard before resection of gliomas. FNI gives an estimation of the location of the eloquent areas (e.g., regions involved in sensorimotor, language, visual, and even higher cognitive function) in relation to the tumor, and provides information with regard to the hemispheric language lateralization. Thus, these methods may be useful for surgical indications, partly depending on the location of the tumor and its relationships with eloquent areas detected by FNI (allowing an estimation of the tumor resectability); surgical planning, namely the selection of the surgical approach and the delineation of the limits of resection; and selection of surgical technique, especially the decision to wake up the patient intraoperatively if the glioma is close to language or cognitive areas—on the basis of the laterality index on FNI in addition to the handedness of the patient provided by the neuropsychological examination.


However, it is worth noting that FNI methods are not yet reliable enough at the individual scale, despite constant improvement efforts, mainly because the results depend on biomathematical models used for reconstruction. Regarding fMRI, correlations with intraoperative electrophysiology demonstrated that the sensitivity of fMRI was currently only around 71% for movement, and from 59% to 100% for language (specificity from 0% to 97%).8 Such discrepancies can be explained by a neurovascular decoupling in cases of glioma (blood-oxygen–level dependence response in the vicinity of gliomas does not reflect the neuronal signal as accurately as it does in healthy tissue), by inadequate tasks (not adapted to the location of the glioma and/or to the neurologic status of the patient), or to methodological problems (e.g., selection of the threshold). As a consequence, there is a risk of false negative and then to operate a patient without intraoperative mapping, although the glioma is actually located in crucial areas for the function, but not detected by preoperative FNI. Moreover, an erroneous interpretation of brain reshaping (“pseudoreorganization”) can be made. Finally, these methods are not able to differentiate the structures essential for the function, which should be surgically preserved, from those which can be functionally compensated and so potentially resected without permanent deficit. Thus, there is a double risk: first, failure to select a patient for surgery while the tumor was operable, and second, to stop the resection prematurely with a lower impact on the natural history of the glioma (or both).


The recent development of the diffusion tensor imaging (DTI) has also allowed the identification of the main bundles and their location in relation to the tumor. However, this new method needs to be validated before it can be used routinely for surgical planning, especially due to the fact that results of DTI, as FNI, strongly depend on the biomathematical models used for the fiber tracking. Indeed, comparison of distinct fiber-tracking software tools found different results, showing that neurosurgeons have to be cautious about applying tractography results intraoperatively, especially when dealing with an abnormal or distorted fiber tract anatomy. Furthermore, correlations between DTI and intrasurgical subcortical stimulation demonstrated that, despite good correspondence, DTI is not yet optimal for mapping language tracts in patients. Negative tractography does not rule out persistence of a fiber tract, especially when invaded by a glioma.9 Moreover, DTI enables study of the sole anatomy of the subcortical pathways, but not their function.


With the aim of overcoming these pitfalls, one can currently consider performing longitudinal studies based on pre-, intra-, and post-operative mapping rather than relying exclusively on static information based on a unique presurgical functional neuroimaging analysis. Consequently, the additional use of invasive electrophysiological investigations is highly recommended for surgery in eloquent structures.









Intrasurgical Functional Brain Mapping: Toward a Hodotopic View of Brain Processing


Intraoperatively, the integration of multimodal imaging into frameless stereotactic surgery was extensively used in the past decade and referred to as “functional neuronavigation.” However, a randomized trial failed to demonstrate significant impact of navigation on postoperative results.10 It can be explained by the limitations of the presurgical neuroimaging detailed above, as well as to the high risk of intraoperative brain shift, due to surgical retraction, mass effect, gravity, extent of resection (especially for voluminous tumors), and cerebrospinal fluid leakage. Several technical improvements have been proposed to reduce the effects of this shift, but their reliability has still to be optimized: combination with intraoperative ultrasound, producing real-time imaging; use of mathematical models based on data from ultrasonography or digital images that track cortical displacement; and intraoperative MRI. Nevertheless, their actual value on the improvement of EOR and preservation of quality of life remains to demonstrate. As a consequence, invasive electrophysiologic investigations currently remain the “gold standard” when operating in eloquent brain structures.


First, the technique of somatosensory- and motor-evoked potentials was extensively used in the past decades for intraoperative identification of the central region. However, its reliability regarding the localization of the rolandic sulcus is not optimal, with accurate localization of the central sulcus reported only 91% to 94%. Estimation of the overall sensitivity and negative predictive value of this method is around 79% and 96%, respectively. Moreover, phase reversal recording identifies only the central sulcus itself, but offers no direct information on the particular distribution of motor function on the adjacent exposed cerebral structures. Also, whereas the method of motor evoked potentials was improved, when recording compound muscle action potentials, only the monitored muscles can be controlled, that is, there is an inability to detect and possibly avoid motor deficits in nonmonitored muscles. Next, monitoring of muscle action potentials does not mean monitoring of complex movements and action adapted to the environment, which is nonetheless the ultimate goal for the patient. Above all, intraoperative-evoked potentials cannot currently be used to map language, memory or other higher functions crucial for patients’ quality of life (for a review, see ref.11).


Numerous authors have also promoted the use of extraoperative electrophysiologic recordings and stimulations via the implantation of subdural grids. Using this method, the patient is in optimal conditions, in his or her room, to perform the tasks; this point is particularly important for children. Moreover, recent advances in the interpretation of the electrophysiologic signal, such as electrocorticographic spectral analysis evaluating the event-related synchronization in specific bands of frequency, have allowed a better understanding of the organization of the functional cortex, and a study of the connectivity, in particular via the recording of “cortico-cortical evoked potential.” However, extraoperative electrophysiologic mapping, typically in grids with 1-cm-spaced electrodes, has limited accuracy. Also, it is necessary to perform two surgical procedures, one to implant grids and a second to remove the lesion. In addition, there is a risk of infectious complications due to the presence of subdural grids over several days. Although this method was extensively advocated in epilepsy surgery, because it also allows detection of the seizure foci, only the cortex can be mapped. It provides no information about the axonal connectivity, that is, mapping of subcortical structures is not possible.









Intrasurgical Cortical and Subcortical Electrostimulation Mapping Methods


Taking into account the advantages and the limits of these different mapping techniques, more and more neurosurgeons advocate the additional use of intrasurgical electrostimulation mapping (IESM), under general or local anesthesia during surgery in eloquent areas.12,13 Indeed, except for tumors located within the motor structures, the mapping is performed in awake patients. However, as previously mentioned, since movements and action are more complex than single muscle contractions, it is also currently proposed to map the motor function under local anesthesia with active participation of the patient.14 The principle is to use IESM as a focal and transitory virtual lesion to obtain an individual functional map both at cortical and subcortical levels, and to test if a structure involved by a lesion is still crucial for the function—which is, for instance, observed in 15% to 20% of LGG cases. Stimulation of an essential area generates a transient disruption of the task performed by the patient, and this area should be preserved. An individual cortical mapping is thus obtained before the resection, which can be tailored according to functional boundaries (Fig. 6-1). Practically, a bipolar electrode tip spaced 5 mm apart and delivering a biphasic current (pulse frequency 60 Hz, single-pulse phase duration 1 millisecond) is applied to the brain. The current intensity adapted to each patient is determined by progressively increasing the amplitude in 1-mA increments from a baseline of 2 mA until a functional response is elicited, with 6 mA as the upper limit under local anesthesia, and with 16 mA as the upper limit under general anesthesia—with the goal of avoiding the generation of seizures. The patient is never informed when the brain is stimulated. At least one picture presentation without stimulation must separate each stimulation, and no site is stimulated twice in succession to avoid seizures. Each cortical site (size 5 × 5 mm, due to the spatial resolution of the probe) of the entire cortex exposed by the bone flap is tested three times. Indeed, it is admitted nowadays that three trials are sufficient to ensure whether an area is crucial for language, by generating disturbances during its three stimulations, and with normalization of the function as soon as the stimulation is stopped. This limitation of trials and tasks is required by the timing of the surgical procedure, because the patient is awake and can be tired at the end of the resection.
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FIGURE 6-1 A, Preoperative language fMRI in a patient with no deficit, showing an LGG that involves the left inferior frontal gyrus (Broca’s area), with an activation immediately in front of the tumor (within the anterior insula). B, Intraoperative views before (left) and after (right) glioma resection, delineated by letter tags. IESM shows a reshaping of the eloquent maps, with a recruitment of perilesional language sites located behind the glioma. There was no crucial site within the left inferior frontal gyrus. Thus, an extensive resection of Broca’s area was possible, by preserving the subcortical connectivity in the depth of the cavity (50, corresponding to the anterior part of the arcuate fasciculus). Stimulation of the anterior insula-generated anomia.49C, Postoperative axial FLAIR- (left) and coronal T2-weighted MRI, demonstrating a complete resection of the glioma, in a patient with no deficit.




Interestingly, recent series show that the surgical procedure can be simplified by avoiding the use of intraoperative electrocorticography despite an equivalent reliability of electrical mapping and without increasing the rate of seizures.12 However, in cases of stimulation-induced seizures, the use of cold Ringer’s lactate is recommended to abrogate the seizure activity. In addition, some authors emphasized the value of “negative mapping” (no identification of eloquent sites) in the setting of a tailored cortical exposure.13 Although such recommendation is acceptable for high-grade gliomas, since the surgical goal is mainly to remove the enhanced part of the tumor, a negative mapping can be dangerous in surgery of diffuse LGG, especially in nonexpert hands. Indeed, due to the fact that LGG is poorly delineated, the limit of the resection will be essentially guided according to functional criteria. Because negative mapping can be due to false negative for methodologic reasons, it does not guarantee the absence of eloquent sites. In the experience reported by Sanai et al., all four patients with permanent postoperative deficits had no positive sites detected prior to their resections.12 Therefore, other authors continue to promote a wider bone flap, in order to obtain a systematic positive mapping before performing the resection.11,12 Moreover, a positive mapping might also allow an optimization of the EOR, since the resection can be pursued until eloquent areas are encountered, that is, with no margin around the functional structures. A recent study demonstrated that in a consecutive and homogeneous series of 115 LGG in the left dominant hemisphere, the rate of permanent deficit remained lower than 2% despite the absence of margin around the language sites.12


IESM allows the mapping of motor function (possibly under general anesthesia, by inducing involuntary motor response, but also in awake patient by eliciting a disturbance of the movement), somatosensory function (by eliciting dysesthesias described by the patient himself intraoperatively), visual function (by eliciting phosphenes and/or visual field deficit described by the patient), auditivo-vestibular function (by inducing vertigo), language (spontaneous speech, counting, object naming, comprehension, writing, reading, bilingualism, switching from one language to another), and also the mapping of higher-order functions such as calculation, memory, spatial cognition, cross-modal judgment or even emotional processing, by generating transient disturbances if the electrical stimulation is applied at the level of a functional “epicenter.”14 It is crucial that a speech therapist/neuropsychologist/neurologist be present in the operative room, in order to interpret accurately the kind of disorders induced by IESM, for instance speech arrest, anarthria, speech apraxia, phonological disturbances, semantic paraphasia, perseveration, anomia, dysculia, and so on. Thus, IESM is able to identify in real-time the cortical sites essential for the function before the beginning of the resection, in order to both select the best surgical approach and to define the cortical limits of the lesion removal.


Another major issue is the use of subcortical mapping throughout the resection, in addition to the cortical mapping before the lesion removal.11,12 Brain lesion studies have taught that damage of the white matter pathways generated more severe deficit than cortical injury. Therefore, the subcortical tracts subserving motor, somatosensory, visual, auditivovestibular, language, and cognitive functions must be detected during the lesion removal, in order to preserve anatomofunctional connectivity while optimizing the EOR, that is, to pursue the resection until eloquent pathways are detected. Interestingly, according to the same principle as that described at the cortical level, IESM can also identify eloquent subcortical structures. It allows the study of anatomofunctional connectivity by directly and regularly stimulating the white matter tracts and deep gray nuclei throughout the resection, and by eliciting functional response when in contact with deep crucial areas (Fig. 6-1). Furthermore, IESM enables a better understanding of the brain connectivity, showing that dynamic cerebral processing is underlain by parallel distributed and interactive networks, the so-called “hodology.”15 This connectionist view also opens the door to the concept of cerebral plasticity, crucial in LGG surgery.


One of the major advantages of IESM for brain mapping in adult patients is that it intrinsically does not cause any false negatives—if the methodology is rigorously applied as detailed previously. Indeed, IESM is highly sensitive for detecting the cortical and axonal eloquent structures, and it also provides a unique opportunity to study brain connectivity, since each area responsive to stimulation is in fact an input gate into a large-scale network, rather than an isolated discrete functional site. IESM, however, also has a limitation, as its specificity is suboptimal. Indeed, IESM may lead to interpretation that a structure is crucial, due to the induction of a transient functional response when stimulated, whereas this effect is caused by backward spreading of the electrostimulation along the network to an essential area, and/or the stimulated region can be functionally compensated thanks to long-term brain plasticity mechanisms. In brief, although IESM is still the gold standard for brain mapping, due to the risk of “false positives,” its combination with new methods such as perioperative FNI and biomathematical modeling is now mandatory, to clearly differentiate those networks that are actually indispensable to function from those that can be compensated.16









IESM: New Insights into Dynamic Functional Organization of the Brain


Complementary methods of functional mapping are used to better understand the pathophysiology of functional areas, and thus to improve surgical planning in various eloquent regions.






Anatomofunctional Organization of Supplementary Motor Area


The supplementary motor area (SMA), namely the frontomesial area located in front of the primary motor area of the inferior limb, is involved in the planning of the movement. Its resection induces the classical “SMA syndrome.” This syndrome is characterized by a complete akinesia and even mutism in cases of lesions of the left dominant SMA, which occurs approximately 30 min following the end of the resection, as observed in awake patients. Then, this syndrome suddenly and spontaneously resolves around the 10th day following surgery, even if some rehabilitation is often needed during 1 to 3 months in order to allow a truly complete functional recovery. Using preoperative fMRI, it has been shown that the occurrence of this syndrome was not related to the volume of the frontal resection, but directly to the removal of a specific structure called the “SMA-proper,” detectable on the preoperative FNI. Thus, on the basis of the presurgical fMRI, it is now possible to predict, before surgery, if an SMA syndrome will occur or not postoperatively, and to inform the patient and his family.17 Moreover, by coupling preoperative fMRI, the pattern of clinical deficit after surgery, and the extent of resection on the postoperative MRI, the existence of a somatotopy within the SMA-proper has been demonstrated—namely, from anterior to posterior: the representation of language (at least in the dominant hemisphere), of the face, then the superior limb, and then the inferior limb (immediately in front of the paracentral lobule). As a consequence, it is also possible to predict before SMA resection the severity and the pattern of the postoperative transient deficit (e.g., only mutism, or mutism and akinesia of the superior limb, or akinesia of the entire hemibody). This has an important impact in planning rehabilitation.









Role of Insula in Language and Swallowing


Although the insular lobe is also frequently involved in tumors, particularly LGGs, this structure was poorly studied over a long period of time for technical reasons. In fact, the insula is an anatomical, cytoarchitectonic, and functional interface between the allocortex and neocortex. Recent FNI studies have enhanced understanding of this multimodal lobe in many functions, in particular in language. Indeed, preoperative fMRI has regularly showed an activation of the anterior insular cortex in the dominant hemisphere during language tasks, as reported in healthy volunteers. Moreover, these results were confirmed by IESM, which induced language disorders, and more specifically articulatory disturbances when applied on the insular cortex, supporting the role of this structure in the complex planning of speech, as previously suggested in stroke studies.18 These data have important implications for the neurosurgeon, since in left dominant (frontotemporo) insular lesions, resection carries a high risk of being incomplete. Moreover, following resection of LGG involving the right nondominant insulo-opercular structures, the induction of a transient Foix-Chavany-Marie syndrome can be observed, that is, a bilateral facio-linguo-pharyngo-laryngal palsy, with a reversible inability for the patient to speak and swallow.









Functional Organization of Broca’s Area


Using IESM, it was shown that the classical “Broca’s area” was not basically involved in speech production, but was in fact implied in several language processings: its posterior part (pars opercularis) is more involved in phonological processing, its superior part (pars triangularis) is implied in syntactic processing, and its anterior part (pars orbitaris) is more involved in a large semantic network that overlays the inferior fronto-occipital fasciculus.19 Interestingly, these results provided by IESM are in accordance with those obtained using fMRI, as shown in a recent meta-analysis of the literature.5









Role of Premotor Cortex in Language


Although many studies have allowed a better clarification of the implication of this structure in motor function, its participation in language remains poorly understood. Interestingly, it has demonstrated using IESM that stimulation of the dominant dorsal premotor area (namely the structure lateral to the SMA, in front of the primary motor area of the hand), induced anomia when stimulated. On the other hand, stimulation of the dominant ventral premotor cortex regularly elicited anarthria.12 These results give strong arguments in favor of the involvement of the dorsal premotor cortex in the naming network, in accordance with fMRI studies which have suggested that this region could participate to lexical retrieval and that its engagement might be related to conceptual category; and the involvement of the ventral premotor cortex in the planning of articulation, explaining why lesion studies have reported that damage of the “lower motor cortex” induced speech apraxia (i.e., aphemia).









Functional Organization of Wernicke’s Area


Concerning lesions located within dominant temporal posterior areas, tasks adapted to test comprehension during IESM have been developed. For instance, a triad of pictures is shown, and the patient is asked to pair them by naming two pictures with conceptual links, such as a pyramid and a palm tree. Interestingly, several sites within the posterior part of the superior temporal gyrus specifically elicited an anomia without comprehension disorders when stimulated, although other sites within the same gyrus elicited only comprehension disorders with preservation of the ability to name, and other areas generated only phonological disturbances. These results give some arguments in favor of the complexity of the functional organization of Wernicke’s area (in accordance with fMRI results) with its participation not only in comprehension, but also in naming phonological processing.5









Role of Angular Gyrus in Calculation


The supramarginal and angular gyri in the dominant hemisphere are known to participate to complex cognitive functions, such as calculation. In patients harboring left posterior parietal LGG, both multiplication and subtraction have been tested using IESM. Interestingly, it was found that functional epicenters more involved in arithmetic facts such as rote multiplication, with tables learned by heart, were located immediately above the posterior end of the sylvian fissure, and thus very close to the language sites. On the other hand, actual calculation such as subtraction recruited functional sites located in the superior part of the angular gyrus, immediately below the intraparietal sulcus, namely close to the areas involved in working memory. These results suggest the existence of a “calculotopy” within the angular gyrus. Despite a transient dyscalculia following surgery, the patients recovered.









Role of Frontal Eye Field and Cingulate Eye Field in Oculomotor Behavior


The functional anatomy of the frontal eye field has also been studied using both preoperative fMRI and IESM. This is a region located laterally and in front of the primary motor area of the face, implied in the regulation of the voluntary and involuntary ocular saccades. Indeed, IESM of this area evoked contraversive smooth eye movements recorded electro-oculographically. Moreover, stimulation of an anterior subregion of this electrically determined frontal eye field disclosed both smooth eye movement and interfered with oculomotor behavior, suppressing self-paced saccades in the awake patient. It is worth noting that the posterior part of the anterior cingulum, namely the “cingulate eye field,” could also play a role in suppression of unwanted saccades (i.e., antisaccades).









Role of the Right Supramarginal Gyrus and Posterior Temporal Areas in Spatial Awareness


The use of a line bisection task during awake surgery in patients with a lesion involving the right parietotemporal junction enables the mapping the areas involved in the spatial awareness. A significant rightward deviation is usually observed during the stimulation of the anteroinferior part of the supramarginal gyrus and the caudal part of the superior temporal gyrus. In other words, a transient and reproducible left neglect is induced by electrical inactivation of cortical sites essential for the visuospatial integration, at the level of the right parietotemporal junction. If these eloquent areas are preserved, the patients show no signs of neglect when examined a few days after surgery. These findings demonstrate that the supramarginal gyrus and the caudal part of the superior temporal gyrus, at least in the right hemisphere, are critical to the symmetrical processing of the visual scene in humans.20









Role of the Left Dorsolateral Cortex in Judgment


For lesions located within the left dominant prefrontal cortex, tasks of cross-modal (visual-verbal) congruent and incongruent judgment have been performed in awake patients. Visual and auditory stimuli were presently simultaneously, both referring to the same item (congruence condition), or not (semantic or phonemic incongruent condition). It was shown that brain areas not involved in naming processing elicited a reproducible deficit of incongruent judgment when stimulated, especially at the level of the left dorsolateral prefrontal region, even if an interindividual variability was observed, as for other functions.21 Preservation of such executive functions is essential for the daily life, in particular regarding decision making and planning of complex strategy.


Interestingly, other anatomofunctional correlations can also be made using functional mapping in patients operated on for brain lesions, in particular with regard to writing, reading, bilingualism and language switching, memory, emotional processing, or even control of micturition.


In summary, the neurosurgeon must adapt his treatment strategy, and in particular the surgical technique (especially concerning the selection of the functional tasks in order to optimize the reliability of the intraoperative mapping, and then the precise boundaries of the resection) to the better knowledge of the functional organization of the brain applied to each patient.












IESM: Study of the Subcortical Connectivity


As previously mentioned, the study of individual anatomofunctional connectivity underlying the eloquent networks is mandatory in brain surgery, to avoid postoperative permanent neurologic deficit.






Subcortical Motor Pathways


In precentral lesion, after detection and preservation of the primary motor cortical areas using IESM, it is also important to detect the corresponding descending motor pathways using subcortical stimulation, and their somatotopy, that is, the different fibers of the corona radiata, with the pyramidal bundles of the lower limb medially, of the upper limb and of the face more laterally. As at the cortical level, these subcortical motor fibers constitute the posterior and deep functional limits of the resection, until the opening of the ventricle. The pyramidal pathways may also be identified at the level of the posterior limb of the internal capsule, in particular in cases of (fronto-temporo-)insular lesion, in which the deep boundaries of the resection are given when subcortical stimulation induce motor responses in the inferior part of the corona radiata up to the superior part of the mesencephalic peduncles.11









Subcortical Somatosensory Pathways


In the same way, the thalamo-cortical somatosensory pathways and their somatotopy can be identified by IESM, which induces dysesthesias in awake patients in cases of retrocentral tumors.11









Subcortical Visual Pathways


Subcortical visual pathways can be mapped in patients who undergo surgery in awake conditions for temporo-occipito-parietal lesion, with induction of a transient “shadow” and/or phosphenes in the contralateral visual field during stimulation of the posterosuperior and deep part of the surgical cavity, sometimes with also metamorphopsia (i.e., visual illusion). Thus, if resection is stopped at this level, patients are left with only a residual quadrantanopsia without any consequence on the quality of life.









Subcortical Language Pathways


In left dominant precentral lesion, after identification of the motor and language cortical sites within the pre-rolandic and inferior frontal gyri (Broca’s area), IESM also enables detection of different language pathways.12 Medially, IESM can identify the fasciculus subcallosal medialis (running from the SMA and cingulate gyrus to the head of the caudate nucleus), which elicits transient transcortical motor aphasia during its stimulation; this tract is involved in the initiation of language. Posteriorly, the fibers coming from the premotor ventral cortex must be detected, inducing anarthria when stimulated: this pathway is crucial for speech production. More laterally, the operculo-insular connections should also be detected, by generating a complete speech arrest during stimulation; these connections are particularly involved in speech planning.


In addition to these locoregional language pathways, IESM also allows the detection of long-distance–association pathways, with first of all, the deep part of the superior longitudinal fasciculus, namely the arcuate fasciculus (AF). Indeed, in patients with a lesion involving the left insula and/or left inferior frontal gyrus, it is possible to identify the anterior part of AF, located within the anterior floor of the external capsule (under the superior part of the insula) and also under the posterior part of the so-called Broca’s area (namely the pars opercularis and pars triangularis of the inferior frontal gyrus). Stimulation induces transient symptoms classically observed in conduction aphasia, associating phonemic paraphasia and repetition disorders. In the same way, AF must also be detected at the level of its posterosuperior loop, located under the supramarginal gyrus, in patients operated on for a left posterior parietal lesion. The same symptoms associating phonemic paraphasias and repetition disorders are induced during stimulation. Again, AF is detected in posterior temporal lesions, the posterior part of its posterior funiculus corresponding to the anterior functional limit of the resection. Finally, the anterior part of the anterior funiculus of AF must also have been used as the posterior functional boundary of left dominant anterior and mid-temporal lobectomy.12 Interestingly, AF seems also to subserve a wide network involved in language switching (from a native language to another language or vice versa): IESM can disrupt such function, crucial to detection and preservation in bilingual patients.


In addition to the AF, there is a lateral part of the supero-longitudinal fasciculus. In particular, in patients harboring a left retrocentral supra-sylvian lesion, IESM detects not only the language cortical sites at the level both of the ventral premotor cortex in front of the tumor and of the supramarginal gyrus and/or angular gyrus behind it, but also a fronto-parietal subcortical network inducing speech apraxia when stimulated. This operculo-opercular loop might underlie the anatomofunctional connectivity of the working memory circuit. Indeed, as recently demonstrated by DTI, this loop corresponds to the anterior segment of an indirect pathway of the classical superior longitudinal fasciculus, which runs parallel and lateral to the AF, by connecting Broca’s territory with the inferior parietal lobe. It seems that this tract might be involved in the vocalization of semantic content. Therefore, this example illustrates well that IESM and DTI can be combined in order to better understand the anatomofunctional connectivity of the brain.15


In addition to this “dorsal phonological root,” IESM has provided arguments supporting the likely role of the inferior fronto-occipital fasciculus (IFOF) in the semantic system, that is, the “ventral semantic root.” Indeed, in patients with a lesion involving the frontal structures immediately in front and above the Broca’s area—namely, the pars orbitaris of the left inferior frontal gyrus and the dorsolateral prefrontal area—the anterior part of the IFOF has been identified under these regions, by eliciting semantic paraphasias during subcortical stimulation. In the same way, IFOF has also been detected, by inducing the same symptoms (i.e., semantic paraphasias) when stimulated, in its intermediate part located within the anterior floor of the internal capsule (in front and inferiorly to the AF, and behind and superiorly to the uncinate fasciculus), in surgery for left insular lesion. Again, IFOF has been detected in left temporal LGG, by eliciting semantic disorders when stimulated, and it constituted the deep limit of the resection (above the roof of the temporal horn of the ventricle).19


Interestingly, it was demonstrated that stimulation of the anterior part of the inferior longitudinal fasciculus, in front of the visual word form area (i.e., the basal part of the temporo-occipital junction, involved in high-level visual processing such as reading), as well as stimulation of the uncinate fasciculus, never generated transient language disturbances, and thus could be removed with no aphasia. It seems that this indirect pathway from the temporo-occipital areas to the prefrontal region, with a relay at the level of the temporal pole (temporo-occipital area, inferior longitudinal fasciculus, temporal pole, uncinate fasciculus, orbito-frontal and prefrontal areas) can be compensated by the direct pathways constituted by the IFOF.12


In addition, IESM also allows the mapping of the deep gray nuclei, sometimes invaded by tumors such as LGG. Indeed, stimulation of the head of the dominant caudate in patients harboring a frontomesial LGG coming in contact of the striatum in the depth, generally generates perseverations namely the repetition of the previous item while the next item is presented to the patient. These results give further arguments in favor of an inhibitor role of the caudate in the control of cognition. Equally, it is important to map the lateral part of the dominant lentiform nucleus, at the end of the resection of insular tumors. Lentiform stimulation induces anarthria, supporting the likely role of this structure in the planning of articulation, in association with the insula and ventral premotor cortex.12


Finally, it is also important to use IESM for language, both at cortical and subcortical levels, for lesion involving the right hemisphere in right-handed or even ambidextrous patients, due to the bilateral distribution of language.


In all cases, these language bundles should systematically constitute the subcortical functional limits of the resection.









Subcortical Pathway Involved in Spatial Awareness


Using a task of line bisection during awake surgery in patients harboring a lesion within the right parieto-temporal junction (as previously described at the cortical level), IESM must also detect the white matter tracts implied in spatial processing, in order to avoid postoperative left neglect. During the stimulation of part II of the superior longitudinal fasciculus, a significant rightward deviation is regularly observed.20 As a consequence, it seems that this parieto-frontal pathway subserves spatial awareness, and that a lesion at its level may generate a permanent left neglect. Stimulation of the right superior longitudinal facsiculus may also induce vertigo by disrupting a large network between the parieto-insular vestibular cortex and the visual and the sensory-motor areas.


These results suggest that damage to restricted regions of white matter can cause the dysfunction of large-scale cognitive networks. Also, these illustrations show that it is possible to adapt the intraoperative testing to each patient with the goal of mapping the subcortical pathway underlying other cognitive functions than language. Interestingly, although IESM of the interhemispheric white matter pathways has been performed, no functional responses were elicited by stimulating the corpus callosum. Such results have allowed resection of LGGs involving this structure without any consequence on the quality of life, whatever the location of the “callosectomy.”


In summary, the vision of the neural basis of cognition begins to shift from a localizationist and then an associationist view toward a “hodologic” organization (i.e., dynamic parallel large-scale networks able to compensate themselves). Indeed, from Lichtheim to Geschwind, cognitive functions such as language were conceived in associationist terms of centers and pathways, the general assumption being that visual and auditory linguistic information were processed in localized cortical regions with the serial passage of information between regions through white matter tracts. Currently, an alternative hodologic account is proposed, in which language is conceived as resulting from parallel distributed processing performed by distributed groups of connected neurons rather that individual centers15 In contrast to the serial model of language in which one processing must be finished before the information enters another level of processing, these new models of “independent networks” state that different processing can be performed simultaneously with interactive feedback. Interestingly, the recent methodologic advances in DTI as well as intraoperative cortico-subcortical electrical mapping have enabled direct observation in humans of the anatomofunctional connectivity that underlies linguistic functions, supporting and completing Mesulam’s large-scale neural network model of language. In particular, it seems that there are at least two parallel pathways, namely the dorsal phonologic stream and the ventral semantic stream, which converge to a common final tract allowing speech production. Furthermore, this entire network is modulated by cortico-striato-pallido-thalamo-cortical loops. Of course, it is worth noting that the goal of this new concept is not to substitute the “cortical centers” (topology) with “subcortical pathways” (hodology), but rather to envision the common interactive processing of both gray and white matters (“hodotopy”).15 The next step to progress in the understanding of brain connectivity might be a more accurate analysis of the interactions between the language circuit and networks underlying other cognitive functions, in particular the visuospatial component in which the role of the superior longitudinal fasciculus has been emphasized, as well as emotional and behavioral aspects. Such a multimodality approach seems to represent a unique opportunity to move toward an integrative model of the various functions. In this way, recent advances in biomathematical modeling of the electrophysiologic and hemodynamic signals, which allow a reliable study of the activity time course within the neuronal networks via the analysis of the synchrony (the so-called “chrono-architecture”), may open a new door to the effective connectivity, that is, the influence that one neural system exerts over another.


Consequently, it is crucial for neurosurgeons to improve their knowledge of anatomofunctional connectivity, and thus to integrate more easily and more systematically the concept of subcortical mapping in surgical strategy. This is desirable because the gliomas, in essence, involve both cortical and subcortical structures, and thus they may alter connectivity. Next, lesions of the white matter may elicit more severe permanent deficits than cortical damage. In addition, such a hodologic view may explain why some epicenters considered essential for language in a localizationist model—for instance, Broca’s area—can be in certain conditions involved by a tumor (or even surgically removed) with no aphasia due to a functional compensation within a large distributed network (i.e., so-called brain plasticity).22












IESM: New Insights into Brain Plasticity


As early as the beginning of the 19th century, two opposing perspectives on central nervous system function were suggested. First, the theory of equipotentiality hypothesized that the entire brain, or at least one complete hemisphere, was implied in the practice of a functional task. Conversely, the theory of “localizationism,” in which each part of the brain was supposed to correspond to a specific function, was built following the seminal description of “phrenology.” Progressively, frequent reports of lesional studies led into an intermediate view, namely a brain organized in highly specialized functional areas, called “eloquent” regions (such as the central, Broca’s, and Wernicke’s areas), for which any lesion gives rise to major irrevocable neurologic deficits, and in “nonfunctional” structures, with no clinical consequences when injured. Based on these first anatomofunctional correlations, and despite descriptions by certain pioneers of postlesional recovery, the dogma of a static functional organization of the brain was dominant for a long time, that is, inability to compensate any injury involving the so-called eloquent areas. However, through regular reports of improvement in functional status following damage to cortical and/or subcortical structures considered as “critical,” this view of a “fixed” central nervous system was called into question. Consequently, many investigations were performed, initially in vitro and in animals, and then more recently in humans since the development of FNI, in order to study the mechanisms underlying these compensatory phenomena, known as cerebral plasticity.


Cerebral plasticity can be defined as the continuous processings that allow short-, middle-, and long-term remodeling of neuronosynaptic organization, in order to optimize the functioning of the networks of the brain during phylogenesis, ontogeny, physiological learning and following lesions involving the peripheral as well as the central nervous system. Several hypotheses about the pathophysiologic mechanisms underlying plasticity have been considered. At a microscopic scale, these mechanisms seem to be essentially represented by synaptic efficacy modulations, unmasking of latent connections, phenotypic modifications, synchrony changes, and neurogenesis. At a macroscopic scale, diaschisis, functional redundancies, crossmodal plasticity with sensory substitution and morphologic changes may be involved. Moreover, the behavioral consequences of such cerebral phenomena have been analyzed in humans in the last decade, both in physiology (ontogeny and learning) and in pathology. In particular, the ability to recover after a lesion of the nervous system, and the patterns of functional reorganization within an eloquent area and/or within distributed networks, allowing such compensation have been extensively studied.23


Interestingly, the field of slow-growing cerebral tumors such as LGGs, has demonstrated that large amounts of cerebral tissue could be removed, inside or outside the so-called eloquent areas, with impressive recovery, with no permanent detectable functional consequences.6,22 Such knowledge combined to the use of IESM allows better study of the dynamic reorganization of the eloquent maps induced by LGGs at the individual scale, and thus opens new surgical indications in classically “inoperable” areas.






Preoperative Plasticity


As already mentioned, it could seem surprising that numerous patients harboring a brain tumor, especially an LGG, typically have only mild functional deficits, in spite of the frequent invasion of eloquent structures. This means that these slow-growing lesions have likely induced progressive functional brain reshaping, as suggested by preoperative FNI. Interestingly, reorganization patterns may differ among patients, a very important concept for the neurosurgeon with the goal to optimize both indications of surgery and surgical planning.6,23 Indeed, despite the limitations of the preoperative FNI previously detailed, these methods have shown that three kinds of preoperative functional redistribution are possible in patients without any deficit. In the first, due to the infiltrative feature of gliomas, function still persists within the tumor, thus with a very limited chance to perform a fair resection without inducing postoperative sequelae. In the second, eloquent areas are redistributed around the tumor, thus with a reasonable chance to perform at least a near-total resection despite a likely immediate transient deficit, but with secondary recovery within a few weeks to months. In the third, a preoperative compensation by remote areas already exists within the lesional hemisphere and/or by the contralateral homologous; consequently, the chance of performing a real total resection of this kind of glioma is very high, with only a slight and very transient deficit. Therefore, in cases of brain lesions involving eloquent areas, plasticity mechanisms seem to be based on an hierarchically organized model: first, with intrinsic reorganization within injured areas (indice of favorable outcome); and second, when this reshaping is not sufficient, other regions implicated in the functional network are recruited, in the ipsilateral hemisphere (close and even remote to the damaged area) and then in the contralateral hemisphere if necessary.23









Intraoperative Plasticity


Intraoperative stimulation before any resection has allowed the confirmation of the existence of a functional reshaping induced by brain lesions, notably with a possible remapping of the motor homunculus and also a reorganization of the language sites. Moreover, acute reorganization of functional maps was equally observed during the resection, likely due to the surgical act itself which can generate a locoregional hyperexcitability, as has been demonstrated in head injury.6 Indeed, in several patients harboring a frontal lesion, although stimulation of the precentral gyrus induced motor responses only at the level of a limited number of cortical sites before resection, an acute unmasking of redundant motor sites located within the same precentral gyrus and eliciting the same movements than the previous adjacent sites when stimulated, was observed immediately following lesion removal. Acute unmasking of redundant somatosensory sites was also regularly observed within the retrocentral gyrus in patients operated on for a parietal glioma. Furthermore, it was equally possible to detect a redistribution within a more larger network involving the whole rolandic region, that is, with unmasking of a functional homologous area located in the precentral gyrus for the first cortical representation and in the retrocentral gyrus for its redundancy (or vice versa). Finally, intraoperative mapping also has a prognostic value concerning the postoperative recovery: a positive response means that the patient will recover.









Postoperative Plasticity


The mechanisms of such a plasticity induced by surgical resection within eloquent areas were also studied by performing postoperative FNI once patients had recovered preoperative functional status. In particular, several patients were examined following resection of gliomas involving the SMA, which elicited a transient postsurgical SMA syndrome (see above). Functional MRI showed, in comparison to the preoperative FNI, the occurrence of activations of the SMA and premotor cortex contralateral to the lesion: the contrahemispheric homologous area thus participated to the postsurgical functional compensation.17












IESM: Therapeutic Implications in Oncologic Neurosurgery


Incorporating individual plastic potential in surgical strategy for gliomas, especially LGGs, has the following goals: extend the indications of resection in eloquent structures previously considered inoperable; maximize the extent of glioma removal, by performing the resection according to (dynamic) functional boundaries, and minimizing the risk of postoperative permanent neurologic deficits or even improving quality of life.23


Consequently, several surgical series showed that it was possible to remove LGGs invading the following eloquent brain structures (Fig. 6-2):




• SMA resection: As previously mentioned, all patients recover, and postoperative fMRI has supported functional compensation by the contralateral SMA and premotor cortex as well as by the ipsilesional primary motor cortex.17


• Insular resection: Despite hemiparesis after right insula removal, likely because this region is a nonprimary motor area, and transient speech disturbances following left dominant insula resection, all patients recover—except in rare cases of deep stroke.18 Moreover, it was possible in right nondominant fronto-temporo-insular LGGs involving the deep gray nuclei, to remove the clautrum without any cognitive disorders (despite its suggested role in consciousness), and also to remove the invaded striatum without inducing motor deficit or movement disorders. This compensation can be explained by a recruitment of parallel subcortical circuits such as pallido-luyso-pallidal, strio-nigro-striate, cortico-strio-nigro-thalamo-cortical, and cortico-luysal networks.


• S1 resection: The first results using pre- and postoperative FNI have suggested the possible recruitment of “redundant” eloquent sites around the cavity within the postcentral gyrus. In accordance with IESM data, results show unmasking of redundant somatosensory sites during resection, likely explained by the decrease of the cortico-cortical inhibition. The recruitment of the second somatosensory area or posterior parietal cortex, primary motor area (M1) (due to strong anatomofunctional connections between the pre- and retro-central gyri), and contralateral primary somatosensory area are also possible factors in recovery.


• Resection of the (dominant) parietal posterior lobe can be performed without inducing any sequelae, and even with a possible improvement in comparison to preoperative status, especially using the pointing task.22


• Resection of nondominant M1 of the face: Recovery of the usual transient central facial palsy, with a potential Foix-Chavany-Marie syndrome when the insula is also involved, is likely explained by the disinhibition of the contralateral homologous sites, via the transcallosal pathways.6


• Resection of M1 of the upper limb: On the basis of the existence of multiple cortical motor representations in humans using fMRI and IESM, the compensation of the motor function could be explained by the recruitment of parallel networks within M1, allowing the superior limb area removal, eventually using two consecutive surgeries in order to induce durable remapping following the first one.


• Broca’s area resection: Language compensation may be rooted in the recruitment of adjacent regions, and in particular the pars orbitaris of the inferior frontal gyrus, the dorsolateral prefrontal cortex, and the insula.23


• Temporal language area resection: Language compensation following left dominant temporal resection could be explained by the fact that this function seems to be organized with multiple parallel networks.5 Consequently, beyond the recruitment of areas adjacent to the surgical cavity, the long term reshaping could be related to progressive involvement of (1) remote regions within the left dominant hemisphere, such as the posterior part of the superior temporal gyrus, the pars triangularis of inferior frontal gyrus, or other left frontolateral regions; and (2) the contralateral right nondominant hemisphere due to a transcallosal disinhibition phenomenon.2
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FIGURE 6-2 Examples of extensive glioma resection performed within eloquent areas using IESM, with preservation the quality of life thanks to brain plasticity. A, Right and left SMA. B, Entire left frontal lobe including Broca’s area. C, Primary sensorimotor area of the face and primary motor area of the hand. D, Primary somatosensory area and parietal lobe. E, Right paralimbic system and left insula. F, Anterior/mid and posterior left dominant temporal lobe. G, Corpus callosum.




It has also been shown that other “eloquent” areas involved by LGG could be resected without inducing postoperative permanent deficit, such as the frontal eye field or the corpus callosum.












Postoperative Functional Mapping: Toward Multiple-Stages Surgical Approach






Postoperative Functional and Oncologic Results


A dramatic improvement of the surgical results was provided by advances in IESM. First, it has been demonstrated that the use of IESM has allowed to significantly increase the surgical indications in eloquent areas which were classically considered as “inoperable.”4


In addition, despite a frequent transitory neurologic worsening in the immediate postoperative period (due to the attempt to perform a maximal tumor removal according to cortico-subcortical functional limits using IESM), leading to a specific functional rehabilitation, more than 98% of patients recovered the same status than before surgery after glioma resection within eloquent brain areas guided by functional mapping, and returned to a normal social and professional life12,13 Even more, at least in LGG, 15% to 20% of patients can improve in comparison to their preoperative neurologic and neuropsychological assessment, and 80% of patients with presurgical intractable epilepsy can benefit from relief of seizures.18 In other words, LGG surgery is currently not only able to preserve brain functions but may also improve patients’ quality of life as demonstrated by extensive neurocognitive assessment performed after the surgical resection. These data support the existence of additional brain plasticity mechanisms occurring after the operation, likely facilitated by a systematic and adapted rehabilitation.23 Interestingly, this rate of less than 2% of sequelae is very reproducible among the teams using IEMS worldwide. In comparison, in series that did not use IEMS, the rate of sequelae ranged from 13% to 27.5%, with a mean around 19% (for a review, see ref. 4).


Finally, a comparative of LGG resection performed without or with IESM showed that the EOR was significantly increased thanks to IESM, along with better functional results following resection within eloquent areas.3,4 Indeed, since IESM allows identification of the cortical and subcortical eloquent structures individually, it seems logical to perform a resection according to functional boundaries. The resection is continued until the functional structures are detected by IESM, and not before, in order to optimize the EOR without increasing the risk of permanent deficit.


Moreover, while extensive resection is still controversial in neuro-oncology, especially concerning LGG, current surgical results support the positive impact of such a “maximal” treatment strategy, with a benefit in the natural history of the tumors that seems to be directly related to the EOR.1–4









Multiple-Stages Surgical Approach and the Role of Serial Mapping


However, the price to pay to obtain such favorable functional results is sometimes to perform incomplete resection of the glioma when the tumor has invaded areas still crucial for the function. A new concept recently proposed is to use postoperative FNI—since it can be easily repeated due to its noninvasive feature—when the patient has totally recovered, in order to compare the new maps to those obtained before surgery. Indeed, even if this method has the limitations detailed previously, subtraction between a pre- and post-operative acquisition may nonetheless show a possible additional functional reshaping due to the (1) resection itself, (2) rehabilitation, and (3) regrowth of the residual tumor (as before surgery).


Interestingly, recent series have demonstrated that such remapping was not a theoretical concept, but a concrete reality. Postoperative FNI performed some months or years following the surgery clearly showed a new recruitment of perilesional areas and/or remote regions within the ipsilesional hemisphere and/or a recruitment of contralateral structures.17 On the basis of these data, a second surgery was proposed in patients who continued to lead a normal life, before the occurrence of new symptoms (except possible seizures), only because of an increase in glioma size. The second surgery was also conducted using intraoperative cortical and subcortical mapping, in order to validate the mechanisms of brain reshaping hypothesized but not proven by preoperative FNI, before performing the additional resection24 (Fig. 6-3). Preliminary results supported the efficacy and the safety of such reoperation for LGGs not totally removed during a first surgery, due to their location within eloquent areas. Indeed, in this recent experience, 74% of resections were complete or subtotal (less than 10 ml of residue) following the second operation, despite no additional serious neurologic deficit; on the contrary, there was improvement of neurologic status in 16% of cases. Again, the seizures were reduced or disappeared in 82% of patients with epilepsy before the second operation. The median time between the two operations was 4.1 years, and all patients were still alive with a median follow-up of 6.6 years despite an initial incomplete resection. Therefore, these original data demonstrated that thanks to mechanisms of cerebral plasticity, it is possible to reoperate patients with an LGG involving eloquent areas with minimal morbidity and increased EOR. However, 58% of tumors had already progressed to high-grade glioma at the time of the second surgery, raising the problem of the timing of reoperation. It was thus suggested to “over-indicate” an early reintervention in order to anticipate the second surgery before anaplastic transformation.25
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FIGURE 6-3 Illustration of the multiple-stages surgical approach. A, Preoperative language fMRI in a patient without deficit, bearing an LGG involving the left premotor area: language activation was very close to the posterior part of the tumor (arrow). B, Intraoperative views before (left) and after (right) resection of the glioma, delineated by letter tags. IESM shows a reshaping of the eloquent maps, with a recruitment of perilesional language sites, allowing a subtotal resection with nevertheless a posterior residue due to invasion of crucial areas (number tags). C, Immediate postoperative enhanced T1-weighted MRI showing the residue. D, Postoperative language fMRI 4 years after the first fMRI, showing recruitment of the contralateral hemisphere, and the posterior displacement of activation previously located at the posterior border of the tumor. E, Intraoperative view during the second surgery, confirming the remapping, and allowing a more extensive tumor resection with no permanent deficit. F, Postoperative, axial FLAIR-weighted MRI showing the improvement of the extent of resection thanks to functional reshaping.




Interestingly, one can currently consider to perform postoperative FNI after rehabilitation and recovery following a second surgery in order to open the door to a possible third or even fourth resection several years after the previous operations. The goal is both to allow the patient to enjoy a normal life as well as to increase overall survival. It is also possible to integrate surgeries within a dynamic therapeutic strategy, including chemotherapy and radiotherapy, especially when a wide removal is not possible for functional reasons.3 To this end, neoadjuvant chemotherapy was recently advocated for LGGs, with the goal of inducing tumor shrinkage before an operation or a reoperation.3












Conclusions and Perspectives


Brain surgery may now benefit from important technical developments in the field of functional mapping, using complementary noninvasive methods of FNI and invasive IESM. Such recent advances have enabled better understanding of the eloquent brain organization for each patient, in order to integrate the concept of inter-individual anatomofunctional variability in surgical strategy. Furthermore, intraoperative real-time subcortical stimulation, in association with cortical mapping, gives a unique opportunity to study the so-called “effective connectivity,” since it allows on-line correlations between discrete and transient “virtual” lesions, which can be performed at each place of a distributed network (each cortical and subcortical sites being perfectly identified anatomically using 3D MRI) and their functional consequences (accurately analyzed by a speech therapist along the surgical procedure). Combination of these intraoperative anatomofunctional data with those provided by DTI (subcortical anatomic data), magnetoencephalography (temporal data), and fMRI (perioperative functional data) could enable one to elaborate individual and predictive models of the functioning of neurono-synaptic circuits, that is, to open a new door to hodotopy.15 Such correlations with IESM, which remains the gold standard regarding functional brain mapping, can also enable to validate the noninvasive method of neuroimaging, especially the new technique of DTI.9


Moreover, such connectionist models may lead to a better knowledge of the dynamic potential of spatiotemporal reorganization of the parallel and interactive networks, namely the mechanisms of brain plasticity, thought to play a major role of functional compensation in slow-growing tumors and in their surgical resection. In this way, individual plastic potential could be better understood using repeated intraoperative mappings combined to postsurgical NFI, and then possibly guiding specific postoperative rehabilitation program in order to optimize the quality of functional recovery.6,22–24


In addition to its fundamental implications, IESM also allows to perform tumor resection according to functional boundaries, therefore, leading to the optimization of the benefit-to-risk ratio of surgical removal in cerebral glioma. Indeed, these new techniques (serial brain mappings) and concepts (hodology and plasticity) have allowed significant extension of resection indications in eloquent areas classically considered as “inoperable,” such as Broca’s area, the insula, and even in the left dominant hemisphere, the central area or the left posterior temporal regions; a significant decrease in the rate of permanent deficit at less than 2%, instead of 13% to 27% (mean 19%) without mapping; improvement in the quality of life, thanks to seizures control (in around 80% of cases, especially in insular and/or temporal LGG) and to cognitive rehabilitation; and a significant increase in the EOR compared with the series without brain mapping, thus with an increased impact on median survival.


In practice, in order to evolve toward a multistage surgical approach (i.e., second or third surgery more extensive than the first one in cases of initial incomplete resection within crucial areas), a dynamic strategy has to be envisaged for functional neuroimaging.24,25 The goal is to switch from a “static” use of a unique preoperative FNI assessment (limited technique with lack of reliability), to longitudinal studies based on repetition of the FNI before and after surgical resection(s), with the goal to analyze a possible brain reshaping at the individual scale, and to select the candidates to reoperation(s). The next step is now to use biomathematical models able to examine brain functional interaction through effective connectivity, in order to attempt to predict before surgery the patterns of postsurgical remapping at the individual scale on the basis of the data provided by the preoperative FNI.
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Factors Influencing Delivery of Chemotherapy to the Brain






Blood–Brain Barrier


Treatment of brain tumors with systemic chemotherapy poses challenges unique to brain tumors. Concentrations of chemotherapeutic agents within central nervous system (CNS) depends on multiple factors, including ability of the agents to cross the blood–brain barrier (BBB), the volume of distribution of the drug in the brain parenchyma and the extent to which the drug is actively transported out of the brain.1 Therefore many promising compounds fail in CNS drug development due to limited access to the target sites in the brain. Foremost is the BBB, which impedes delivery of adequate concentrations of most chemotherapeutic agents to the tumor; others include the brain tumor barrier (BTB), blood–cerebrospinal fluid (CSF) barrier, and brain–CSF barrier.2 Paul Ehrlich first described the BBB in 1985 when he noted that all body tissues except the brain were stained when certain vital dyes were injected intravenously into animals.3


The BBB critically controls the passage of drugs or other compounds from the blood to the CNS and protects the brain from the foreign and undesirable molecules. The major component of the BBB is a monolayer of brain capillary endothelial cells. The restriction of brain penetration arises from the presence of tight junctions between adjacent endothelial cells and interaction between astrocytes and endothelial cells.4 In contrast to other blood vessels in the body, the endothelial cells of brain capillaries lack intercellular fenestrations, and have high electrical resistance and low ionic permeability rendering them relatively impermeable to many water-soluble compounds.2,4 The principal route to cross the BBB is via the lipid-mediated transport of small nonpolar molecules through the BBB by passive diffusion or less frequently by catalyzed transport.5 For a drug to successfully reach the brain parenchyma requires uptake across the luminal (blood-facing) membrane into the endothelial cells, transport across the transcellular membrane, and finally efflux across the abluminal side (brain parenchyma–facing membrane) into the interstitial fluid. The key to successful chemotherapy of brain tumors is adequate drug delivery to the tumor-infiltrated brain around the tumor and the individual tumor cells. To cross the BBB, chemotherapeutic drugs administered systemically must be less than approximately 200 daltons in size, lipid soluble, not bound to plasma proteins, and minimally ionized.2,4 As a result, there is a positive correlation between lipophilicity of the drug and its ability to cross the BBB.









Role of Steroids


Steroids are important in the management of patients with brain tumors particularly in patients with bulky disease and those who have hydrocephalus. Dexamethasone has the best CNS penetration of all the steroids and is most commonly used in practice.6 Steroids decrease CSF production and cerebral blood flow and help to reduce vasogenic edema associated with the tumor. However, the steroid can impair delivery of the chemotherapeutic agents to the tumor.7 The assessment of response to treatment can also be affected by steroid use. Steroids can potentially decrease the degree of gadolinium enhancement that is a surrogate for the leakiness of the blood vessels and decrease the measurable volume of the tumor.8 Guidelines for determining response criteria to chemotherapy now require that the patient be on the same or a lower steroid dose as compared to baseline before determining an objective response.9,10












Mechanisms of Drug Resistance and Strategies to Overcome Resistance






Efflux Transporters


However, uptake can be lower than predicted for drugs as they are subject to extrusion from the brain by active BBB efflux transporters. Drug transporters belong to two major superfamilies, ABC (adenosine triphosphate binding cassette) and SLC (solute carrier) transporters.11,12 ABC transporters are integral membrane proteins, many of which are located in the plasma membrane are primary active transporters, and they couple ATP hydrolysis to active efflux of their substrates against concentration gradients.13 The most extensively studied BBB transporter of the ABC family is P-glycoprotein (P-gp) initially discovered in 1976,14 but members of the multidrug resistance-associated proteins (MRP),15 family and breast cancer resistance protein (BCRP)16 have also been identified in brain endothelial cells and choroid plexus epithelial cells. Anticancer agents were among the first drugs identified to be substrates of BBB efflux transporters, that is, of Pgp as well as MRPs and BCRP.









DNA Repair Enzymes


Methyl guanine methyl transferase (MGMT) is an enzyme that removes chloroethylation or methylation damage from the O(6) position of guanine following alkylating chemotherapy, and hence is involved in DNA-repair.17 Clinical response to alkylating agents such as temozolomide (TMZ) in GBM patients has been correlated to the activity of the MGMT repair enzyme.18 The MGMT gene may be silenced by methylation of its promoter that prevents repair of DNA damage and increases the lethal effect of chemotherapy. O(6)-benzylguanine (O(6)-BG) is an AGT substrate that inhibits AGT by suicide inactivation, and based on these findings, clinical trials with agents such as O6-benzylguanine (O6BG) added to alkylating agents have been pursued that deplete MGMT.19,20 Unfortunately, this approach has been limited by systemic toxicities to date, as the combined toxicity of O6BG and TMZ has required significant dose reductions in TMZ, the presumed active agent for cancer cell death.20


Poly (ADP-ribose) polymerase-1 (PARP-1) is an enzyme that catalyzes the transfer of β-nicotinamide adenine dinucleotide (NAD+) to poly(ADP-ribose).21 PARP-1 enzyme catalyzes the synthesis of polymers for DNA repair after injury, and PARP-1 influences both direct repair and base excision repair of DNA after injury from alkylating agents or ionizing radiation and is a key enzyme in the DNA repair pathways complementary to and downstream of MGMT.21 Hence, the PARP-1 enzyme inhibition is an attractive target for glioma therapy. PARP-1 inhibitors have also been shown to overcome resistance to TMZ in both mismatch repair-proficient and -deficient glioma cells in culture, and numerous PARP-1 inhibitors are in clinical trials in patients with high-grade gliomas.22,23












Strategies to Improve Drug Delivery to Treat Brain Tumors


Most cytotoxic agents do not cross BBB, and conventional methods of drug delivery often results in low levels of drug to the brain; therefore, innovative treatments and alternative delivery techniques are needed. These have included intra-arterial drug administration, high-dose chemotherapy, the use of drug embedded in a controlled-release, biodegradable matrix delivery system, disruption of the BBB by hyperosmolar solutions or biomolecules and convection enhanced delivery.






Intra-Arterial Chemotherapy


The goal of this approach is to deliver chemotherapy intra-arterially so that the tissue perfused by that artery is exposed to higher plasma concentrations of the drug during the first passage through the circulation. The principal advantage to this approach is to maximize the amount of drug crossing through the BBB and minimize systemic side effects. Theoretical modeling suggests that intra-arterial infusion can produce a 10-fold increase in peak drug concentrations as compared to intravenous infusion.24 However, two phase-III trials failed to show a survival benefit for intra-arterial chemotherapy (IAC).25,26 A large trial of over 300 patients with newly diagnosed malignant glioma was conducted by the Brain Tumor Study Group (BTSG) trial to assess the efficacy of IAC chemotherapy in which nutrients were randomly assigned to IAC or intravenous (IV) BCNU with or without IV 5-fluorouracil (5-FU) and radiation therapy (RT). This study was closed early when an interim analysis showed shorter survival times in patients receiving IAC.26 The side effects of the IAC in these two studies included catheter-related complications such as bleeding, infection, thrombosis, treatment-related neurotoxicity, leukoencephalopathy, cortical necrosis, and ipsilateral blindness.25,26









Intra–Cerebrospinal Fluid Chemotherapy


Intra-CSF chemotherapy involves administration of drugs either into the lateral ventricle, usually through a surgically implanted subcutaneous device, such as an Ommaya reservoir27 or instilling the drug into the lumbar subarachnoid space (i.e., intrathecal therapy). The benefit of this approach is that small doses of chemotherapeutic agents given intrathecally can produce high concentrations within the CSF with minimal systemic toxicity. However, abnormal CSF flow and obstruction due to tumor or scarring from prior surgical interventions impair its utility in the treatment for primary brain tumors. Intrathecal administration of drugs has limited penetration into the brain parenchyma, and is generally employed in treatment or prophylaxis of leptomeningeal disease.28 Side effects include increased risks of neurotoxicity (especially with radiation) and chemical meningitis.









Manipulating BBB Permeability or Methods to Cause BBB Disruption


Various agents have been used to modify BBB and/or BTB in an attempt to increase the drug concentration in the tumor.29 Drug delivery to brain tumors can potentially be improved by increasing the permeability of the BBB with hyperosmolar solutions such as mannitol and vasoactive compounds such as bradykinin analogues that induce an osmotic opening of the BBB and BTB.29,30 Hyperosmolar solutions increase capillary permeability by temporarily opening the intercellular tight junctions of the brain endothelium that results in increased movement of water soluble substances. Complications with this approach include increased risk of stroke and seizures,31 and no clinical benefit has been demonstrated with this approach so far.32









High-Dose Chemotherapy


High-dose chemotherapy (HDCT) is theoretically promising as increases the peak concentration of unbound drug in the circulation and can result in greater transfer of drug across the BBB. The associated myelosuppression seen with this approach requires use of autologous hematopoietic cell rescue and treatment-related morbidity is substantial. The survival using this approach is similar to that achieved by conventional chemotherapy or targeted therapy and its use remains investigational.33,34









Wafers/Implantable Polymers


Surgical implantation of solid-phase reagents permits constant drug delivery into the tumor without significant systemic or local side effects. The most commonly used “wafer” is a copolymer matrix with carmustine that is implanted directly into the tumor resection cavity at the time of surgical intervention and has been approved for use in patients with malignant gliomas. This therapy has been approved for patients with newly diagnosed and recurrent high-grade gliomas.35,36









Convection-Enhanced Delivery


Convection-enhanced delivery (CED) involves direct intratumoral infusion with various chemotherapeutic drugs and has been designed to use pharmacological agents that would not normally cross the BBB, and this approach is particularly useful for the delivery of large molecules.37 Drugs are delivered through one to several catheters placed stereotactically directly within the tumor mass or around the tumor or the resection cavity and it allows distribution of substances throughout the interstitium via positive-pressure infusion.38 Several classes of drugs are amenable to this technology including chemotherapeutics or targeted drugs.39 Two multicenter randomized controlled trials in patients with recurrent GBM (PRECISE and TransMID) demonstrated that CED of agents was safe and well tolerated.40 However, no survival benefit was seen in PRECISE, a phase III trial to assess the efficacy of this approach in patients with GBM upon first relapse compared to treatment with carmustine wafers.40 Results of the TransMID trial have not been presented or published yet.












Various CNS Tumors






Low-Grade Gliomas


Low-grade gliomas (LGGs) comprise approximately 20% of CNS glial tumors with approximately 1800 new cases diagnosed each year in the United States.41 Oligodendrogliomas represent 3.7% of all primary brain and CNS tumors.41 Patients with LGGs typically present between the second and fourth decades of life. The optimal role of surgical resection in the long-term outcome of patients with LGG remains controversial, and the debate about the effect on outcome of its timing and extent persists. Nevertheless, surgery continues to be indispensable to provide tissue for histopathologic diagnosis and importantly molecular characterization that is prognostic and helps determine therapy approach. Retrospective studies have shown that more extensive resection rather than simple debulking is more beneficial and that greater than 99% resection yields improved overall survival (OS) and progression-free survival (PFS).42






Radiation Therapy


The value of RT in managing LGGs is controversial. This is due to prolonged natural history of LGGs and these patients are more likely to live long enough to suffer from the late effects of RT. In addition, dose of RT to treat LGGs is not clear. The most commonly used RT for the treatment of LGGs is 54 Gy with a range of 45 to 60 Gy, based on results of the European Organization for Research and Treatment of Cancer (EORTC) trial 2284443 and the North Central Cancer Treatment Group/Radiation Therapy Oncology Group(RTOG)/Eastern Cooperative Oncology Group study.44


In the EORTC trial, there was no significant difference in OS and PFS in patients of LGG treated with 59.4 Gy in 33 treatments or 45 Gy in 25 treatments.43 In the multigroup trial there was no survival benefit of using 64.8 Gy compared to 50.4 Gy.44 A higher dose of RT (64.8 Gy) resulted in higher rates of radiation necrosis, and consequently doses above 60 Gy are avoided in this patient group.44


Moreover, the benefit of RT is limited to improvement in PFS without translating into any improvement in OS as was demonstrated by the EORTC trial 22845.45 This study evaluated the role of up-front RT versus observation in LGG. A total of 311 patients were treated with immediate RT (54 Gy in 6 weeks) or no therapy until progression.45 Up-front RT significantly prolonged the median PFS (5.4 years vs. 3.7 years), but did not result in improvement in OS (7.4 years vs. 7.2 years).45 This suggests that radiation may have a comparable effect whether it is administered early or at subsequent tumor progression.









Chemotherapy


There is no level 1 evidence that postoperative chemotherapy significantly prolongs survival in patients with LGGs. The RTOG 98-02 was a three-arm trial in which 111 patients with a favorable prognosis (age <40 years and gross tumor resection) were followed with observation following surgery. A total of 251 patients with an unfavorable prognosis (age ≥40 years or those who had subtotal resection or biopsy only) were randomized to receive RT (54 Gy in 30 fractions) followed by six cycles of procarbazine, lomustine, and vincristine (PCV), or the same dose of RT only. At the last update of the trial presented at the American Society of Clinical Oncology meeting in 2008, PFS was increased with adjuvant PCV chemotherapy; however, the OS was similar in the two groups.46 However, after 2 years, the addition of chemotherapy to RT did result in a significant OS and PFS advantage suggesting a delayed advantage to chemotherapy.46


Recently, TMZ has been increasingly been used to treat this patient population. In a retrospective review of 149 patients with LGGs treated with TMZ, a partial response (PR) rate of 15% and a minor response (MR) rate of 38% were reported.47 In addition stable disease (SD) was seen in 37% and PD in 10% with a median PFS of 28 months. Tissue from 86 patients showed that codeletion of 1p/19q was associated with a significantly higher response rate (RR), a longer response to TMZ, especially with 1p/19q codeletion improved PFS and OS.47 These results provide strong evidence that LGGs respond to TMZ. Besides LOH 1p/19q, methylation status of the MGMT promoter (MGMTP) predicts response to TMZ in LGG.48 The LGG patients with methylation of MGMTP had an improved PFS compared to those with unmethylated MGMTP when treated with TMZ (p < 0.0001).48












Malignant Glioma


Malignant gliomas (MG) or high-grade gliomas (HGG) include WHO grade IV gliomas, also known as GBM, and WHO grade III gliomas referred to as anaplastic gliomas (AG) (anaplastic astrocytoma [AA], anaplastic oligodendroglioma [AO], and anaplastic oligoastrocytoma [AOA]).49 The goals of surgery are to establish a histological diagnosis and relieve mass effect. Biopsy alone is used in situations where the lesion is not amenable to resection, or the patient’s overall clinical condition will not permit surgery. However, maximal surgical resection while preserving neurological function is preferred.









Glioblastoma






Radiation


Even patients who undergo a gross total resection of their glioblastoma (GBM) have a high recurrence rate, and for over three decades adjuvant radiation therapy has been the standard approach for GBMs. The efficacy of radiation was initially established in the 1970s in a trial of over 300 patients with an AG addition of adjuvant whole-brain radiation therapy (WBRT) to surgical resection resulted in increased median survival from 14 to 36 weeks.50 A seminal analysis of patients treated in the previous Brain Tumor Cooperative Group Trials had established the standard radiation dose to be 60 Gy in the late 1970s,51 and dose escalation above 60 Gy with WBRT has not been shown to provide further additional benefit.52,53 Predominant mode of recurrence in patients with high-grade gliomas treated with radiation has been local failure within 2 cm of the enhancing tumor.54–56 Serious side effects of WBRT such as progressive and irreversible radiation necrosis, with accompanying small blood vessel injury, and demyelination led to the utilization of involved field radiation therapy (IFRT) as the standard approach for adjuvant RT to minimize toxicity. The pattern of treatment failure seen with IFRT are similar to those seen with WBRT and are mostly local failures within 2 cm of the initial tumor.55 In the United States, the RTOG treatment volumes generally used that deliver a 46-Gy dose to the peritumoral edema with a 2-cm margin and a 14-Gy boost to the enhancing tumor with a 2.5-cm margin. In Europe, a full 60 Gy are delivered to a 2- to 3-cm margin around the enhancing tumor without any field reduction. At present, T2 or fluid-attenuated, inversion-recovery magnetic resonance imaging (MRI) sequences are used to identify peritumoral edema, and the T1 sequence with contrast images is used to identify the enhancing portion of the tumor. If the tumor margin is defined upon contrast enhancement, typically a margin of 2.0 to 3.0 cm is used, and a margin of 1.0 to 2.0 cm is used if the RT field is defined by the T2-weighted MRI abnormality. Use of metabolic imaging such as positron emission tomography (PET), MR diffusion and MR perfusion, and MR spectroscopy are promising as they represent areas of activity that may need different treatment planning as compared to that defined by the traditional MRI sequences.57,58 However, they are still largely investigational at present, and are employed to define boost volumes rather than primary target volumes. Further advances in imaging will likely change the method of tumor delineation.


Intensity-modulated RT (IMRT) is a technique that utilizes software and modification of standard linear accelerator output to deliver varied intensity of radiation across each treatment field. IMRT is beneficial especially when the tumor is juxtaposed to radiation-sensitive structures. IMRT is increasingly used these days as it may reduce radiation-related adverse effects59 and can escalate the radiation dose delivered to the tumor. However, as of this writing, no proven benefit has been demonstrated by delivering doses in excess of 60 Gy.59,60









Chemotherapy


The benefit of adjuvant temozolomide (Stupp regimen) was established in a seminal phase III trial, when 573 patients with newly diagnosed GBM were randomly assigned to postoperative involved-field RT (60 Gy in daily 30 fractions) versus the RT plus concurrent temozolomide (TMZ) (75 mg/m2 daily up to 49 days) followed by up to six cycles of adjuvant TMZ (150 to 200 mg/m2 daily for 5 days, every 28 days).61 This study demonstrated a benefit with adjuvant TMZ with a 2.5-month median improvement of OS (12.1 months for RT alone vs. 14.6 months for RT plus TMZ). At 2 years, 26.5% of patients treated with TMZ plus RT were alive, compared with 10.4% of patients treated with RT alone. This benefit was even more impressive at 5 years when 9.8% of patients treated with TMZ plus RT were alive compared to 1.9% patients treated with RT alone.62 However, this study did not include patients older than 70 years of age, which constitutes 20% of all patients with newly diagnosed GBMs (discussed below). It also excluded patients with low performance status who were not independent in activities of daily living, a group constituting at least 10% of all newly diagnosed patients with GBMs in which the treatment plan needs to be tailor made according to the patient’s ability to tolerate RT and or chemotherapy.


As previously mentioned, MGMT is an enzyme responsible for DNA repair following alkylating chemotherapy. During the course of tumor development, the MGMT gene may be silenced by methylation of its promoter, which prevents repair of DNA damage and increases the effectiveness of alkylating agents such as TMZ. MGMT was determined retrospectively from the tumor tissue of 206 patients and appeared to be a prognostic factor for improved survival and was predictive of benefit from chemotherapy.18 For those with MGMT methylation, the 2-year survival rates were 49% and 24% with combination therapy and with RT alone, respectively, while for those without MGMT methylation, the 2-year survival rates were 15% and 2%, respectively. Biodegradable wafers impregnated with carmustine (Gliadel® wafer) that function as a slow-release carrier system for local drug delivery implanted at the time of resection are approved therapy for patients with newly diagnosed MG.35,36 In a phase III trial, 240 newly diagnosed malignant glioma patients were randomized to placement of up to eight carmustine wafers or a placebo, followed by standard RT.35,36 Patients receiving carmustine polymer had a statistically significant increase in median survival (13.9 vs. 11.6 months). This difference in survival, however, was not statistically significant when the analysis was restricted to GBM.35,36 Additional toxicities with Gliadel included increase in the incidence of CSF leak and intracranial hypertension compared to placebo.35,36


Bevacizumab is a monoclonal antibody that binds vascular endothelial growth factor (VEGF), which plays a critical role in the development of the abnormal vasculature observed in tumors including malignant gliomas.63 Two phase II trials that have been reported evaluating the addition of Bevacizumab to standard RT and TMZ (Stupp regimen).64,65 In a study conducted at Duke, a total of 125 patients with newly diagnosed GBM received standard radiation therapy, TMZ, and bevacizumab. At a 21-month follow-up, the median PFS of 13.8 months and median OS of 21.3 months was reported.65 These results are similar to the median PFS and OS of 13.6 and 19.6 months, respectively, in a phase II trial of bevacizumab plus TMZ and RT in patients with newly diagnosed GBM reported by Albert Lai and colleagues.64 These compare with PFS and OS of 7.6 and 21.1 months in the University of California, Los Angeles/KPLA control cohort.64 These two studies demonstrate that patients treated with BEV and TMZ during and after RT may show improved PFS without improved OS compared to the historical control group. The two phase III ongoing studies, RTOG 0825 (NCT00884741) and Hoffmann-La Roche Study (NCT00943826) will help answer the question of whether adding bevacizumab to TMZ and radiotherapy will improve survival of patients with GBM.









Recurrent Glioblastoma






Progression versus Pseudoprogression


Despite recent advances in therapeutics, most patients with GBM develop tumor recurrence after the above therapy. Recurrence is suspected when a previously stable patient develops new neurologic signs and symptoms or when surveillance MRI with gadolinium imaging shows increased tumor size or new enhancement usually accompanied with increased edema. However, clinical and imaging changes may be due to complications such as infection, a decrease in steroid use or radiation necrosis (also referred to as “pseudoprogression”). Radiation necrosis is a well-known late effect of RT of the brain that can mimic tumor recurrence. Pseudoprogression is a similar effect of transient increase in tumor enhancement that has been described after combined chemoradiotherapy and that occurs more rapidly and dramatically than after radiation alone. Pseudoprogression has been noted to occur between 20% and 30% of the cases in recent series.66–68 It has been suggested that “pseudoprogression may occur more frequently in patients with methylation of the MGMT promoter as it increases the effect of chemoradiotherapy on residual tumor and that this translates to the transient worsening of imaging characteristics.69 In the same series, survival in patients with pseudoprogression was significantly better than survival in those whose scans were initially stable (38 months vs. 20.2 months).69 Various novel imaging modalities such as magnetic resonance perfusion with or without spectroscopy, and PET are used to help distinguish between pseudoprogression and true early progression of disease, but are not always reliable, and none has yet been widely accepted as standard practice. In most cases, repeat imaging is helpful to distinguish between the two, while in select cases surgery may be necessary to relieve mass effect and obtain a tissue diagnosis.









Therapeutic Options


When a tumor reaches a certain size, the requirements for oxygen and nutrients lead to the growth of new blood vessels and tumors can promote the formation of new vessels through the process of angiogenesis.70 GBMs are among the most vascular tumors known and hence therapy directed against tumor-associated vasculature is a promising strategy.70 Bevacizumab is a monoclonal antibody directed toward VEGF, and is the prototype of antiangiogenic agents in clinical use for treatment of GBM. Bevacizumab was approved by the Food and Drug Administration (FDA) for recurrent GB in the United States based on two trials of bevacizumab as a single agent or combined with irinotecan in recurrent GBM patients after initial treatment with chemoradiation and adjuvant TMZ. In a randomized, phase II clinical trial, 167 patients with recurrent GBM were treated with bevacizumab alone or bevacizumab in combination with irinotecan; there was no statistically significant difference in the median OS in the group treated with bevacizumab alone (9.2 months) compared to the those treated with combination of bevacizumab and irinotecan (8.7 months).71 The objective response rate was 25.9% in patients who received bevacizumab monotherapy, and there were no complete responses per the outside review. Median duration of response was 4.2 months among the responders and the 6-month PFS (PFS-6) was 36%. The second study by the National Cancer Institute involved 48 recurrent high-grade glioma heavily pretreated patients treated with bevacizumab alone.10 The objective response as determined by independent review was 19.6% and median duration of response was 3.9 months in responders.72 The FDA approved bevacizumab as a single agent based on improvement in objective response rate in these studies, although no increased survival was seen.


Potent anti-VEGF activity of bevacizumab results in normalization of permeable tumor vessels producing rapid and marked reduction in edema and contrast enhancement on neuroimaging.73 This effect of rapid and dramatic improvements in MRI can occur within days of initiation of treatment with antiangiogenic agents such bevacizumab, cediranib, sunitinib, sorafenib, and aflibercept, and is partly a result of reduced vascular permeability to contrast agents rather than a true antitumor effect. These imaging changes can make evaluation of tumor response and progression difficult if one relies on commonly used MacDonald criteria of two-dimensional measurement of enhancing disease. In addition, a subset of patients treated with bevacizumab develop tumor recurrence observed as an increase in the nonenhancing component on T2-weighted/fluid-attenuated inversion recovery (FLAIR) sequences. This likely reflects a phenotypically invasive tumor recurrence pattern due to co-option of normal cerebral vessels and diffuse perivascular spread of tumor cells. Hence, the Response Assessment in Neuro-Oncology Working Group proposed a new standardized response criterion that takes into consideration the challenges of nonenhancing signal abnormality changes, pseudoprogression, and pseudoresponse.10


Carmustine polymer wafers (Gliadel) may prolong survival and has been approved for use after surgery in locally recurrent high-grade glioma.74 A prospective, randomized phase-III trial demonstrated a modest increase in OS from 23 weeks in those patients who received placebo wafers compared to 31 weeks receiving Gliadel.74 However, the study included recurrent low- and higher-grade gliomas, and the benefit in the GBM subgroup was smaller than in the whole cohort. This study predated the use of chemoradiation and adjuvant TMZ, and the benefit of this approach in recurrent GBM patients treated with prior TMZ is unclear.


Other options for patients who have contraindication to bevacizumab or prior to therapy with bevacizumab include rechallenge with alternative dosing schedules of TMZ.75 One of the mechanisms of resistance to TMZ occurs through direct repair of DNA damage by MGMT enzyme, and an effective strategy to overcome such form of resistance is to deplete tumor cell MGMT. TMZ rechallenge with alternative doses and dosing schedules that deliver higher cumulative doses over prolonged periods of time can result in depletion of MGMT,76 and has been shown to be directly toxic to endothelial cells.77 Commonly used TMZ dosing schedules are 75 to 100 mg/m2 (21 days on/7 days off), 150 mg/m2 (7 days on/7 days off), and 50 mg/m2 daily dosing. Similar responses seen in patients with high and low levels of tumor MGMT support the rationale that these regimens may overcome MGMT-mediated resistance.78


Other chemotherapy options for recurrent GBM include nitrosoureas (e.g., carmustine, fotemustine) either as single agent or in combination (most commonly used regimen, PCV) that have shown activity in previously treated patients.79–81 Other chemotherapeutic agents used in this patient population includes carboplatin, etoposide, and irinotecan, which have demonstrated modest efficacy as single agents or in combination regimens.82–85 Recently in a randomized phase III trial of 325 recurrent GBM patients, lomustine was found to be superior to the pan-VEFG receptor inhibitor, cediranib.86









Molecularly Targeted Therapy


In the past decade there has been substantial growth in the number of novel therapies due to increased understanding of the molecular pathways involved in glioma formation and progression. Malignant transformation in gliomas is often the result of the sequential accumulation of genetic aberrations and proliferation of growth factor signaling pathways that include the vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and platelet-derived growth factor (PDGF).87


A number of agents that target VEGF have been developed including bevacizumab. Tyrosine kinase inhibitors that target VEGF pathway include cediranib,88,89 and adnectin.90–92 Small-molecule EGFR inhibitors such as gefitinib and erlotinib are well tolerated in patients with recurrent HGG, but responses have been disappointing.93,94 There are a number of agents that target different signal transduction pathways including PI3K/AKT/mTOR,95,96 RAF-MEK-ERK,97,98 PDGF,99,100, SRC,101 and PKC102 pathways are undergoing trials in patients with high-grade gliomas (Table 7-1). Results from clinical trials with most of these molecular-targeted therapies with the exception of bevacizumab have been disappointing so far. This is likely due to the complexity of the molecular abnormalities in recurrent high-grade gliomas, the redundancy of the signaling pathways, and the inability of many of these agents to cross the BBB.


TABLE 7-1 Selected Molecularly Targeted Agents in Clinical Trials in High-Grade Gliomas






	Drug Name

	Type of Drug

	Targets






	ABT-888

	Tyrosine kinase inhibitor

	PARP-1, PARP-2






	Aflibercept

	Soluble decoy receptor

	VEGF-A,B, PlGF






	AMG 102

	Thrombospondin-1 mimetic peptide

	FGFR, VEGFR2






	Bevacizumab

	Monoclonal antibody

	VEGF-A






	Brivanib

	Monoclonal antibody

	FGF pathway






	Cediranib

	Tyrosine kinase inhibitor

	VEGFR1–3, PDGFRβ, c-Kit






	Cetuximab (Erbitux)

	Monoclonal antibody

	EGFR






	CT-322

	Fibronectin (adnectin)-based inhibitor

	VEGFR1–3






	Dasatinib

	Immunomodulatory and anti-inflammatory

	PDGFRβ, BCR-ABL, c-Kit






	Erlotinib (OSI-774)

	Tyrosine kinase inhibitor

	EGFR






	Everolimus (RAD-001)

	Tyrosine kinase inhibitor

	mTOR






	Gefitinib (ZD1839)

	Tyrosine kinase inhibitor

	EGFR






	Imatinib

	Tyrosine kinase inhibitor

	PDGFRβ, Flt3, c-Kit






	IMC-1121B

	Monoclonal antibody

	VEGR






	Lapatinib (GW-572016)

	Tyrosine kinase inhibitor

	EGFR






	Lenalidomide

	Tyrosine kinase inhibitor

	PDGFRβ, Src, BCR-ABL, c-Kit, EphA2






	Lonafarnib (SCH-66336)

	Farnesyl tranferase inhibitor

	Ras






	Pazopanib (GW786034)

	Tyrosine kinase inhibitor

	VEGFR1–3, PDGFRβ, c-Kit






	Sorafenib

	Tyrosine kinase inhibitor

	VEGFR2,3, BRAF, PDGFRβ, c-Kit, Ras, p38α






	Sunitinib

	Tyrosine kinase inhibitor

	VEGFR2, PDGFRβ, Flt3, c-Kit






	Tandutinib (MLN518)

	Tyrosine kinase inhibitor

	COX-2






	Temsirolimus (CC!-779)

	Tyrosine kinase inhibitor

	mTOR






	Tipifarnib (R115777)

	Farnesyl tranferase inhibitor

	Ras






	Vandetanib (ZD6474)

	Tyrosine kinase inhibitor

	VEGFR2, EGFR, RET






	Vatalanib (PTK787)

	Tyrosine kinase inhibitor

	VEGFR1–3, PDGFRβ, c-Kit






	XL-184

	Tyrosine kinase inhibitor

	VEGFR2, Met, RET, c-Kit, Flt3, Tie-2






	XL-765

	Tyrosine kinase inhibitor

	mTOR, P13K







Source: Modified from Ahluwalia MS, Gladson CL. Progress on antiangiogenic therapy for patients with malignant glioma. J Oncol. 2010;2010:689018.















Elderly Patients


The incidence of elderly patients with high-grade gliomas is increasing. The optimal treatment for this group of patients is unknown as they tend to respond less well to standard chemotherapy and have poorer prognosis than younger patients. A recent population-based analysis of GBM patients aged 65 years and older showed a median survival of only 4 months.103


The optimal dose and schedule of RT in the elderly has not been determined. RT benefit in the elderly was demonstrated in a prospective randomized clinical trial in which 85 patients aged 70 and older with grade-III or -IV gliomas had good performance status. Patients treated with IFRT (50 Gy in 1.8-Gy fractions) had a modest survival benefit over those who received supportive care alone (median survival of 29.1 weeks vs. 16.9 weeks).104 No further deterioration in performance status, quality of life, or cognitive function was seen in the patients treated with radiation.104


An abbreviated course of RT may be appropriate treatment in select groups of elderly patients, especially for those with poor performance status. This was demonstrated in a prospective randomized study of 100 patients with GBM aged 60 years and older who were either randomized to treatment with 40 Gy in 15 fractions over 3 weeks or 60 Gy in 30 fractions over 6 weeks. There was no difference in median survival between the two groups, 5.6 months in the short-course RT group versus 5.1 months in the 6-week RT group, fewer patients discontinued the abbreviated RT schedule (10% vs. 26%), and the short-course RT was better tolerated—only 23% of patients required corticosteroid increases, compared with 49% in the 6-week RT.105


As previously mentioned, the EORTC/NCIC study that established the current standard of care for GBM, RT with concomitant TMZ followed by adjuvant TMZ, excluded patients aged more than 70 years. Due to concerns regarding increased toxicity with combined chemoradiation therapy in older patients, chemotherapy with TMZ has been studied as an alternative to RT.106 At the American Society for Clinical Oncology (ASCO) meeting in 2010, the Nordic Elderly Trial reported that 342 GBM patients aged 60 years and older were randomly assigned to either receive 60 Gy in 30 fractions or 34 Gy in 10 fractions RT or chemotherapy with TMZ (200 mg/m2 for 5 days with cycles repeated every 28 days).107 There was no significant difference in OS between the three treatment arms, with median survival being 8 months for TMZ, 7.5 months for hypofractionated RT, and 6 months for 6-week RT (p = 0.14). The study suggested that hypofractionated RT is preferable to standard 6-week RT in elderly patients, which is consistent with a previous Canadian study.105


The Neurooncology Working Group (NOA) of the German Cancer Society randomized 373 anaplastic astrocytoma or GBM patients aged 65 years and older and Karnofsky performance status (KPS) of 60 or higher to treatment with (1) IFRT of 54 to 60 Gy or (2) TMZ 100 mg/m2 in a 1 week on/1 week off108 regime. The primary aim of the trial was to demonstrate that TMZ treatment is comparable to RT. Longer OS was seen in patients initially managed with RT (median survival 293 vs. 245 days in those treated with dose-dense TMZ).108 The patients in the TMZ arm had an increased risk of death compared with patients in the RT arm, as well as an increased incidence of adverse events, suggesting that RT is preferable in this population.


Another reasonable alternative for treating elderly patients with GBM and poor performance status is therapy with TMZ as demonstrated by the ANOCEF “TAG” trial, a phase II trial of TMZ in elderly patients with GBM and poor performance status (KPS < 70).109 In this multicenter, prospective phase-II trial, 70 patients (10 centers) with a median age of 77 years were treated with TMZ. A PFS-6 of 29% and median OS of 25 weeks observed in this study compared favorably with an expected 12 to 16 weeks from a purely supportive approach.









Anaplastic Astrocytoma






Chemotherapy


The role of adjuvant chemotherapy following surgery in patients with AA is less clear, as there is no level 1 evidence that such treatment improves survival. The EORTC/NCIC phase III trial that established the survival benefit with TMZ excluded patients with AA and no randomized trial has evaluated the benefit of adjuvant chemotherapy in addition to RT in patients with AA. TMZ has been shown to be active in patients with AA in a retrospective analysis of 109 patients from two consecutive trials; adjuvant TMZ was as effective and less toxic than PCV.110 In the analysis, outcomes of 49 patients treated with PCV and 60 with TMZ were compared, and there was no significant difference in the 2-year PFS and the median PFS and OS between the two groups. Adjuvant chemotherapy was discontinued prematurely less often with TMZ than PCV because of toxicity (0% vs. 37%). Due to its better toxicity profile, TMZ has replaced PCV as the treatment regimen for these patients.









Adjuvant Chemotherapy versus Adjuvant RT


A German phase III trial (NOA-4) compared adjuvant chemotherapy to adjuvant RT in a phase III trial of 318 patients with grade III gliomas.111 Following surgical resection, the patients were randomized to adjuvant RT with chemotherapy on progression or to adjuvant chemotherapy (either PCV or TMZ) with RT on progression of the disease. There was no difference in time to treatment failure in the different groups. Similar outcomes were seen in the patients treated with TMZ or PCV.111









Recurrent Anaplastic Astrocytoma


TMZ has demonstrated good single-agent activity with an acceptable safety profile, and improved QOL in patients with recurrent AA.112 In a multicenter phase II trial of recurrent AA treated with TMZ demonstrated a PFS-6 of 46% and objective response rate of 35%.112 Other options for these patients include treatment with bevacizumab and irinotecan.113,114 In phase II trials, this regimen has a demonstrated RR of 55% to 66% with a median PFS-6 of 56% to 61% with an acceptable safety profile.113,114












Oligodendroglial Tumors


Oligodendroglial tumors constitute 5% to 20% of all glial tumors.115 Oligodendroglial tumors exhibit more sensitivity to chemotherapy as compared to nonoligodendroglial tumors. This chemosensitivity was initially reported in 1988 when Cairncross and Macdonald reported dramatic responses to chemotherapy in eight consecutive patients with recurrent AO.116 TMZ is preferred over the PCV regimen these days due to better patient tolerance, ease of administration, and improved patient compliance. There are no randomized trials comparing PCV and TMZ for efficacy in oligodendroglial tumors. Molecular genetic studies have revealed an association between radiographic responses and allelic loss of chromosome 1p, often in association with loss of chromosome 19q.117 The 1p/19q codeletion that is associated with sensitivity to chemotherapy is mediated by an unbalanced translocation of 19p to 1q. Randomized studies have shown that 1p/19q codeletion is associated with a better outcome with RT. Multiple studies have established the activity of PCV in patients with both low-grade and anaplastic oligodendroglial tumors.118–120


Two prospective, randomized, controlled trials of AO and AOA patients have shown that PCV chemotherapy prior to RT does not result in a survival benefit, although it does lead to a longer PFS time. In the RTOG 94-02 trial, patients were randomized to either four cycles of up-front intensified PCV chemotherapy followed by RT or RT only.121 In the second trial, EORTC 26951, patients were randomized to RT followed by adjuvant PCV or RT alone.122 In both the trials, there was improvement in the PFS that did not translate to a survival benefit. In both trials, most of the patients randomized to the RT arm received PCV at progression, which helps explain the longer PFS without improvement in survival time.









Medulloblastoma


Primitive neuroectodermal tumors (PNET) are highly malignant, small, round, densely cellular, blue cell tumors of the CNS, which have a propensity to disseminate throughout the neuraxis. PNETs can originate anywhere within the CNS, although the posterior fossa is the most common site of origin. Posterior fossa PNETs are called medulloblastomas.


Medulloblastomas are the most common malignant brain tumors in children and account for approximately 20% of all pediatric CNS tumors and 40% of all posterior fossa tumors.123 The peak incidence of medulloblastoma is between 5 and 9 years of age,123 with 10% of cases diagnosed within the first year of life, and the incidence decreases with age. Medulloblastomas account for 1% to 3% of all brain tumors in adults.


Dissemination throughout the cerebrospinal fluid, at least at the microscopic level, is assumed for all PNETs, and craniospinal RT is an integral component of the initial management of patients with medulloblastoma, both to control residual posterior fossa disease and to treat any disease that has spread along the craniospinal axis. However, toxicity to the brain and spinal cord limits the doses used.124 Medulloblastoma are quite chemosensitive and respond to a variety of cytotoxic drugs.125 The most active agents include cisplatin, cyclophosphamide, carboplatin, and methotrexate (MTX). However, since chemotherapy is generally administered after craniospinal RT, the use of MTX has largely been abandoned outside of the infant population because of neurologic complications of leukoencepalopathy.126,127


The medical treatment of children with medulloblastoma can be divided into 3 main categories: standard risk medulloblastoma in patients older than 3 years of age, high-risk medulloblastoma in patients older than 3 years of age, and medulloblastoma in infants and young children. The average-risk medulloblastoma are children aged 3 years and older who have undergone a complete or near complete resection, have negative cerebrospinal fluid cytology, and have no evidence of distant metastases. In absence of a clinical trial which is preferred, children are treated with a radiation (23.4 Gy to the craniospinal axis with a posterior fossa boost for a total dose of 55.8 Gy). RT is typically followed by eight cycles of adjuvant chemotherapy with cisplatin, vincristine, and either cyclophosphamide or lomustine.128 This is based on the 5-year, event-free and OS rates of 81% and 86%, respectively, of 379 evaluable children with average-risk medulloblastomas who were treated with this regimen in a phase II trial.128


Craniospinal RT is best avoided in children aged 3 years or younger with medulloblastoma due to high risk of severe neurologic impairment. These patients are treated with combination chemotherapy to either delay or obviate the need for craniospinal RT. The optimal treatment for children with metastatic, unresectable, or recurrent medulloblastoma is unknown; these patients should be included on a clinical protocol whenever possible. In the absence of a suitable clinical study, they are treated with craniospinal RT followed by combination chemotherapy.


In adults, the clinical experience with medulloblastoma is limited, and treatment is done based on experience in children. The optimal treatment for adults with metastatic, unresectable, or recurrent medulloblastoma is unknown, and these patients should be treated in a clinical trial whenever possible. If a clinical trial is not available, a combined modality treatment including craniospinal RT and adjuvant chemotherapy is used. A phase II study involving 95 adults with medulloblastoma patients over a 20-year period was reported recently at ASCO 2010 meeting.129 In this study, low-risk patients defined as no residual disease following surgery were treated only with craniospinal RT while high-risk patients (residual disease following surgery or distant metastases) treated with two cycles of “up-front chemotherapy” (cisplatin, etoposide, and cyclophosphamide) before craniospinal radiation followed by maintenance chemotherapy. For low-risk patients, 10-year PFS and OS rates of 46% and 65%, respectively, were observed, whereas in those with high-risk disease, the 10-year PFS and OS rates were 36% and 45%, respectively.129 The value of adjuvant chemotherapy in low-risk patients and benefits of preirradiation chemotherapy compared with postirradiation chemotherapy is unknown.






Recurrent Disease


Most patients with medulloblastoma that relapse do so within 2 years of completing therapy, and a significant proportion of them relapse with disseminated disease. It is imperative to perform CSF cytology and MRI of the brain and entire spine with and without gadolinium at the time of relapse to determine the full extent of disease. Bone scan and bone marrow examination should be considered in appropriate cases. For infants and young children treated with chemotherapy only at the time of up-front therapy, radiation therapy is an option for patients with local recurrence, albeit at a high cost. High-dose chemotherapy followed by autologous stem cell rescue has also been used effectively as a salvage option.130,131












Meningiomas


Meningiomas are the most common type of primary brain tumors in adults, accounting for one third of total brain tumors.132 Current management for meningiomas consists of surgery, RT, and stereotactic radiosurgery. These approaches are effective in achieving tumor control for most of patients with WHO grade I tumors and a subset of patients with WHO grade II tumors. However, there are limited treatment options for patients with inoperable or higher grade meningiomas who develop recurrent disease following surgery and RT. Chemotherapy use in meningioma is mostly limited to patients who have exhausted all surgical and radiotherapy options.132 The most commonly used agents in treatment of meningiomas include hydroxyurea,133,134 somatostatin analogues,135 and hormonal agents, such as progesterone receptor inhibitors.


Hydroxyurea is an oral ribonucleotide reductase inhibitor that arrests meningioma cell growth in the S phase of the cell cycle.136 Despite initial promising preliminary data, response rates have generally been less than 5%.133,134,137 Chamberlain and colleagues treated 16 patients with recurrent meningiomas with monthly injections of a sustained-release somatostatin preparation (sandostatin LAR).135 Approximately 60% of the patients either had a partial response or achieved stable disease.135 This study has generated considerable interest in the therapeutic potential of somatostatin analogues and a clinical trial involving pasireotide (SOM230), a novel somatostatin analog with a wider somatostatin receptor spectrum (including subtypes 1, 2, 3, and 5) and higher affinity (particularly for subtypes 1, 3, and 5) than sandostatin, is being evaluated in patients with recurrent meningiomas. Although initial studies of the antiprogesterone mifepristone (RU486) were encouraging,138 a prospective randomized SWOG multicenter study failed to demonstrate any benefit.139 In this study of 180 patients, treatment with mifepristone did not result in any improvement in PFS or OS compared to placebo.139


The importance of dysregulated cell signaling as a cause of neoplastic transformation is increasingly apparent and recent studies have identified aberrant expression of critical signaling molecules in meningioma cells. Hence a number of targeted agents have been evaluated in meningiomas. A phase II trial of PTK787 (vatalanib) in 25 patients with recurrent or progressive meningiomas demonstrated partial response in 1 patient (4.0%) and stable disease in 15 patients (60.0%).140 Overall PFS-6 was 57.2% and median time to progression was 7.5 months (intent to treat). Median OS was 26.9 months. A phase II trial of sunitinib (SU011248) of 50 patients with recurrent meningiomas showed a median PFS of 5.1 months and PFS-6 of 36%.141 These studies with targeted therapy suggest that targeted therapy may have a better role than cytotoxic therapies. More studies are warranted as it is likely that these novel therapies will complement traditional approaches such as surgery and radiotherapy and lead to more effective treatments for patients with meningiomas.









Brain Metastasis


The main goals of systemic therapy in patients of brain metastasis (BM) includes control of the existing BM (local brain control), prevention of future BM (distant brain control), and control of the systemic disease (systemic control). Systemic therapies are used either alone or in combination with radiation and generally selected based on their efficacy in specific tumor histology and their ability to successfully penetrate the BBB. Most commonly utilized drugs include cytotoxics like TMZ,142 methotrexate,143 capecitabine,144 topotecan,145 and targeted agents such as lapatinib146 given their ability to cross the BBB and the sensitivity of tumors that commonly metastasize to the brain to these agents. Complications of systemic chemotherapy include myelosuppression, fatigue, immune suppression, gastrointestinal dysfunction, or drug-specific toxicities. Currently, the role of chemotherapy in the management of brain metastases is limited. Many commonly seen brain metastases (from melanoma and non–small-cell lung cancer (NSCLC), are relatively chemoresistant, and the patients often develop BM after use of the most effective chemotherapeutic agents (Table 7.2).




TABLE 7-2 Selected Trials with Chemotherapeutic Agents in Patients with Brain Metastasis
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Non–Small-Cell Lung Cancer


Response rates of patients with non–small-cell lung cancer (NSCLC) with BM chemotherapy are highest in patients without any prior history of systemic treatment or RT. Chemotherapeutic agents commonly used in this patient population include platinum agents (cisplatin147), premetexed,148 TMZ,149 topotecan,150 and targeted agents such as gefitinib151 and erlotinib.152 The response rates to these chemotherapies range between 5% and 38%.148 Increasingly, targeted therapies such as gefitinib and erlotinib are being used in the treatment of NSCLC patients with BM. In a prospective study of 41 consecutive NSCLC patients with measurable BM, four patients treated with gefitinib (250 mg daily) demonstrated partial response (PR; 10%) and SD in seven patients (17%).151 Median duration of PR was 13.5 months and a median PFS of 3 months was observed.151 Patients who are more likely to have an activating mutation of the EGFR have reported substantially higher response rates to these therapies.152 In a study of the 23 Korean patients, never-smokers with adenocarcinoma of the lung, 16 (69.6%) achieved a PR, and 3 experienced SD.









Small-Cell Lung Cancer


Varied response rates between 27% to 82% have been reported when previously untreated patients of small-cell lung cancer (SCLC) that present with BM are treated with chemotherapy.153–155 Response rates in previously treated patients with brain metastases are considerably lower and comparable to the response rates seen with extracranial disease in patients with SCLC with second-line chemotherapy.153 To further improve the response rates, combination approach of chemotherapy and RT was compared to chemotherapy alone.156 In a phase III EORTC trial, 120 patients with BM from SCLC were randomized to treatment with teniposide alone or teniposide and RT. Although the response rate in the combined modality group was significantly higher (57%) than in the teniposide-alone group (22%), this did not result in a prolongation of survival, likely due to progression of disease outside the brain.









Breast Cancer


Chemotherapeutic agents used in the treatment of brain metastases in patients with breast cancer include capecitabine,157 TMZ,158 etoposide,159 and platinum agents.159 One hundred consecutive breast cancer patients treated with different combinations of chemotherapy showed an objective response rate of 50% and a median duration of response of 7 months.160 However, in this study less than 10% of patients had received adjuvant chemotherapy and approximately half had not received chemotherapy for metastatic disease, and hence it is difficult to extrapolate these response rates today, as most of the patients with breast cancer have been heavily pretreated by the time they develop brain metastasis. Recently targeted agents such as lapatinib are increasingly being used in the treatment of HER2 positive breast cancer patients. Two single-arm clinical trials have shown promising outcomes in these traditionally poor-prognosis patients when treated with lapatinib, an orally active, small-molecule inhibitor of epidermal growth factor receptor (EGFR) and HER2, in patients with refractory CNS metastases.161,162 An objective RR of 20% was seen in patients who entered the lapatinib-plus-capecitabine extension.161









Melanoma


Brain metastasis from melanoma is generally resistant to cytotoxic chemotherapy, and systemic treatment has been ineffective in the management of melanoma BM until recent approval of ipilimumab in patients with metastatic melonoma. In a phase II trial of metastatic melanoma patients with brain metastasis, impressive activity was seen with ipilimumab. In this phase II trial, 51 patients were treated in Arm 1, of which five patients had a global PR and four SD, for an overall global disease control rate of 17.6% in this cohort of patients. Similar response rates were seen in patients with CNS disease compared to systemic disease. This offers an exciting option for these patients with dismal outcomes. TMZ has systemic activity in patients with advanced melanoma, and although objective responses to TMZ have been reported, the overall response rate is less than 10%.163,164 A combination approach of chemotherapy and RT was compared to chemotherapy alone in a prospective randomized phase III trial of fotemustine plus WBRT versus fotemustine alone in patients with BM from malignant melanoma.165 Although the addition of fotemustine to WBRT significantly increased the median time to progression of BM, it did not improve the RR or OS.165


Defining chemotherapy’s role in BM management is made challenging by the limited number of studies conducted. Many trials have included patients with various tumor types, and there is no restriction to the number of prior therapies, a majority of these patients have uncontrolled systemic disease which are responsible for the death in these patients. A chemotherapeutic agent of choice should be chosen based on a patient’s functional status, extent of disease, ability of the drug to cross the BBB, volume and number of metastases, previous therapies, type of primary cancer, and the molecular characteristics of the tumor. More clinical trials using chemotherapy in patients with BM are desperately needed, and it is crucial to enroll these patients in clinical trials if available.









Leptomeningeal Metastasis


Leptomeningeal metastasis (LM) or neoplastic meningitis (NM) refers to the dissemination of cancer to the arachnoid mater, CSF, and pia mater, which occurs in approximately 2% to 8% of all patients with cancer.166 LM is diagnosed in 1% to 5% of patients with solid tumors, 5% to 15% of patients with leukemia (often referred to as leukemic meningitis), and lymphoma (called lymphomatous meningitis), and 1% to 2% of patients with primary brain tumors.167 Breast, lung, and melanoma are the most common cancers that metastasize and involve the leptomeninges. LM usually occurs in patients with progressive systemic cancer (>70%), but can be the first manifestation of cancer in ~5% of the patients.168






Radiotherapy


External beam radiotherapy (RT) is often used in patients with LM.169 RT is used for palliation of symptoms (cauda equina syndrome), correction of CSF flow abnormalities and if bulky disease is present when IFRT is the modality used. RT is used to treat bulky disease as intrathecal chemotherapy is limited by diffusion to 3-mm penetration into tumor nodules and is not effective in bulky disease.170









Intrathecal Chemotherapy


Intrathecal (IT) chemotherapy is the mainstay of treatment of LM. The most commonly used IT chemotherapeutic agents for LM methotrexate (MTX),171 cytarabine (Ara-C),172 depocyt ®,173 and less commonly, thiotepa.174 Usual schedule includes induction phase (4–6 weeks), followed by consolidation phase and maintenance phase. Complications of IT include those related to the ventricular reservoir and due to chemotherapy itself.170 Chemical aseptic meningitis is the most frequent complication observed, and leukoencephalopathy can occur, especially when the combination of RT and IT is used.173
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Chapter 8 Current Surgical Management of High-Grade Gliomas




Ray M. Chu, Keith L. Black





The malignant glioma has been the neurosurgeon’s eternal hydra, continually growing despite treatment. The category “high-grade glioma” (HGG) is heterogeneous, including mainly anaplastic astrocytoma (AA), glioblastoma multiforme (GBM), gliosarcoma, and anaplastic oligodendroglioma (AO). The incidence of new primary brain tumors in the United States is estimated to be 18 per 100,000, resulting in approximately 40,000 new primary brain tumors per year, 22,000 of which are high grade.1 A total of 12,920 deaths in 2008 were attributed to primary malignant brain tumors.2 Despite continually renewed efforts at treating HGGs, the odds of significant long-term survival have remained poor and stable for the past three decades with 2% to 4% of patients with GBM surviving to the 5-year point.3






Preoperative Workup


Magnetic resonance imaging (MRI) with and without gadolinium is essential for preliminary differential diagnosis, decision for surgery, and operative planning. Thallium SPECT scan, PET scan, or MR spectroscopy may help in determination of high grade versus low grade tumor, although none of these studies is definitive, and differentiation between HGGs and metastases is difficult.4 These studies are more helpful in cases with previous surgery and radiation in determining recurrent tumor vs. radiation effect, especially MR spectroscopy and MR perfusion. For selected patients who cannot undergo MRI (e.g., patients with a cardiac pacemaker), CT with and without contrast provides similar, albeit less detailed information. CT perfusion may be an aid in better defining the tumor from cerebral edema as well as help with the potential for post-treatment radiation effects.


A Wada (intracarotid amobarbital) test is the definitive, albeit invasive, method to establish cerebral hemispheric dominance for language and memory. It is required for procedures in patients with a seizure disorder with tumor in whom a formal temporal lobectomy is planned. A Wada may be useful in selected other patients, such as patients with a dominant hemisphere temporal lobe tumor in whom tumor resection without temporal lobectomy is planned. Although both functional MRI and a Wada test offer similar information about cerebral dominance,5,6 a Wada test does not offer anatomic localization of critical areas for language as MRI does nor truly investigates the potential bilaterality of language.7,8 Functional MRI is more useful than a Wada test for lesions of the dominant hemisphere near the motor cortex, frontal lobe pars triangularis and opercularis (Broca’s area), or Wernicke’s area. With changes in metabolic activity and blood flow demand, an active area of the brain during a silent speech or motor task becomes infused with more oxygenated blood; this change can be detected since oxygenated blood carries a different paramagnetic signal than deoxygenated (blood oxygen level–dependent or BOLD signal) (Fig. 8-1).9,10 One limitation of functional MRI is that it becomes less useful in patients with a recurrent tumor because of altered vascular patterns and MR artifacts from the previous surgery. Some patients require both a Wada and a functional MRI as part of preoperative planning.





[image: image]

FIGURE 8-1 Functional MRI during a silent speech task in a patient with a glioblastoma of the left temporal glioblastoma (left and right are reversed).











Cytoreduction


Although decompression of mass effect is a surgical goal and influences symptomatic survival, controversy exists over whether the extent of resection influences survival or time to progression for HGGs. Dandy originally proposed hemispherectomy for selected patients with malignant tumors, but there was no significant effect on mortality.11 Next, there were data suggesting that for GBMs, biopsy and resection were equivalent in terms of survival, and that it was really postoperative radiation that had a meaningful effect on survival. More recently, the Glioma Outcomes Project reported a statistically significant extension of survival for patients with HGGs who undergo resection over biopsy (median survival 51.6 weeks vs. 27.1 weeks, respectively).12 This study was limited by lack of central pathologic review, lack of quantification of amount of resection, sampling error from a biopsy, and selection bias in biopsy vs. resection. Other surgeons have also reported extension of survival for patients with 90% or better resection; resection better than 98% was associated with a median survival of 13 months versus 8.8 months with less than 98% in one study.13 In a recent series focused on the GBM population for patients given aggressive (but not always gross total) resection, Gliadel chemotherapy wafers, radiation, and Temodar, median survival was 20.7 months, and the 2-year survival rate was 36%.14 Additionally, subtotal resection, the volume of residual tumor at the time of first recurrence, may negatively influence response to chemotherapy in terms of time to progression and overall survival.15 Thus, it is not clear that only a biopsy should be performed if a surgeon is facing a tumor that cannot totally be resected. However, even gross total resection does not truly address the diffuse nature of malignant gliomas.









Intraoperative Imaging


Even with continual improvements with operating microscopes, some form of intraoperative imaging or navigation is useful. A high-quality intraoperative ultrasound assists in many types of surgeries, but cannot aid in incision and craniotomy planning. Also, many tumors, especially lower-grade tumors, may not be dense enough compared to the normal brain to be visualized adequately by this method. Ultrasound is more helpful when the density difference is greater, such as if there is a hematoma to evacuate in addition to the tumor, if there is a cystic component, or if there is a need for ventricular access.


Frameless stereotactic navigation is very helpful in a craniotomy for tumor resection—some would say essential. This technology incorporates a preoperatively obtained MRI with fiducial markers that are left in place on the scalp. In the operating room, these markers or contours of the face can be registered in reference to a frame that is visualized by a computer via an optical apparatus, electromagnetic waves, or mechanical arms. This technology allows the surgeon to visualize points on the scalp and skull and compare them to the MRI, aiding in planning of a small, localized incision and craniotomy as well as ensuring that the exposure of the lesion is adequate. Surgical navigation can be performed intracranially with a localizing probe or with image fusion into the operating microscope based on focus depth. Because frameless navigation is based on a preoperative set of images without updating in the operating room, the surgeon needs to account for brain shift during the procedure. Brain shift up to 2 cm can occur, and is more common with increased patient age, cortical rather than subcortical structures, larger tumor volume, and lesions far from some point of tethering such as the skull base or falx.16 Once brain shift is taken into account, resection to the imaging abnormality borders (when safe) assists in the goal of cytoreduction.


Intraoperative MRI systems are available as well. Low-field (<0.5-T) systems allow most normal operating room equipment to be used throughout the case except right at the point of imaging.17,18 Because the imaging can be updated, the surgeon does not need to account for brain shift. For craniotomies, once resection is deemed complete by the surgeon, an MRI can be performed to assess whether there is occult residual tumor, aiding in the aim of cytoreduction. These systems offer a smaller field of view, less detailed images, longer acquisition time, and fewer types of imaging options than conventional diagnostic MRIs.


High-field (1.5-T) systems exist, which offer all the imaging capabilities of a standard, diagnostic MRI.19 A biopsy needle can be watched in near–real time as it is passed to target and verified at the target before samples are taken. With craniotomies, intraoperative imaging can confirm completeness of tumor resection, which is especially helpful in cases of low-grade gliomas when the distinction between tumor and normal brain is less apparent. At closure, an MRI can be performed to exclude hemorrhage; for patients with a biopsy or simple craniotomy, excluding the hemorrhage may allow a patient to be transferred to a step-down unit instead of the ICU. These systems, however, require construction of an operating room suite specifically designed for an intraoperative MRI to provide adequate shielding and safety measures. The high-field strength requires a larger magnet than the low-field systems, limiting access to the patient. Normal operating room equipment can be used outside the 5-gauss line (several feet from the center of the bore of the magnet); inside that line, only MRI-compatible (titanium or surgical-grade stainless steel) instruments can be used.









Motor Strip Mapping


Surgery in the parietal lobe or the posterior frontal lobe may require motor strip mapping. Short-acting muscle relaxants are used during induction, and anesthetics are lightened for the mapping, but the patient does not need to emerge from anesthesia fully. Rather than identification of the motor cortex itself, this technique relies on identification of the sensory cortex by looking for somatosensory-evoked potentials (SSEPs). A 1 × 8 or other sized subdural electrode is used. By noting the electrodes with a positive (precentral) as opposed to a negative (postcentral) amplitude and noting the two electrodes between which there is phase reversal, the primary motor cortex can be identified and protected. This technique has good correlation to magnetoencephalography when integrated into the surgical navigation system.20









Awake Craniotomy


Awake craniotomy with cortical mapping affords the ultimate protection for surgery in or near language areas. In one option, patients are never intubated—they are merely sedated with an agent like Propofol, which takes effect quickly and wears off quickly; proponents of this pattern espouse that patients’ airways are less irritated and that language testing is better quality. The other way to accomplish the anesthesia is for patients to be nasotracheally intubated so that the endotracheal tube can later be withdrawn out of the vocal cords and language tasks can be performed. In addition to a local anesthetic to the incision, a field block to the scalp in the area of the incision as well as the Mayfield pins is performed with a long-acting anesthetic such as bupivicaine. Muscle relaxants may be used at induction, but they must be short-acting. Draping is per routine except that the face needs to have an unobstructed view so visual naming and interaction with the neuropsychologist are possible, so one must be careful that the head frame and subsequent retractor bars do not obscure vision. Once the craniotomy is created, anesthetics are lightened, the endotracheal tube is withdrawn from the vocal cords, and a handheld bipolar stimulator is used to stimulate areas likely to have language function or areas of planned resection to determine the effect. Continuous language testing can be performed during resection to reconfirm safety. Once resection is complete, the endotracheal tube is replaced and general anesthesia is reinstated for closure.









Frontal Lobe


High-grade gliomas are most common in the frontal lobe, as it occupies one third of the surface of the brain and is the largest lobe.21 The frontal lobe tolerates unilateral surgical resection very well as long as the motor cortex and Broca’s area are respected. Frontal lobe tumors are often amenable to image-complete resection. For tumors with significant growth into the corpus callosum and across the midline, surgical resection is unlikely to provide significant cytoreduction, and therefore a biopsy may be the more prudent choice.






Motor Cortex


For lesions in the posterior frontal lobe, operative anatomy and imaging are not always sufficient to make adequate surgical plans. Functional MRI can reliably identify the motor strip, but even with modern neuronavigation systems, surgical resection is safer with some type of functional evaluation. Two current ways to identify motor cortex include intraoperative cortical stimulation mapping (discussed above) and placement of a subdural grid for mapping out of the operating room.


Proponents of subdural grid placement argue that electrocorticography out of the operating room and without sedation is superior. Time is not limited, and residual effects of anesthetics and narcotics can be minimized. Operating-room time at resection is minimized, but the patient requires two surgeries. The additional risks of the second surgery for grid removal and surgical resection are minimal. However, some surgeons prefer intraoperative testing to subdural grid placement. Intraoperative mapping may gain an extra margin of safety from continuous testing during surgical resection.









Broca’s Area


Approximately 95% of right-handed, 85% of ambidextrous, and 75% of left-handed persons will have left-sided cerebral dominance for language.22 Broca’s area encompasses the middle and posterior parts of the inferior frontal gyrus, that is, the pars opercularis and the pars triangularis. Protection of language area via awake craniotomy and intraoperative corticography or subdural electrode placement for cortical mapping is essential for tumors adjacent to Broca’s area (Fig. 8-2).
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FIGURE 8-2 Preoperative (A) and postoperative (B) brain MRI in a patient with seizures, revealing a heterogeneous lesion of mixed signal on FLAIR that was nonenhancing (not shown). Surgery with awake craniotomy was performed; an image-complete resection was achieved. Pathology revealed an anaplastic oligodendroglioma, and the patient was referred for chemotherapy.











Premotor Area


Deficits from surgical resection in the premotor area generally recover over a period of weeks to months through reorganization. Premotor weakness generally shows a better response to stimulation than to voluntary initiation.









Supplementary Motor Area


The supplementary motor area (SMA) occupies the posterior one third of the superior frontal gyrus and is responsible for planning of complex movements of contralateral extremities but ipsilateral planning to a small effect.23 The full “SMA syndrome” involves speech arrest, contralateral weakness, and near-total recovery in weeks to months. For tumors involving the SMA, functional MRI shows ipsilateral decreased SMA activity compensated by increased contralateral activity.24 After resection in the SMA, the motor deficit is further compensated by recruitment of activity in the contralateral SMA and premotor cortex. Typically, leg weakness improves followed by the arm and then speech. There are patients who have reported even 6 months of significant speech trouble before returning to almost normal speech.












Temporal Lobe


Anterior temporal lobe lesions are amenable to surgical resection. Decompression of mass effect in this area is especially important due to proximity to the brainstem. Resection is generally safe back to 4 cm back from the temporal tip on the dominant hemisphere and 6 cm back on the nondominant side. Removal of temporal lobe back to 6 cm is often associated with at least a rim of visual defect in the contralateral superior quadrant, but this deficit is generally well tolerated. On the dominant side, resection at or behind 4 cm back from the tip of the middle cranial fossa requires either intraoperative electrocorticography or subdural grid placement for identification of Wernicke’s area (Fig. 8-3). When a lesion involves the hippocampus, it is most likely that the contralateral hippocampus is compensating for function, but for the dominant hemisphere, this is best proven with a Wada test before surgery.





[image: image]

FIGURE 8-3 A 40-year-old, right-handed man presented with seizures. Preoperative brain MRI (A) was remarkable for a nonenhancing left temporal lesion. Functional imaging revealed language posterior to the lesion (not shown). Craniotomy for gross total resection was performed. Postoperative imaging (B) showed resection of the lesion with residual FLAIR abnormality posteriorly. Pathology showed mixed oligoastrocytoma.











Parietal Lobe


Complete lesions of the dominant parietal lobe can be characterized by Gerstmann’s syndrome, which consists of left/right confusion, digit agnosia, acalculia, and agraphia.25 Even with a large parietal lobe neoplasm, the deficit is usually incomplete. Lesions of the dominant superior parietal lobule alone rarely cause the full syndrome; the angular gyrus has to be involved.26 Low-grade gliomas are more likely than HGGs to have infiltrated into still functioning cortical areas; HGGs tend more to displace and destroy function. Restoration of a preoperative dominant parietal deficit is unlikely unless there is a cystic component, a hematoma to evacuate, or significant mass effect from edema that resolves with surgery and radiation (Fig. 8-4). Surgery within the nondominant parietal lobe is generally tolerated well as long as there is not a large parietal stroke that can lead to significant neglect of the contralateral side. Motor strip mapping adds an extra layer of safety as described above.
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FIGURE 8-4 A 60-year-old, right-handed woman presented with increasing word-finding difficulty and right-sided hemiparesis. A brain MRI (A) revealed an enhancing left parietal mass with edema. At awake craniotomy, there was no involvement of the language area by tumor, and an image-complete resection was achieved (B). Pathology demonstrated glioblastoma, and the patient underwent radiation therapy and chemotherapy. Her speech improved after surgery, possibly because of resolution of mass effect and little direct involvement of the speech area by tumor.











Occipital Lobe


Occipital lobe surgery almost invariably results in some form of visual field cut, although most high-grade tumors that present in this location have already caused a visual defect. It is very difficult to improve visual symptoms with resection in this area. Some tumors that present more laterally may leave less visual field disturbance but may cause occipital association symptoms such as visual auras, color agnosia, or episodic blindness. Some researchers have described the use of visual-evoked potentials during occipital tumor resections, but the potentials are generally thought to be unreliable.









Prognosis


Outcome from diagnosis for an HGG depends on several factors. Precise pathologic diagnosis contributes a significant impact, as approximately 30% of patients with GBM survive to the 1-year point versus 60% of patients with anaplastic astrocytoma.27 However, glioblastoma and the rare gliosarcoma do not differ significantly in behavior, response to therapy, or cytogenetics.28 According to recently published data from the Glioma Outcomes Project, resection instead of biopsy, age less than or equal to 60, and Karnofsky Performance Scale of 70 or greater were all significantly correlated with outcome.12









New Directions


Certainly, surgery alone for HGGs will not provide a cure or have the largest long-term effect for patients with an HGG. Surgeons also have impact on radiation and chemotherapy delivery to the brain. Besides local chemotherapy with BCNU-impregnated wafers,29 other avenues proposed to effect change in the local tumor environment include convection-enhanced delivery (CED) of chemotherapy or targeted toxins.30 An option for increasing the local dose of radiation is an implantable balloon system for radioactive iodine,31 but it is unclear if this method of radiation delivery is clearly better than focused conventional radiation to the area. To date, there have been no convincing data that have driven an intracavity therapy to be widely accepted. Overall, these local delivery approaches to HGGs raise interesting questions but also battle with the notion over whether malignant glioma is a focal or diffuse disease.


An approach that attacks the diffuse nature of gliomas is immunotherapy. One option involves creation of a subcutaneous vaccine specific to the patient’s resected tumor using tumor lysate–pulsed dendritic cells.32,33 Vaccinated patients demonstrate an antigen-specific T-cell response and survival benefit as well as increased responsiveness to chemotherapy.34 Other potential strategies include interleukin gene introduction via viral vectors,35 vaccination with dendritic–glioma cell fusions using interleukin-12,36 or scores of other targets to immunotherapy. What additional therapies will be useful over the next 10 years are unpredictable.









Summary


Craniotomy for tumor resection is a mainstay of current treatment for high-grade gliomas when it can be done safely. Neuroanatomy is the foundation that allows safe surgical resection. Newer technologies allow ever-improving levels of surgical safety. Overall, surgical resection alone will not cure malignant brain tumors unless coupled with other strategies that address the diffuse nature of the disease such as novel chemotherapy delivery options or immunotherapy.
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Chapter 9 Surgical Management of Low-Grade Gliomas




Lorenzo Bello, Francesco Dimeco, Giuseppe Casaceli, Sergio Maria Gaini





The term “low-grade glioma” refers to a series of primary brain tumors characterized by benign histology (low proliferation, low neoangiogenesis phenomena) and aggressive behavior related to the slowly progressive tendency to invade the normal brain parenchyma.1–4 These neoplasms are classified as grade II (out of IV) by the World Health Organization classification of brain tumors and include the following entities: grade II astrocytoma (further divided in fibrillary and protoplasmic), grade II oligoastrocytoma, and grade II oligodendroglioma.5 Pilocytic astrocytomas, or grade I astrocytomas, are occasionally referred to as low-grade gliomas but due to their peculiar behavior, require separate considerations. In this chapter, low-grade gliomas refer only to WHO grade II tumors.


Low-grade gliomas are slow growing tumors, typically affecting younger individuals (median age 35), and mainly males (male/female ratio 1.5) who clinically present with seizures (often partial seizures).6 Headache, personality changes, and focal neurologic deficits represent the other most common symptoms. The neurologic symptoms include motor/sensory deficits, dysphasia/aphasia, disinhibition, apathy, and visuospatial disturbances according to tumor location and size.1,7,8 Interestingly, some authors report the tendency of low-grade gliomas to occur in eloquent areas or in their proximity.9


Overall, the median survival of low-grade gliomas is about 10 years and well-defined negative prognosticators include older age (>40 years), larger size (>5-cm diameter), eloquent location, and reduced Karnofsky performance status.


The optimal treatment for low-grade gliomas has yet to be determined. Watchful observation, needle biopsy, and open biopsy, as well as surgical resection have all been advocated by different authors.2,10–16 No evidence of class I or II exists regarding the optimal management of these patients, even if the more modern tendency is to obtain at least some type of tissue diagnosis.17,18 The rationale behind the observational or “wait-and-see” policy was the occasionally indolent or very slowly progressive behavior of these tumors.14,16 On the other hand, following the modern oncologic concepts, some authors proposed performing a biopsy to obtain a histopathologic confirmation of the nature of the neoplasm before deciding on further management. Surgical resection of low-grade gliomas is still matter of debate, although recent studies are increasingly supporting its role.10,13,17,18–22 Surgery can in fact achieve multiple aims: more reliable histologic diagnosis with eventual molecular profile (e.g., 1p/19q loss and MGMT status), symptom relief; beneficial effect on seizure control, and lower rate of recurrence and malignant transformation.13,18,20 Nevertheless, surgery carries unavoidable (albeit low) risks that can potentially and permanently affect the patient’s quality of life.


Given this general information on low-grade glioma behavior and the possibility of treatment, it is clear that a modern surgical approach to these tumors has the goal of maximal resection of the mass and minimizing postoperative morbidity to preserve the patient’s functional integrity.13,18–20,23 Since the natural history of the tumor can be relatively long (with or without surgery), the conservation of simple and complex neurologic functions of patients is mandatory. To achieve the goal of a satisfactory tumor resection associated with full preservation of the patient’s abilities, a series of neuropsychological, neurophysiologic, neuroradiologic, and intraoperative investigations must be performed. In this chapter, we will describe the rationale, indications, and modality for performing a safe and rewarding surgical removal of low-grade gliomas.






Rationale and Indications


The major aims of surgical treatment are1 obtaining adequate specimens and representative tissue to reach a correct histologic and molecular diagnosis;2 achieving cytoreduction to decrease rate of recurrence and malignant transformation, possibly prolonging survival;3 improving patient neurologic symptoms; and4 obtaining better seizure control. These goals can be reached by tailoring the surgical approach on location, modality of growth, and biological behavior of the tumor, as well and patient characteristics.






Histologic and Molecular Diagnosis


It is well known that astrocytomas represent a challenge for the neuropathologist, mainly in terms of grading the tumor. The size or number of needle biopsy specimens does not always permit all tests eventually required for immunohistochemical or molecular analysis. In addition, the biopsy site can significantly change the final results because gliomas are typically very heterogeneous with areas of different malignity. Recently, proton MR spectroscopy or MR perfusion has been used to partially overcome the latter problem, providing information on the presence of choline peaks (index of membrane production and malignancy) or areas of increased angiogenesis that can guide the surgeon in identifying the best location for performing the biopsy.24–26 In any case, the risk of underestimating, or more rarely overestimating, the grade is a distinct possibility for needle and even open biopsies eventually resulting in significant changes in the choice of the most appropriate treatment.


Molecular markers have become a standard in determining the type of low-grade glioma. In fact, chromosome 1p/19q loss of heterozygosity plays a very important role in the distinction between oligodendrogliomas or astrocytomas. This molecular marker is relevant not only in the histotype definition but also in therapeutic implications.18,27,28 In fact, 1p/19q loss as well as MGMT methylation (another important marker) facilitate predicting the response to certain chemotherapeutic agents. More recently, unexpected mutations affecting the isocitrate dehydrogenase (IDH1) gene at codon 132 have been found in 77% of grade II gliomas, and it was found associated with 1p19q deletions and MGMT methylated status, and with a better outcome.29 Obviously, inadequate or incorrect sampling of the tumor can dramatically impair the possibility of a molecular analysis.









Size, Location, and Growth


Most of low-grade gliomas are localized close or within the so-called eloquent areas, such as the areas of the brain that control motor, language, or visuospatial functions. In a recent series, as well as in the experience of our group, 82.6% of tumors were located within eloquent motor or language areas (27.3% of cases within the SMA, 25.0% in the insula, 18.9% in language centers, 6.0% in the primary somatosensory area, 4.5% in the primary motor area).9,30,31 As for the modality of growth, these tumors are characterized by a prevalent diffusive pattern of growth.9,32 Groups of tumor cells or single tumor cells diffuse away from the main tumor mass along vessels or short and long white matter tracts. These features are responsible for the typical aspect of low-grade gliomas seen in MR images, which is characterized by a morphology strictly resembling that of white matter tracts along which the tumor grows and diffuses. In addition, despite their occasional apparently indolent behavior, low-grade gliomas are characterized by a continuous growth, with periods of faster and lower rates of growth during the entire time of the natural history of the tumor.32 Most of the lesions judged as stable actually did show various degrees of growth; minor changes in the diameter (e.g., 1 to 2 mm) reflect a significant cellular growth in terms of volume.32 For the sake of simplicity, the rate of growth of a tumor can be quantified by measuring the maximal diameter onto FLAIR MR images. Repetitive measurement on representative sections demonstrated that the tumor continuously grows and that the mean increase of the tumor diameter is around 4 mm/year. Furthermore, an increase in tumor diameter larger than 8 mm/year, even in the absence of contrast enhancement or modification of T2 or FLAIR images, is associated with a high tendency toward malignant transformation and aggressive biological behavior. These data stress the point that serial measurements of tumor volumes are an important tool to determine the biological behavior of the tumor. At the same time, it is clear that tumor volume is an important prognostic factor, able to determine per se the biological behavior of the tumor overtime. In fact, larger tumor volumes are more frequently associated with a higher risk of malignant transformation and shorter patient survival.18 Tumor volume is associated with the risk of developing neurologic symptoms, increase in the risk of seizures, and probability of impacting in the social and professional life of patients.









Neurologic Symptoms


The majority of patients who are diagnosed with low-grade gliomas usually come to medical attention because of sudden occurrence of seizures.7,18 These patients are generally intact at the gross neurologic examination, but they frequently present more subtle symptoms affecting complex neurologic functions (memory, language, character, visuospatial orientation, etc.) that require a specific testing by a neuropsychologist.31,33,34 As will be detailed below, this type of testing is mandatory when considering surgery for this type of lesion because it allows tailoring the intraoperative testing to the patient and permits finely assessing the impact of surgery on the patients’ superior neurologic functions.35


Those patients who present with frank neurologic deficits (e.g., hemiparesis, ataxia, aphasia) are usually candidates for surgery because their symptoms are related to direct mass effect of the tumor on the cortex or on the subcortical white matter tracts. In this case, tumor removal can significantly relieve symptoms depending on the degree of the preoperative impairment as well as on the degree of parenchymal disruption. This category of patients carries higher surgical risks in terms of morbidity and mortality than that of neurologically intact patients. Nevertheless, in terms of surgery, the presence of a mass effect is a straightforward indication for tumor resection since a waiting policy will quickly result in further neurologic deterioration.









Seizures


Large tumors and insular locations are usually associated with a higher risk of developing seizures, which are difficult to be controlled by antiepileptic drugs, requiring the administration of multiple medications. Despite polytherapy, seizure control can still be very poor. In these latter cases, surgery becomes an appealing option to improve seizure control. It has been clearly shown that surgical resection is associated with a marked improvement in terms of seizure occurrence. In other cases, patients might be severely disabled by the side effects of multiple antiepileptic medications and again surgery can allow reduction of drug administration. It is a matter of debate whether surgical resection of low-grade gliomas for seizure control should be performed in an epilepsy surgery setting (with surface and eventually deep-electrode recordings, with resection of all the foci) or in a purely oncologic setting (with neurophysiologic monitoring, including electrocorticography, but no deep electrodes and no resection of normal brain foci).


As mentioned above, surgery for gliomas aims to maximally remove the tumor mass and at the same time to preserve the patient’s functional integrity. This policy applies to the resection of any glioma but more specifically to those located close or within eloquent areas. The concept of eloquence refers not only to areas involved in motor, language, or visuospatial functions, but also, more widely, to any area affecting the well being of the individual (e.g., memory, socioaffective behavior, specific tasks performance, etc.). In all these cases, extensive resection and maximal functional integrity can still be achieved through the intraoperative use of brain mapping techniques.11,18,19,30,36–38












Intraoperative Mapping


The term “intraoperative mapping” refers to a group of techniques that allow safe and effective removal of lesions that are located in so-called eloquent or functional areas. This can be achieved by the identification and preservation at time of surgery of cortical and subcortical sites that are involved in specific functions. The concept of detecting and preserving the essential functional cortical and subcortical sites has been recently defined as surgery according to functional boundaries, and it is performed by using the so-called brain mapping technique.


Performing brain mapping requires a series of preoperative evaluations and intraoperative facilities that involve different specialists. A complete neuropsychological evaluation is generally the first step of the process permitting to select the suitable patients and to individualize the intraoperative testing. Then, sophisticated imaging techniques including fMRI and DTI-FT (diffuse tensor imaging–fiber tracking techniques) give the opportunity to attentively plan surgical strategies. In addition, these images can be loaded into the neuronavigation system becoming thus available peri- and intra-operatively for orientation. Intraoperative MR or ultrasound can be used as well, if available. Finally and most importantly, a series of neurophysiologic techniques are employed at the time of surgery to precisely guide the surgeon in the tumor removal. These include cortical and subcortical direct electrical stimulation (DES), motor-evoked potentials (MEP), multichannel EMG, EEG and ECoG recordings.






Neuropsychological Evaluation


Neuropsychological evaluation comprises a large number of tests to assess various neurologic functions such as cognitive, emotional, intelligence, and basic language functions. Such a broad-spectrum evaluation provides information on how the tumor has impacted on the social, emotional, and cognitive life of the patient. It is important that the testing be the most extensive possible because the tumor that grows along fiber tracts may alter connectivity between separate areas of the brain, resulting in impairment of functions that may not be documented in the case of a neuropsychological examination limited to testing of functions strictly related to the area of the brain in which the tumor has grown.13,30,31,38 When this extensive testing is administered, changes can be documented in more than 90% of patients.13,30,31 These data represent the baseline with which the effect of surgical and future treatment should be compared. Additionally, when the tumor involves language or visuospatial areas or pathways, a more extensive specific evaluation should be added.


The neuropsychological assessment also allows one to build up a series of tests composed of various items that will be used intraoperatively for the evaluation and mapping of various functions, among which memory, language in its various components, and visuospatial orientation are some of the most important. For language evaluation, a battery of preoperative tests evaluates verbal language production and comprehension, together with repetition.30,39–41 Hemispheric language dominance is evaluated through the Edinburgh Inventory Questionnaire and fMRI. Most tests generally used have been standardized on the normal population. In addition, various tests can be adjusted according to the nationality of the patient. It is important to include in the battery both qualitative and quantitative tests, and normative data must be available for the quantitative procedure. It is also important that a speech therapist and a (neuro)psychologist manage patient assessments.


Preoperative language evaluation is also used to prepare a series of tests that will be used intraoperatively for assessing language during surgery. Among these tests, object naming is probably the most important. In the case of a tumor located in the dominant or parietal areas, number recognition and reading, as well as calculations or writing should be added to preoperative testing and considered for intraoperative evaluation.9,42,43 When the patient is bilingual or speaks more than two languages, it is important to include evaluation of these languages in the preoperative testing.32,44–48 In any case, bi- or multi-lingual assessment is generally recommended also intraoperatively.44 Visuospatial functions are usually evaluated for tumor located in the parietal lobe, generally on the right side.13 Unilateral spatial neglect is a complex and disabling syndrome that typically results from right hemisphere damage, and it is characterized by impaired awareness of the contralesional left half of space, objects, and mental images. In this case, the patient is presented with various tests such as the line bisection test or star cancellation test to evaluate spatial awareness.









Neuroradiologic Evaluation


The neuroradiologic examination consists of basic exams, such as morphologic T1, T2, and FLAIR images, as well as postcontrast T1 images. These images together with volumetric sequences provide information on the site and location of the tumor, and allows to determine its relationship with various structures, such as major vessels, and to measure tumor volume, and when performed at different time points to establish the speed of growth. Further MR studies include MR spectroscopy, which allows designing a map of areas within the tumor in which tumor metabolism is more or less pronounced (multipixel MR spectroscopy map).25,26 This is of great assistance in tissue sampling at the time of surgery for histologic and molecular purposes. Perfusion MR studies are useful for designing perfusion maps,49,50 which provide additional and complementary information of the biological behavior of the tumor and help in the tissue collection for histologic and molecular purposes at the time of surgery.24 Metabolic information may be also obtained by performing SPECT or PET, and these data may be incorporated into the navigation system for surgical guidance as well.51,52


The neuroradiologic investigations include functional studies, such as fMRI, and anatomic studies such as DTI-FT. The former provides functional information on the location of cortical sites, which activates in response to motor or various language tasks. Motor fMRI is generally used to design a map of the cortical motor sites and to establish their relationship with the tumor.53 fMRI for language provides a map of the cortical sites that activate during language tasks, such as denomination (object naming), famous face naming, verb generation, and verbal fluency.48,54 All these data form a complex map of how the various components of language are organized at the cortical level and allow establishment of spatial relationship between these cortical areas and the tumor mass. It is usually recommended that language fMRI be performed with the same tests that are used for language evaluation to increase its reliability.


DTI-FT techniques allow depicting the connectivity around and inside a tumor, by reconstructing and visualizing the fiber tracts, which run around or inside the tumor mass55 (Fig. 9-1). DTI-FT provides anatomic information on the location of motor tracts, mainly the corticospinal tract (CST), and various language tracts, involved either in the phonologic or semantic components of language.56–59 For a better visualization of tracts in low-grade gliomas, an FA (fraction of anisotropy) of 0.1 should be used, and additional regions of interest (ROIs) for a particular tract such as the anterior part of the superior longitudinalis or the SMA portion of the CST can be added.56,60,61 The basic DTI-FT map includes the CST for the motor part, and the superior longitudinalis (SLF), which includes the fasciculus arcuatus, and the inferior fronto-occipital (IFO) tract for the language part.38,39,56 The SLF is the basic tract involved in the phonologic component of language; the IFO is the basic tract involved in the semantic component of language. Additional tracts that can be reconstructed are the uncinatus (UNC) and the inferior longitudinalis (ILF) tracts, which provide information on the semantic and phonologic component of language in the frontal and temporal lobe, or the subcallosum fasciculus, involved in the phonologic component of language, sited in the lateral border of the lateral ventricle.56,60,62 Preoperative neuroimaging produces an impressive amount of information concerning the anatomic and functional boundaries of the lesion to be resected. Together with the volumetric morphologic images, the DTI-FT images are usually loaded into the neuronavigation system and help in the perioperative period in performing the resection. However, the imaging gives information based on probabilistic measurements, and although they may have a relatively high sensitivity or specificity, they still carry a certain amount of mistake, which cannot, at least nowadays, be considered as sufficient for performing a safe and effective resection.
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FIGURE 9-1 (A) FLAIR MR images showing a rolandic diffuse low-grade glioma (low-grade astrocytoma). (B) DTI-FT reconstruction for CST (white) superimposed to MR T1-weighted images showing that the CST is strictly intermingled with the tumor.











Anesthesiologic Evaluation


Besides the standard anesthesiologic work-up, the patient should be examined for his or her ability to experience intraoperative awake monitoring when needed. Preparation and selection of patients by anesthesiologists with expertise in awake surgery is recommended.63,64 In our institution, the only absolute contraindications to awake surgery are the lack of cooperation, age older than 70 years, obesity, and difficult airway or airway affected by severe cardiovascular or respiratory diseases. In addition, common contraindications to any general anesthesia regimen, communication difficulties (moderate to severe aphasia), psychological imbalance (extreme anxiety), prone position, and inability to lie still for many hours are also included.


Once the preoperatory work-up is completed according to the site and the characteristics of the tumor, and the results of neuropsychological evaluation and functional and anatomic imaging obtained, each patient is offered an individualized surgical and monitoring strategy, which can be summarized as follows:




• Lesions in the nondominant hemisphere, away from eloquent areas and without relationship with areas of activation according to fMRI: motor monitoring (optional)


• Lesions in the nondominant hemisphere, in central or precentral area or in relationship with the CST (e.g., insular, temporomesial tumors) and small central lesions in the dominant hemisphere: motor mapping and monitoring


• Lesions in the nondominant hemisphere, in postcentral region: motor mapping and monitoring, visuospatial mapping


• Lesions in the dominant hemisphere: motor mapping and monitoring, language mapping more or less visuospatial mapping for parietal lesions















Intraoperative Protocol


The intraoperative protocol includes anesthesia modalities, neurophysiology, neuropsychology, and intraoperative imaging.






Anesthesia


Total intravenous anesthesia with propofol and remifentanil is used in our institution for performing these procedures. Newer drugs, such as dexmedetomidine, are emerging as effective and safe in producing sedation without inducing respiratory depression and without affecting electrophysiologic monitoring. In patients requiring only motor mapping, the patient is intubated through the nose and a light surgical anesthesia is maintained throughout the procedure. No muscle relaxants are employed during surgery to allow neurophysiologic assessment. When language or the visuospatial functions have to be tested during surgery, the patient can be maintained either awake during the entire surgery, or awakened for the phase of the surgery during which the mapping is performed.18,30,36,39,44,56,63–65 In our institution, patients receive a laryngeal mask that is maintained until after the craniotomy and dural opening. At this point, the patient is awakened, while adequate analgesia is maintained to allow function monitoring. Time for awakening varies between 20 to 50 minutes, depending on the ability of the patient to metabolize the anesthetics. The anesthesiologist should be able to keep the patient awake for the entire time of subcortical mapping, which may be required particularly during long-lasting operations to alternate rest periods with those awake and responsive periods. Fatigue is observed in most of the patients, and its appearance correlates with duration of mapping, and the test difficulties (extensive language and visuospatial mapping).25,44 Five percent of patients require suspension of mapping for a period longer than 20 minutes. The occurrence of seizures is the most important complication during the awake time of surgery, and can be controlled either by cold saline irrigation or by the infusion of a small bolus (1 ml) of propofol. Partial seizures occurred in our series in 4% of patients during surgery, and were related to mapping. Generalized seizures occurred in two patients at the end of the craniotomy. These two patients required reintubation. Vomiting is a rare complication, and can be controlled by the administration of antiemetics at the beginning of the mapping phase.









Neurophysiology


The major components of the neurophysiologic protocol are monitoring (EEG, ECoG, EMG, MEP) and mapping (DES) procedures11,31,60,66–68 (Table 9-1).




TABLE 9-1 Summary of Clinical Experience for 503 Patients with Low-Grade Gliomas Treated at University of Milan
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EEG activity is recorded bilaterally by four subdermal needle electrodes, providing four bipolar leads. EEG is registered to monitor brain activity when EcoG is not available, that is, at the beginning and the end of surgery, when titrating the level of anesthesia is particularly useful. It also allows assessing brain activity at a distance from the operating field, such as in the contralateral hemisphere.


The EcoG activity is recorded from a cortical region adjacent to the area being stimulated, by means of subdural strip electrodes with four to eight contacts in a monopolar array, referred to a midfrontal electrode. Cerebral activity is recorded with a bandpass of 1.6 to 320 Hz, and displayed with a sensitivity of 50 to 100 microns per centimeter for EEG and 200 to 400 microns per centimeter for EcoG. Continuous electrocorticographic recordings (Comet, Grass) are used during the entire duration of the procedure to monitor the brain basal electrical activity and the level of anesthesia, to define the working current, and to monitor for the occurrence of afterdischarges, electrical seizures or even clinical seizures during the resection. Because of this, EEG and ECoG recordings should be kept during the entire duration of the operation.


Continuous multichannel EMG recording (Comet, Grass, or Inomed ISIS) is used throughout the entire procedure. Several separate muscles (agonist and antagonist muscles) can be monitored, either in the contralateral or ipsilateral body. Motor responses are collected by pairs of subdermal hooked needle electrodes inserted into the contralateral muscles from face to foot. The most used setting is comprehensive of face (upper and lower face), neck, arm, forearm, hand, upper leg, and lower leg. In addition to EMG recordings, motor activity is also evaluated clinically.


MEP recording allows continuous monitoring of motor function. The “train of five technique,” which was introduced for surgery in anesthetized patients, has been described as sensitive in detecting imminent lesions of the motor cortex and the pyramidal pathways.69 For this purpose, a strip containing four to eight electrodes is placed over the precentral gyrus. A single stimulus or a double pulse stimulus (individual pulse width 0.3–0.5 millisecond, anodal constant current stimulation, interstimulus interval 4 milliseconds, stimulation intensity close to motor threshold) is usually delivered. MEP recording is usually alternated with direct cortical and subcortical motor mapping. MEP monitoring is very useful because it provides real-time information on the integrity of the motor pathways during the resection of large parts of the tumor not closely related to the functional structures. In addition, MEP provides warnings of impending brain ischemia, due to critical vessel interruption, mostly in deep temporal or insular regions.52


Direct electrical stimulation (DES) for cortical and subcortical mapping is usually performed by the use of a bipolar handheld stimulator with a 1-mm electrode-delivered stimulation, tips 5 mm apart, connected to an Ojemann Cortical Stimulator (Integra Neuroscience) or an Osiris or ISIS stimulator (Inomed, Germany), which delivers biphasic square-wave pulses, each phase lasting 1 millisecond, at 60 Hz in trains lasting 1 to 2 seconds for cortical mapping and 1 to 4 seconds for subcortical mapping. Subcortical mapping is alternated with the resection in a back-and-forth fashion. Subcortical mapping is performed by using the same current threshold applied for cortical mapping. Alternatively, monopolar stimulation can be used, either cortically or subcortically, by delivering a single- or double-pulse stimulus, according to the train-of-five technique.


To start the mapping procedure, the working current is established. As movement is easy to observe, it is advisable to start the procedure with motor function mapping. Once the intensity of the current for stimulation is determined, the same is used in most cases throughout the procedure. Initially, a low current intensity (2 mA) is used, which is then progressively increased until a movement is induced. A stimulus duration of 1 or 2 seconds is usually enough to generate a motor response. At this point, it is good practice to stimulate the areas close to that in which the current induced the movement, map them, and check whether the current is able to evoke motor responses in these zones as well. If not, the current intensity may be increased and adjusted to evoke appreciable motor responses. It is also recommended to check with the ECoG if the applied current may induce afterdischarges in nearby brain areas. Only the current immediately below those inducing afterdischarges have to be used for mapping. If afterdischarges are seen, the current should be set up at least 0.5 mA under the previous one. In any case, ECoG recording is used to detect the appearance of afterdischarges during mapping in order to keep the test reliable. In fact, only the responses evoked in the absence of afterdischarges are considered trustworthy.


For language mapping, the initial test used is counting. The current is usually applied to the premotor cortex related to the face, and the test is aimed at determining whether the current stops the patient from counting. This has to be repeated several times and counting stopped at least three times in order to be reliable.41 If not, the current intensity is increased until these results are produced. When the current is established, DES is applied to the entire exposed surface of the brain, and the occurrence of afterdischarges checked in the ECoG. The stimulus duration is between 1 to 4 seconds. Only the current that is not inducing afterdischarges in the entire stimulated cortex is used for mapping. In case of afterdischarges, the current intensity is decreased by at least 0.5 mA.


For subcortical mapping, either the same current used for cortical mapping or a current raised to 2 mA is applied, and the stimulus is continuously alternated with the resection. When a response was induced at a subcortical level, performing an intensity–response curve is recommended to assess maintenance of the response either at very low current-intensity levels. This can help in estimating the distance between the point of stimulation and the functional tract (Fig. 9-2). Also, during subcortical mapping, ECoG is continuously monitored to look for the occurrence of afterdischarges and seizures, in order to verify reliability of responses.
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FIGURE 9-2 (A) Current intensity curve. When during subcortical stimulation a motor response is evoked, a curve intensity curve is performed by progressively decreasing the intensity of the current. The motor response is maintained till the current of 3 mA indicates that stimulation is very close to the CST. (B) The placement of electrodes in the soft palate and in the tongue allows detecting motor response from fibers to pharyngeal muscles during subcortical stimulation, in a case of right precentral low-grade glioma. The upper left panel shows a T2-weighted MR image of the tumor mass. The lower left panel shows the intraoperative picture of the surgical fields, with the resection cavity. The location in the resection cavity where subcortical stimulation evoked pharyngeal muscle responses is marked with sterile tags.




MEP monitoring is typically used at the beginning of the procedure, and helps in identifying the location of the motor strip. During resection, MEP recording is alternated with subcortical motor mapping and provides additional information on the integrity of motor pathways.70


The resection margin is usually kept at least 5 mm away from functional areas, and may come very close to subcortical pathways









Results of Mapping or Monitoring Procedures






Motor Mapping


We usually map motor responses in patients with tumors located in rolandic or premotor or parietal regions. Motor mapping is also applied at cortical and subcortical levels for lesions located in the insula or deep temporal region, in which motor pathways can be encountered during resection. For lesions located in the nondominant hemisphere, the patient is kept under general anesthesia. The placement of a series of electrodes in the inner palate and pharyngeal muscles, as well as in the tongue, is useful to detect responses from these muscles. For lesions close or within visuospatial or language areas of pathways, the patient is always awakened during the procedure. In both awake and asleep settings, a stimulation duration of 1 or 2 seconds is usually enough to generate a motor response. At cortical stimulation, we observed various morphologies of EMG responses: cortically evoked responses showed great variations in amplitude, but they appeared always as continuous tonic bursts of activity, often incrementing during stimulation. The smallest amplitudes were observed in the neck and the shoulder or in the mouth.


Occasionally, in patients under general anesthesia and receiving a large amount of antiepileptic medications, it might be difficult to evoke cortical motor responses, even after the current intensity has been increased until that which might induce the appearance of afterdischarges. In these patients, the use of monopolar stimulation can be useful for identifying the location of the motor cortex and to plan the site of incision, allowing continuing resection. During subcortical stimulation, motor responses appeared as focal (few muscles) when the tract is stimulated in close vicinity to the surface, while they appeared on multiple muscle groups with deep stimulation (Figs. 9-3 and 9-4). For resection of tumors located in the premotor cortex, the placement of electrodes in the ipsilateral muscles allows detection of responses coming from these segments during resection. In addition, when resection is approaching the deep portion of the tumor, subcortical stimulation permits detection of small motor responses without overt muscle activity, which indicate that the resection is getting close to motor pathways. When these warning responses are identified, resection should proceed carefully in this region until more pronounced motor responses are identified, usually when the tip probe is touching and stimulating the motor pathways. This can be confirmed by performing a current intensity curve.
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FIGURE 9-3 Right panel: DTI-FT reconstruction of CST (white) in a case of rolandic and SMA low-grade oligodendroglioma. And DES data for CST in case of rolandic tumors. DTI reconstructed the CST (bright white tract) at the posterior border and partially infiltrating the tumor mass. The fibers were reconstructed with an FA of 0.1. The left panels show intraoperative snapshots, taken where DES, performed in site indicated by the center of the green cursors, located motor responses at the beginning of resection, by subcortical stimulation.
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FIGURE 9-4 DTI-FT and DES data in a case of oligodendroglioma grade II involving the left preSMA, in which DTI-FT data for SLF, SMA, CST fibers, highlighted as bright white ROI, were fused with T1-weighted images, fused with volumetric postcontrast T1-weighted images, and were loaded into the neuronavigation system and available intraoperatively. Resection was performed with the aid of motor and language cortical and subcortical mapping in awake patient, which was continuously alternated with the tumor resection. Resection was stopped when language responses (phonemic paraphasias) or motor responses were encountered. (A) Panels show intraoperative snapshots were subcortical stimulation evoked phonemic paraphasia (SLF, upper panel), complex leg motor responses (SMA), and upper limb responses (CST, lower two panels). The intraoperative snapshots were taken where DES, performed in site indicated by the center of the green cursors, identified such a response. (B) Postoperative T2-weighted images showing the resection of the tumor. (C) Right lower panels report EMG findings obtained during subcortical stimulation of the CST. Activation of the upper limb is indicated with a black circle.




The simultaneous use of CUSA and DES at the subcortical level in proximity to the corticospinal tract may result in the abolition of previously evident motor responses. This abolition is generally fully reversible after turning the CUSA off. An analogous pattern of inhibition of motor responses can also be evident when the DES is applied cortically and CUSA is used subcortically when close to motor pathways. This interference with motor mapping may be interpreted as a transitory inhibition of axonal conduction. This should be kept in mind by the surgeon when using both tools during resection.67









Motor Monitoring


For continuous motor monitoring with MEP, a strip electrode is placed over M1, delivering monopolar pulses to elicit motor-evoked potentials (MEPs) in a few target muscles. MEPs are monitored throughout the surgery, except when the surgeon needs direct subcortical mapping. MEP monitoring is very useful because it provides on-line information of the motor pathway integrity during resection of a large part of the tumor not closely located to functional structures. MEP provides warnings of impending brain ischemia due to critical vessel interruption, mostly in deep temporal or insular regions.70









Language and Visuospatial Monitoring


Each stimulation should start before presentation of the material, and should be followed by at least a task without stimulation (two tasks are standard). The stimulus is applied immediately before the item is presented to the patient, and a neuropsychologist in the operating room (OR) is evaluating patient performance during various tests administered at both cortical and subcortical levels.


Various types of errors are possible during test administration. During the administration of each test, the ECoG and EEG must be checked for afterdischarges or electrical seizures. Only errors in the absence of ECoG disturbances are reliable. A site can be defined as essential for language when it produces language disturbances at least three times during various nonconsecutive stimulations. Cortical language sites coding for object naming, verb generation, face naming, word or sentence comprehension, numbers, or colors can be identified in several regions in the frontal, temporal, or parietal lobes, which differ according to patient gender and other characteristics.18,30 For subcortical language mapping, the patient is asked to perform an object-naming and a verb-generation task during which the surgeon can continue to perform resection, which is alternated with stimulation. When a language disturbance is produced, the site is then carefully tested for the occurrence of semantic or phonemic paraphasia. Each tract can be recognized at a subcortical level by the appearance of semantic (inferior fronto-occipital tract, uncinatus), or phonemic (superior longitudinalis, inferior longitudinalis) paraphasia associated with typical language disturbances, such as speech arrest in proximity to the subcallosum (Figs. 9-4 and 9-5).
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FIGURE 9-5 A case of left temporal oligodendroglioma. DTI-FT data for IFO, ILF, and SLF, highlighted as bright white ROI, were fused with T1-weighted images, fused with volumetric postcontrast T1-weighted images, and were loaded into the neuronavigation system and available intraoperatively. Resection was performed with the aid of motor and language cortical and subcortical mapping in awake patient, which was continuously alternated with the tumor resection. Resection was stopped when language responses (phonemic or semantic paraphasias) or motor responses were encountered. The left panels show intraoperative snapshots where subcortical stimulation evoked semantic paraphasia (SLF, A), phonemic paraphasia followed by speech arrest (ILF, B), and phonemic paraphasia (SLF, C). The intraoperative snapshots were taken where DES, performed in site indicated by the center of the red cursor, identified such a response. The middle and lower panels show postoperative FLAIR images showing that the margins of resection were coincident with location of the tracts.




Visuospatial mapping is typically performed in patients with lesions located in the parietal lobe, and in cases of dominant location, it is combined with language mapping. The patient is usually requested to look at a line in a touchscreen and to bisect it by touching its center with a pen. A deviation over 2 cm to the right or left is usually considered as pathologic, and is associated with interference in the visuospatial function. Subcortical visuospatial mapping identifies a small and discrete tract, usually running at the lateral mid-border of the tumor that is involved in this function. Preservation of this tract as well as cortical sites prevents the occurrence of neglect during the postoperative course.









EEG and ECoG Monitoring


EEG and ECoG recordings should be kept during the entire duration of the procedure because they permit monitoring for the occurrence of afterdischarges, electrical seizures, and even clinical seizures. The occurrence of afterdischarges is quite common during these procedures, and the main objective of monitoring is to recognize those that occur in response to stimulation, in order to maintain testing reliability. Groups of ECoG spikes or electrical seizures occur in up to 30% to 40% of cases, and may be related to stimulation. In any case, when they appear irrigating the cortex and surgical cavity with cold saline is recommended, as in most instances this results in control and reversal of the situation. Clinical seizures occur in 4% of cases, and most of them are focal. In these cases, the EEG is useful to look for diffusion of the seizure, either in the same or the contralateral hemisphere. In selected cases, ECoG can be used to detect the generation of spikes in specific areas of the cortex, either near or distant from the tumor mass, that are responsible for sustained electrical activity. ECoG is also used to titrate and monitor the level of anesthesia, particularly in sleeping patients. A continuous trace recording is usually recommended in this setting to ensure optimal response to cortical and subcortical stimulation.









Results of Intraoperative Imaging


Both morphologic volumetric T1, T2, or FLAIR images, along with motor and language fMRI and DTI-FT images, are usually loaded into the neuronavigation system. Neuronavigation helps during surgery to localize the tumor, and to define the relationship between the tumor and the surrounding functional and anatomic structures, both at cortical and subcortical levels. To estimate clinical navigation accuracy, the target registration error localizing a separate fiducial (not used for registration) is usually performed at the beginning of surgery. The target registration error should be less than 2 mm. The main limitation in using a neuronavigation system, particularly for large tumors, is the occurrence of brain shift, which occurs already at the beginning of surgery when the dura is opened, and increases with the progress of tumor removal.53,56,71–73 To reduce the problem of brain shift during resection, repeated landmark checks are performed during surgery to ensure overall ongoing clinical navigation accuracy. Using a craniotomy limited to the minimum necessary to expose the tumor area and a small portion of the surrounding brain, minimizes brain shift. For frontal tumors located in proximity of the CST, resection is started from the posterior border where the CST is located and, after its identification, the tract is followed inside the tumor mass. Afterward, the remaining anterior part of the tumor is removed. Similarly, in the case of parietal tumors, resection is started from the anterior border following the same principle.


When preoperative fMRI is correlated with intraoperative findings, motor fMRI usually matches with data obtained via DES, although the extent of the functional activations is larger than the area defined with intraoperative mapping, and results are strictly dependent on the type of task used for testing.19,74,75 In any case, motor fMRI can be safely used for planning surgery. For language correlation, the results are variable and different according to series. Naming and verb generation tasks are most widely used for language fMRI studies. Language fMRI data obtained with naming or verb generation tasks are imperfectly correlated with intraoperative brain mapping results (sensitivity 59% and specificity 97% when the two fMRI are combined).48,54,76 fMRI shows greater activation than observed with direct cortical mapping, which on the contrary, demonstrates only essential language sites. In our experience, sensitivity can be increased up to 72% by using the same figures in fMRI naming tasks as employed during surgery. Nevertheless, false negatives have been documented in up to 8% of patients, even when using the same naming tasks. Therefore, language fMRI cannot be used to make critical decisions in the absence of direct brain mapping. Language fMRI is useful to establish language laterality and can effectively replace the Wada test.


In low-grade gliomas, preoperative DTI-FT shows that the tracts were mostly infiltrated and interrupted or dislocated by the tumor mass. In addition, a large portion of the tracts were documented inside the tumor mass.61 As for the correspondence with DES and their clinical use, we have to remember that DTI-FT is providing anatomic information, whereas subcortical mapping provides functional data.56,57,61,62 This is of relatively less importance for CST, but of particular relevance for language tracts, in which the anatomic distribution of the tract as depicted by DTI is greater than the functional distribution obtained with mapping. Therefore, large portions of tracts as depicted by DTI-FT can be removed because they are not pertinent to the function tested at that time.


Additional problems may derive from the FA used for tract reconstruction, which can vary inside the same tumor according to its grade of heterogeneity. In cases of rolandic tumors, DTI reconstructs the CST mainly inside the tumor mass (98% of cases). In the majority of bulky tumors, the tract is displaced anteriorly (22%), or more frequently posteriorly (78%), and highly infiltrated by the tumor mass. Less frequently, and in case of highly infiltrating and diffuse low-grade gliomas, the tract is depicted inside the tumor mass and as highly infiltrated. In the first tumor group, subcortical DES locates the tract in the same position where it is depicted by DTI-FT (Figs. 9-3 and 9-4). Some discrepancies are observed only in the superior portion of the tract, close to the cortical surface, where DTI-FT fails to reconstruct fibers, and instead DES locates motor responses. Even the placement of additional ROIs does not improve the fiber reconstruction. More problematic are cases of highly diffuse low-grade gliomas, where DTI-FT usually reconstructs the tract as highly infiltrated and inside the tumor mass.


Particularly in cases with a long history of seizures, and at the beginning of the resection when 60-Hz stimulation is applied over the regions of the tumor where DTI-FT depicted the location of the upper portion of tract, DES usually fails to locate overt motor responses. When the current intensity is progressively increased to induce responses, this usually results in seizures without overt movements. In these cases, electrical identification of the CST requires the use of monopolar stimulation, which is associated with a lower incidence of seizures. However, as in previous cases, DTI-FT fails to show fibers close to the more lateral portion of the homunculus, probably due to the presence of crossing fibers that cannot be depicted by the simple tensor model used here for tractography, where DES (generally with monopolar stimulation) induces laryngeal or upper or lower face responses.


When a portion of the tumor is removed, and the CST partially decompressed, the 60-Hz stimulation starts again to identify motor responses, usually in the same location where DTI-FT reconstructs the deeper portion of the CST. As for the SLF, the anatomic distribution of this tract is usually larger than the functional distribution when language subcortical mapping is performed. This is particularly the case for frontal and temporal tumors. As for the IFO tract, its anatomic distribution is small and usually corresponds to the functional one depicted by subcortical mapping (Figs. 9-4 and 9-5). Some problems may occur for F3 low-grade gliomas in which DTI-FT fails in reconstructing the more superior part of the tract at the inferior border of the tumor, when the tumor infiltration in this area is quite extensive.


The anatomic distribution of the UNC tract is small and usually corresponds to the functional one depicted by subcortical mapping. The reconstruction of this tract in F3 tumors requires placement of an additional ROI at this level. In F3 low-grade gliomas, the tract is usually inside the tumor mass, and the depicted fibers are typically identified as functional by subcortical mapping.


In temporal LGG tumors, the tract is still described as inside the tumor mass, but the fibers are extensively infiltrated and interrupted, and not functional. Our experience on a large number of patients showed that the combined use of DTI-FT and DES is a feasible approach that can be effectively and safely applied in routine clinical activity.56,61 When available and loaded into the neuronavigation system, DTI-FT can help in reducing time spent in surgery by helping the surgeon locate where in the tract to start subcortical stimulation and thus proceed with a careful resection. This may result in a smaller number of stimulations needed to safely locate a tract, fewer seizures, and less patient fatigue.


Apart from cases in which DTI-FT data can be obtained intraoperatively by the intraoperative MR system, in most settings DTI-FT data are usually loaded into the neuronavigation system and combined with preoperative MR images. For correct use of DTI-FT data in this setting, two points appear to be critical: transfer of the data to the neuronavigation system, and the use of technical adjustments during surgery to maintain global accuracy of the information. In our center, DTI-FT data are saved as a compatible format (DICOM) by using Medx Software (Medical Numerics, Inc.), which permits the images to be transferred and loaded onto the neuronavigation system. The neuronavigational system performs an automatic coregistration between DTI-FT data sets and preoperative MR images acquired with references applied on the skull of the patient by a voxel-by-voxel, intensity-matching nonlinear algorithm. For the second point, resection should be performed to maintain the maximal accuracy of the neuronavigation system to reduce the problem of brain shift, as already discussed.


Intraoperative MR has been more widely used for surgical treatment of low-grade gliomas20,71,77 by using both low (0.2 or 0.5) or high1.5 magnetic fields. The advantage of using intraoperative MR images is to have a precise judgment of surgical removal while the patient is still in the operating room. In addition, by performing repeated images during surgery, it is possible to update morphologic images and transfer them into the neuronavigation system to overcome the problem of brain shift. Progression of surgery can be followed and the occurrence of intraoperative complications monitored. In at least 20% of cases of low-grade gliomas, remnants of the tumor can be visualized in the field and further removed.


The major limitation of the intraoperative MR system is cost of the machine and instruments. Lower magnetic fields may permit the use of nonmagnetic surgical instruments, and thus lower cost of machine and installation. Various lower-field machines are available, such as the 0.2 Polestar or the 0.5 GE. The 0.5 GE prototype allows on-time intraoperative images during surgery,20 but is limited by the restricted surgical room and by the need to use nonmagnetic surgical tools. In addition, low magnetic fields do not permit fMRI or DTI-FT studies. The intraoperative high-field magnetic resonance (MR) system provides high-quality images and offers various modalities beyond standard anatomic imaging, such as MR spectroscopy, diffusion tensor imaging, and functional MR imaging, providing not only data on the extent of resection and localization of tumor remnants but also on metabolic changes, tumor invasion, and localization of functional eloquent cortical and deep-seated brain areas. Various systems have been developed and used. In most of them, the patient is located in a bed and moved into the magnet for MR images. Recently 3T MR systems have been put in place, or are under construction, including in our institution (University of Milan).


Ultrasound is another imaging option used for intraoperative visualization of low-grade gliomas. Advances in ultrasound technology have made the image quality of the ultrasound comparable to intraoperative MR.78 Recent studies and the experience of our center showed that the integration of intraoperative ultrasound with neuronavigation represents an efficient and inexpensive tool for intraoperative imaging and surgical guidance. Brain shift detected with intraoperative ultrasound could be used to update preoperative image data such as fMRI and DTI-FT in order to increase the value of this information through the operation. However, intraoperative MR systems are superior to ultrasound methods in revealing tumor remnants.









The Concept of Subpial Resection


Surgical removal is usually performed via tailored craniotomy exposing the tumor area and limited surrounding cortex. In the case of temporal or frontal tumors in the dominant hemisphere, the craniotomy should expose the face premotor cortex to allow testing at the beginning of resection to establish in the awakened patient the current intensity to be used. In other cases, the placement of a subdural strip permits reaching the motor cortex and performing MEP monitoring. When the relationship between the tumor and the functional areas is established and the point of entry identified, resection begins using a transcortical subpial approach. This allows removal of nonfunctional tumor tissue until functional borders are identified and preservation of arteries and veins. Resection cavities are eventually connected to one another, maintaining the vasculature skeleton. The safety of this microsurgical strategy is indicated by the patient morbidity profile.13,18,31,37,56,61















Functional Results of Surgery


Resection margins are usually kept 5 mm apart from essential cortical sites, and are usually coincident with subcortical sites (Tables 9-2 and 9-3). When this is achieved, motor or language deficits develop in the immediate postoperative period in 72.8% and 65.4% of cases, respectively. When no subcortical sites are identified, this risk is very low (3%–5%).12,30,38,39,56,77,79,80 In our experience, most of the deficits were transient and disappeared within 1 month from surgery. Overall, in the group of patients in which a subcortical functional site was identified during the resection, the likelihood of developing a permanent deficit was less of 4%, independent of histology and location. This percentage reached 7% in patients with a pre-existing motor or language deficit.




TABLE 9-2 Neurophysiologic Protocol
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TABLE 9-3 Functional Borders Encountered during Resection According to Tumor Location






	Location

	Functional Borders






	Rolandic or SMA nondominant

	Posteriorly: CST and leg component of SMA fibers






	Rolandic or SMA dominant

	Posteriorly: CST and leg component of SMA fibers






	 

	Laterally: SLF






	 

	Inferiorly: IFO, subcallosum






	Precentral nondominant

	Posteriorly: CST (if reachable)






	Precentral dominant

	Posteriorly: SLF






	 

	Laterally and inferiorly: SLF, IFO, UNC






	Parietal nondominant

	Anteriorly: CST






	 

	Laterally: second branch SLF






	Parietal dominant

	Anteriorly: CST






	 

	Laterally: SLF






	 

	Inferiorly: IFO, visual pathways






	Temporal dominant

	Medial: UNC, IFO, ILF






	 

	Posteriorly: SLF






	Insular dominant

	Anteriorly: IFO, SLF, UNC






	 

	Medially: IFO, CST






	 

	Posteriorly: CST, SLF







CST, corticospinal tract; IFO, inferior longitudinalis fasciculus; SLF, superior longitudinalis fasciculus; SMA, supplementary motor area; subcallosum, subcallosum fasciculus; UNC, uncinatus fasciculus.


In contrast, when no subcortical sites were found at the time of surgery, the likelihood of inducing a permanent deficit was even lower (2%). These results further reinforce the concept that when a subcortical site is found, the surgeon is very close to the subcortical pathway. Therefore, when a subcortical response is reliably detected, the resection must be stopped and then continued in adjacent structures because there is a great potential for damage to functional structures.21,30,77,80 If no subcortical structures are found, the resection can be continued because the probability of injury to essential structures is low. These data indicate subcortical stimulation as a reliable tool for guiding surgical resection, as well as for predicting the likelihood of developing a deficit postoperatively.


The low incidence of postoperative deficits in patients in whom no subcortical tracts were identified is usually due to vascular damage and the development of ischemic areas. MEP monitoring can help in preventing motor deficits due to vascular injury.52 Long-term postoperative neuropsychological evaluation found that 79.5% of patients had long-term postoperative normal language, 18.6% showed mild disturbances but still compatible with normal daily life, and only 2.3% showed long-term impairment. Similar figures were observed for the resection of low-grade gliomas close to motor areas or pathways. These functional results were totally different from those obtained when subcortical stimulation was not applied. Analysis of patients with high- or low-grade gliomas operated on in our institution before the use of direct electrical stimulation showed 23% with permanent language or motor deficits, in accordance with results reported in other series.12,30,81









Oncologic Results of Surgery


Surgery performed with the aid of brain mapping techniques permits attainment of several oncologic objectives. It permits collection of a large amount of material, which helps the pathologist the histologic and molecular diagnosis. It increases the number of cases submitted to surgical treatment: in accordance with previous reports in the literature, this percentage in our series moved from 11% of cases when mapping was not available, to 81% when mapping was applied, with a significant decrease in the number of cases that were submitted to biopsy only.12,18,30,81 Moreover, it reduces the percentage of postoperative permanent deficits, which fell from 33% to 2.3% for language or motor functions. Another important effect is the decline in the incidence of seizures, particularly in low-grade glioma patients with a long epileptic history and affected by insular tumors.


Seizure control is more likely to be achieved after gross total resection than after subtotal resection/biopsy alone. In fact when total or subtotal resection is achieved, in more than 80% of cases a positive impact on seizures is documented, with reduction in the number of antiepileptic drugs (AEDs) administered. In addition, suppression of AEDs is possible in 30% of cases.40 Lastly, and most important, is the impact that these techniques have on the extent of resection. The use of brain mapping techniques increased the percentage of patients in which a total and subtotal resection was achieved. In our series of low-grade gliomas, the percentage of total and subtotal resections was 11% in the period in which no mapping was available, and 69.8% in the time in which brain mapping techniques were applied. These figures are in accordance with the results of other groups.


A large number of class III and II studies suggests that more extensive resection at the time of initial diagnosis may be a favorable prognostic factor for this type of tumors.12,17–22,31,38,77,82 The evaluation of resection extent is usually performed on postoperative FLAIR volumetric images with the aid of semiautomatic segmentation software.21,71 The ability to achieve a complete resection (no abnormalities seen on postoperative FLAIR images) or subtotal resection (a postoperative volume on volumetric postoperative FLAIR images of less than 10 ml) is influenced by both preoperative tumor volume and tumor involvement of eloquent tissue, particularly at the subcortical level.18 Preoperative tumor volume is a significant predictor of patient survival and progression-free survival per se, as well as the involvement of subcortical tracts. Extent of resection as well as pre- and post-operative tumor volume strongly influence progression-free survival and time to malignant transformation. In addition, extent of resection has also an influence of patient survival. Total resection (no abnormalities in postoperative FLAIR volumetric images) is seen in 37.5% of patients in our series, and can usually be reached in small or well-demarcated tumors. In addition, no tumor recurrence is found in these patients at 5 years follow-up. Because tumor size is inversely related to patient outcome, delaying surgical intervention may increase the risk of malignant transformation. Moreover, all efforts made to increase the extent of resection are warranted.18









Strategy for Large Diffuse or Recurrent Tumors: The Concept of Brain Plasticity


Low-grade gliomas present as a variable type of tumors ranging from discrete and apparently well defined lesion, to either diffuse or less discrete lesion. The therapeutic strategies for the more defined type of tumors are those we previously described. Large diffuse tumors still represent a challenge. Most of them are histologically diffuse astrocytoma, and contain functional subcortical tracts. In these cases, a total or subtotal resection as initial strategy is quite difficult to be achieved. Although partial removal may still be beneficial,18 particularly in cases where a mass effect is present, the majority of these patients underwent stereotactic biopsy only, usually guided by spectroscopy MR images, followed by adjuvant treatments. A recent strategy to increase the rate of resection in these tumors is represented by the use of up-front preoperative chemotherapy. TMZ administered up front for a period of up to 6 months in a limited group of patients resulted in a decrease in tumor cell invasion, and reduced tumor cell infiltration along large fiber tracts, which help in reaching a larger proportion of tumor removal (ref. 80, Soffietti et al., 2010 in press). Alternatively, chemotherapy may be used as adjuvant treatment after partial removal, and in these cases it may further decrease postoperative tumor volume.27,28,83 In addition, in the case of large tumors, a two-time surgical strategy may be chosen, particularly in cases involving language areas or pathways. In these instances, the initial surgery is continued as long as patient collaboration and responsiveness are maintained, and then is resumed from 1 week to several months later. In our institution, the patient is subjected to a second surgery 4 to 6 months later, which permits patient recovery from the initial surgery, and brain plasticity to occur.40


Cerebral plasticity could be defined as the continuous processing allowing short-, middle-, and long-term remodeling of the neurono-synaptic organization.13 Plasticity may occur in the preoperative period in low-grade gliomas and in this case, is the results of the progressive functional brain reshaping induced by these slow growing lesions.13,84,85 Brain plasticity also occurs in the postoperative period. This has been shown by submitting patients that have recovered from postoperative deficit status, to functional neuroimaging studies some months after surgery and when a recovery has occurred, demonstrating the activation of different areas of the brain, close or remote to those were involved in the preoperative period. Plasticity may occur at a cortical level or (less frequently) at a subcortical level, where it can be explained by the recruitment or unmasking of parallel and redundant subcortical circuits.38 The occurrence of such phenomenon of compensation is of particular relevance because it allows extending surgical indications. It allows extending the initial surgery until functional boundaries are encountered, which allows the patient to recover in the postoperative period due to activation of redundant functional areas when the essential are preserved at the cortical or subcortical levels. Second, the functional reshaping induced by the initial surgery can be used to perform a second surgery with the aim of removing areas of the brain initially essential for function, and that due to the functional reshaping induced by the initial surgery or to the continuous slow growth of the tumor, have lost their essential nature in terms of function. This functional reshaping phenomenon can be observed up to a period of 6 months after the initial surgery, and allows performing a more radical second surgery with an increase in oncologic benefit for the patient.


Despite aggressive and early treatment, low-grade gliomas recur. As already discussed, the rate of recurrence is influenced by the preoperative tumor volume and to a lesser extent by the extent of surgical removal.10,18,23,38 The duration of the longest-lasting symptom, tumor size, and presence of preoperative contrast enhancement are associated with tumor recurrence at last follow-up. A diagnosis of FA does not have a statistical association with tumor recurrence.86 A tumor recurrence may still retain the morphologic feature of low-grade gliomas, or may show signs of tumor progression, such as contrast enhancement. The appearance of contrast enhancement is usually associated with a large preoperative volume, and with the presence of limited or focal enhancement in the preoperative MR images. Generally, when total or subtotal removals were achieved at the time of initial surgery, the recurrent tumor has a greater chance of recurring as a low-grade one. When only a partial removal was obtained, the potential for recurrence toward a higher grade is much greater. When a tumor recurs, various therapeutic options are available: surgery, chemotherapy, radiotherapy, or a wait-and-see policy.13,83 Surgery usually is intermingled with the other therapeutic modalities, and is the treatment of choice when a subtotal or even a total removal can be predicted, such as for discrete lesions. When this is feasible, the prognosis of the patient is still favorable. Brain mapping techniques can still be applicable in cases of recurrent tumors, even after radiotherapy. Alternatively, surgery may be used to decrease tumor volume to enhance the effect of chemo- or radio-therapy. Generally, a patient with low-grade gliomas may undergo several surgeries during the entire time of the disease, and surgery is used for various objectives and strictly associated with the other therapeutic modalities. Up to 30% of patients in our series underwent four surgeries, and 12% had up to five operations. We observed a decrease in the extent of resection with the increase in the number of surgeries, but this was not associated with an increase in the occurrence of transient and permanent postoperative deficits.









Conclusive Remarks


The purpose of brain mapping techniques is to identify and preserve at the time of surgery the cortical and subcortical sites essential to retain function. In our experience, in most low-grade gliomas, motor or language disturbances were induced either inside the tumor mass or at the tumor margins, because most of the essential sites, particularly at the subcortical level, were located within the tumor or adjacent to it. Resection was stopped when language, motor or visuospatial, cortical, and subcortical areas were encountered. Consequently, we have experienced an extremely low percentage of postoperative permanent neurologic deficits. The systematic use of brain mapping techniques reduced the incidence of postoperative deficits to less than 3%, much lower than the 23% obtained in our institution when these techniques were not applied. In addition, brain mapping did not negatively affect our ability to perform extensive resections in a large percentage of cases—on the contrary, the percentage of total and subtotal resections significantly improved in comparison to the time in which DES was not applied. This further influences seizure outcome and various oncologic endpoints, such as progression-free survival, overall survival, and malignant transformation.


Brain mapping and monitoring are demanding techniques. Especially in the case of awake surgery, these require close collaboration among neurosurgeon, neuropsychologist, and neurophysiologist. The latter two should be present in the operating room and work as a team to assist the surgeon to combine neurophysiologic information with the interpretation of language disturbances and compare these data with surgical anatomy. In addition, a well-trained anesthesiologist is essential, because sedation and analgesics must be titrated to keep the patient calm and without pain, but fully awake and able to reliably perform tasks. Excessive sedation or anxiety and pain, in fact, may reduce patient compliance and compromise test results. It is also worth mentioning that in the case of awake anesthesia, the patient needs to be prepared in advance to the awakening phase and to the performance of tasks in the operating room. As a matter of fact, brain mapping can be a significantly time-consuming procedure, in particular when the results of mapping are unsatisfactory and additional or repeated testing is required. This may obviously result in greater burden for the patient and need for rest, with further prolongation of surgical time. If patient compliance is compromised due to excessive duration of the procedure, stopping surgery with plans for a second intervention in 2 to 3 months is recommended. This can also be scheduled in advance according to tumor preoperative size and characteristics.


Along with the above described issues, brain mapping is intrinsically limited by the fact that only the functions that are specifically tested are preserved. If this is of relative importance for simple functions, such as motor functions, it is particularly relevant for complex cognitive functions. Time strongly affects mapping quality and that means only a limited number of well-selected tests can be administered to the patient: This should be kept in mind when dealing with large tumors located in the dominant hemisphere in areas densely filled with functional sites, such as the temporoparietal junction or the precentral area. In such regions, a careful selection of the tasks and a systematic execution of the mapping are crucial to save the basic cognitive functions, but may not be able to investigate other superior functions, such as calculation, writing, reading, and second languages. The surgeon has therefore to plan preoperatively, according to tumor size and location, which information should be obtained through the mapping procedure, and to inform the patient about the possible limitations of each approach.


Another critical technical issue is the relationship between stimulating current intensity and distance from the functional site, in particular when subcortical mapping is performed. In the literature, there are no available works studying the penetration distance of subcortical bipolar stimulation in the white matter, while the range of bipolar stimulation on the cortex has been observed to be approximately 2 to 10 mm.11,33,66 When a response was induced at a subcortical level, we always performed an intensity–response curve, in order to assess the maintenance of the response at very low current intensity levels. This can help in estimating the distance between the point of stimulation and the functional tract. In addition, we commonly observed that as we approximated the end of the resection, a lower current intensity was needed to induce a response. Functional structures probably regain their normal excitability threshold once the mass effect exerted by the tumor is relieved. Anesthesiologic factors may also play a role (e.g., progressive clearance of anesthetic drugs). In order to maintain mapping reliability and to avoid false-positive findings that could lead to premature interruption of the resection, verifying and eventually decreasing the working current once a large part of the tumor has been removed are recommended. Nevertheless, further studies are needed to clarify this point.


Globally considered, surgery accomplished according to functional and anatomic boundaries allows maximal resection of the tumor and maximal preservation of patient functional integrity. This can be reached at the time of the initial surgery, depending on the functional organization of the brain, or may require additional surgeries, eventually intermingled with adjuvant treatments. The use of brain mapping techniques extends surgical indications with greater oncologic impact.
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Chapter 10 Management of Recurrent Gliomas
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Introduction


Renewed growth of a mass at the site of a previously treated glial tumor raises the issues of indications for and choices of treatment. Important considerations include the following:




1. Is the mass a recurrence of the original tumor?


2. Why did the tumor regrow?


3. What threat to the patient’s neurologic function and survival does this regrowth pose?


4. What additional therapy is appropriate?












Confirmation of Recurrence


When recurrent growth of a glioma is suspected clinically or radiographically, the full set of imaging studies should be reviewed with careful attention directed toward detecting any change of imaging signals and documenting the size of the lesion. The original pathology specimen should be reviewed.






Differential Diagnosis


An enlarging lesion at the site of a previously treated tumor likely represents renewed growth of an incompletely eradicated initial tumor rather than the development of a new pathologic entity. Exceptions are infrequent but those in the following list need to be considered:




• A distinctly new tumor may arise at the site of an eradicated tumor. This is more likely to occur if there is a genetic predisposition to tumor development shared by cells in the area; for example, multiple gliomas may occur in a patient with tuberous sclerosis.


• A tumor of related histology may supplant the original tumor; for example, the astrocytic component may replace the oligodendrocytic component as the predominant subtype of a mixed glioma, or a gliosarcoma may arise from a previously treated glioblastoma.


• The initial therapy may induce a secondary tumor of a different type; for example, a glioblastoma in the radiation field of a low-grade glioma.


• Non-neoplastic lesions may mimic tumor growth; for example, an abscess or granuloma at the site of resection of a tumor induced by treatment of the original tumor, or radiation necrosis following focal high-dose irradiation.1,2





These alternative diagnoses must be excluded before prognosis is addressed and therapy is chosen. Neurodiagnostic imaging usually permits accurate prediction of the diagnosis. Generally, recurrent tumors have imaging features similar to those of the original lesion. A recurrent malignant glioma will likely have central low intensity, rim enhancement, and hypointense surround on enhanced T1-weighted magnetic resonance imaging (MRI). In some cases, however, attention to subtle differences may be required: a more spherical, sharply demarcated shape may suggest abscess rather than recurrent malignant glioma; and a diffuse, irregularly marginated pattern of surrounding edema may indicate radiation necrosis rather than recurrent tumor.


Two scenarios, malignant progression and radiation effects, often pose particular diagnostic difficulty. In each case, alternative diagnoses are often impossible to distinguish using current imaging modalities alone. Thus, biopsy for histologic evaluation and confirmation may be necessary.









Malignant Progression


The first scenario is the renewed growth of a low grade tumor. When low grade gliomas regrow after therapy, approximately half remain nonanaplastic, but the other 50% have progressed to a more malignant form.3 Molecular analyses have delineated genetic correlates of this progression.4 Enlarging low grade tumors will usually resemble the original tumor on imaging studies. When progression in grade has occurred, the new tumor may also resemble the old one, especially if the original tumor enhanced with contrast. Enhancement is highly predictive of likelihood of recurrence; low grade enhancing tumors are 6–8 times more likely to recur than nonenhancing ones.3 Most commonly, new malignant growth in a previously nonenhancing glioma enhances and thus is readily identified. In one study, only 30% (16/42) of low-grade tumors enhanced initially, but 92% (22/24) enhanced at recurrence.3 Occasionally, an enlarging malignant focus may not enhance. It might, however, be apparent as a region of hypermetabolism on a 2-deoxyglucose or 11-C methionine PET study, or have an increased rate of enhancement on a dynamic MRI scan, increased activity on a dual-isotope, single-photon emission computerized tomogram (SPECT), or increased choline signal on magnetic resonance spectroscopy (MRS).5–7 The differential specificity of each of these new modalities is approximately 80% to 90%. Usually, however, histologic analysis after biopsy or resection is warranted to verify malignant transformation.8









Radiation Effects


The second scenario that causes diagnostic difficulty is renewed enlargement of a tumor mass following radiation. Often, CT and MR imaging inadequately distinguish recurrent tumor from radiation-induced enlargement. Usually only large, very malignant tumors grow sufficiently fast to show significant enlargement during, or within 3 months of completing, a course of radiation. When this does occur, the prognosis is particularly poor.9


Radiation can cause tumor enlargement in three ways:1 through an early reaction, occurring during or shortly after irradiation, which is likely to be edema;2 through an early delayed reaction arising a few weeks to a few months after radiation which involves edema and demyelination; and3 through a late delayed reaction that occurs 6 to 24 months after radiation and reflects radiation-induced necrosis.10 Regional teletherapy to a dose of 60 Gy is the current standard radiation treatment for most gliomas.11 Although these doses have a low risk of inducing radiation necrosis, regional early and early delayed effects are relatively common. In most cases, tissue swelling represents edema and is transient. Acute symptoms from early and early delayed effects of radiation usually respond quickly to a short course of corticosteroids. The low density, T1 hypointense, T2 hyperintense regions of edema correspond to the area irradiated. Chronically, these volumes of brain will demonstrate parenchymal atrophy, enlargement of subarachnoid spaces, and ex vacuo ventricular dilatation. Dementia with apathy, inanition, and memory loss and decline in fine motor control are the clinical correlates. In the absence of new tumor growth, enhancement on CT and MRI beyond the initial resection margin is infrequent; when it does occur, it is patchy, irregularly marginated, and it can be distinguished from the more focal appearance of recurrent tumor.


In contrast, the late delayed effect of radiation-induced necrosis appears at about the time malignant tumors might be expected to recur.12 It is thus more likely to be mistaken for recurrent tumor growth. The risk of radiation necrosis increases with the volume of tissue treated, the dose delivered, and the fraction size.13 Radiation necrosis following fractionated treatment to doses less than 70 Gy is rare, but it is much more common following brachytherapy or radiosurgery, which deliver high doses of radiation to relatively small volumes over a short time period.12,14,15 A common protocol for brachytherapy is a 50- to 60-Gy boost (to 60 Gy of regional external beam radiotherapy) to a 0- to 5-cm tumor delivered over approximately 1 week. The radiosurgery equivalent is a 10- to 20-Gy boost to a 0- to 3-cm diameter tumor delivered in less than 1 hour.16 Necrosis is radiographically and pathologically evident in almost all cases and symptomatic in about half.


Whether it arises from higher doses of fractionated radiotherapy, brachytherapy, or radiosurgery, radiation necrosis is often difficult to distinguish from recurrent tumor. It forms a ring contrast-enhancing mass that resembles a malignant tumor. It has a CT hypodense, T1 hypointense, T2 hyperintense center; an enhancing annular region; and a hypodense, T1 hypointense, T2 hyperintense surround. The surround corresponds to edema that strikingly radiates along white matter tracts. The similarity of this appearance to that of recurrent tumors and the time course of its occurrence frequently necessitates additional measures to differentiate radiation-induced necrosis from recurrent tumor. A variety of functional neurodiagnostic imaging techniques attempt to distinguish between these two possibilities. These include PET scans, SPECT studies, cerebral blood volume mapping, and MRS. Regions of high activity are thought to distinguish recurrent tumor from relatively metabolically inactive and hypovascular radiation necrosis.6 Although specificity in differentiating tumor from radiation necrosis of up to 100% has been claimed, in many cases these studies are inconclusive and the diagnosis is revealed either by the clinical course or by analysis of a pathology specimen.


When an enlarging mass, which is either recurrent tumor, radiation necrosis, or both, becomes symptomatic, corticosteroid therapy is required.17 Up to half the patients receiving brachytherapy and radiosurgery for a malignant glioma develop symptoms that either prove refractory to corticosteroids or require debilitating long-term steroid use.12,18,19 Surgery for resection of an enlarging, symptomatic mass is needed in 20% to 40% of cases following brachytherapy or radiosurgery of a malignant glioma. At reoperation for presumed radiation necrosis following focal radiation treatment of a malignant glioma, necrosis without tumor was found in 5% of cases, tumor alone in 29%, and a mixture of radiation necrosis and tumor in 66%.12 In almost all cases, the tumor that is seen is of reduced viability.20,21












Causes of Recurrence


Renewed growth of a brain tumor following surgery and possibly radiation and chemotherapy indicates failure of these therapies to reduce the tumor mass to a size and cell number that would permit its eradication by the patient’s immune system (Fig. 10-1).22 Failure arises from a number of factors that limit the efficacy of each modality.
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FIGURE 10-1 Multimodality therapy of malignant gliomas. Various therapeutic methods, including reoperation, are used in the attempt to reduce the number of tumor cells.








Recurrence after Surgery


Surgery may fail because of anatomic considerations, pathologic features, or errors in judgment or technique. The involvement of critical structures may limit the initial resection: involvement of the optic pathways, diencephalon, internal capsule, brain stem, or eloquent cortex by a glioma often precludes complete removal. Tumor recurrence, despite removal of all macroscopically evident tumor, can occur if there is microscopic infiltration of adjacent structures. Even low grade cerebral gliomas are usually infiltrative. Anaplastic astrocytomas characteristically are widely invasive. Finally, errors in judgment, such as preoperatively underestimating the amount of tumor that can be safely removed or intraoperatively failing to remove tumor that was targeted, result in potentially resectable tumor being left as a nidus of regrowth.









Recurrence after Radiation


Radiation therapy may fail because of inadequate targeting, underutilization of tolerable dose, or radiation resistance of the tumor cells. Proximity to critical anatomical structures can also limit maximal allowable radiation dosage. Furthermore, the correlations between imaging abnormality and tumor extent are incomplete. Pathologic studies have shown that individual tumor cells can be found throughout and even beyond CT hypodense and MRI T2 hyperintense areas of malignant glioma.23,24 For each individual case, the extent of brain invasion from the contrast-enhancing margin of a malignant glioma is incompletely known. The choice of field size for irradiation of such lesions is difficult and relies as much on the trade-off between target volume and tolerable dose as on the accurate delineation of tumor boundaries. Failure to include an adequate annulus of tissue about the tumor to accommodate imaging uncertainty and technical error may leave tumor cells incompletely irradiated.


Even if the maximal dose tolerated by infiltrative surrounding brain is delivered, tumor cells may remain viable. Hypoxic, nonproliferating cells and tumor stem cells are particularly radioresistant; with time or change in the physiologic conditions following therapy, re-entry of cells into the cell cycle permits the proliferation that results in clinically apparent tumor recurrence.25,26 Analysis of patterns of failure demonstrates that, even with maximal tolerable doses of photon radiation of 70 to 80 Gy, almost all malignant astrocytomas fail centrally.27 A study of high dose fractionated proton irradiation following radical resection of glioblastomas showed the following:1 a dose between 80 and 90 Gy is sufficient to prevent tumor regrowth;2 outside of this high dose volume, tumor regrows, usually in areas receiving between 60 and 70 Gy;3 enlargement of the high dose volume to include more peripheral areas is likely to induce unacceptably high levels of symptomatic radiation-related necrosis.28









Recurrence after Chemotherapy


Chemotherapy fails as a result of inadequate drug delivery, toxicity, or cell resistance. The blood–brain barrier is deficient in the contrast-enhancing region of the tumor, but surrounding brain usually has an intact blood–brain barrier; lipid-insoluble drugs thus have limited access to tumor cells infiltrating peripheral regions. The margin between drug efficacy and neurotoxicity, bone marrow suppression, pulmonary injury, and gastrointestinal side-effects is often narrow. Non-cycling cells and tumor stem cells are resistant to cell-cycle specific drugs, and potentially vulnerable cells often rapidly develop biochemical means of resistance to chemotherapeutic agents.25,26,29


Even if these therapies significantly reduce the tumor burden, the patient’s immune response may be rendered ineffective by chemotherapy and by the tumor’s secretion of factors antagonistic to immune function, such as IL-10, prostaglandin E2, and transforming growth factor (TGF)-beta 2, and its expression of apoptosis-inducing molecules, such as Fas ligand (FasL) and galectin-1.30 Each of these limitations of each component of multimodality therapy may contributes to failure to prevent tumor regrowth. At the time of tumor recurrence, consideration of these reasons for failure is essential to assessment of prognosis and to the choice of subsequent therapy.












Prognostic Implications of Residual and Recurrent Tumor


In the management of a recurrent glioma, consideration of the prognostic implications of regrowth is essential. The presence of residual tumor and the occurrence of tumor regrowth likely have different prognostic implications.






Residual Tumor


Radiologic demonstration of residual tumor after initial treatment may be consistent with preoperative goals and expectations; the prognosis would be that originally formulated. If, however, residual tumor is identified unexpectedly, the prognosis may need to be altered. The prognostic import of residual tumor is best seen in the relationship between extent of resection and likelihood of tumor recurrence.


Cytoreductive surgery is a fundamental part of the treatment of most systemic malignancies.31 In most cases, there is a strong relationship between the extent of resection and outcome. For gliomas, correlation between extent of resection or, more significantly, size of residual tumor, and outcome measures, such as interval to tumor progression and survival, has been strongly suggested by retrospective and prospective series, but not by randomized clinical trials.32 More recently, one study, reported a significant survival advantage when 98% or greater resection is achieved.33


Correlation of survival with extent of resection for low grade gliomas has been suggested by retrospective uncontrolled reviews and comparisons with historical controls.3,34–36 One study of 461 adult patients with low grade cerebral gliomas found that gross total surgical removal correlated with length of survival.37 Another reported median survival duration of 7.4 years following maximal surgical resection. The median survival of a subgroup patients with hemispheric tumors compared favorably (10 years vs. 8 years) with that of a comparable series treated with biopsy and radiation alone.3,35 Additional studies have demonstrated that extensive resection of low grade gliomas delays tumor recurrence.36,38


For high grade gliomas, the correlations between the extent of resection at the initial operation and1 the time to tumor recurrence and2 the duration of patient survival have been disputed.39 Historical reports and reviews of large series have noted the association of survival and extent of resection for both astrocytomas and oligodendrogliomas.11,40–43 Extensive reviews of the literature, however, have failed to locate randomized, controlled clinical trials comparing survival after biopsy with that after radical resection of malignant gliomas.44,45 Nevertheless, the benefit of surgical cytoreduction has been strongly suggested by the following findings:




1. Reviews of multicentered trials have shown that the more complete the resection, the longer the patient lived.46–48


2. In a study of 243 patients, multivariate regression analysis identified extent of resection as an important prognostic factor (p < 0.0001) for survival.49


3. In a retrospective review of 1215 patients with WHO grade III or IV, increasing extent of surgical resection was associated with improved survival independent of age, degree of disability WHO grade, or subsequent treatment modalities used.50


4. Single center studies have confirmed this relationship: in one study containing 21 glioblastomas and 10 anaplastic astrocytomas, median duration of survival after gross total resection was 90 weeks versus only 43 weeks following subtotal resection, and the 2-year survival rates were 19% and 0%, respectively, even though the two groups were well matched for other prognostically significant variables;34,51 in another study, patients with gross total resection of malignant glioma lived longer (76 vs. 19 weeks) than those who underwent only a biopsy, even after correction for tumor accessibility and all other prognostically significant variables52 and one large recent series showed that GTR (>98%) significantly increases the duration of survival.33


5. In two larger series, patients with resected cortical and subcortical grade IV gliomas lived longer (50.6 vs. 33.0 weeks53 and 39.5 vs. 32.0 weeks54 after surgery and radiation than those who underwent biopsy and radiation.


6. Small postoperative tumor volume has been shown to correlate with longer time to tumor progression after surgery55 and longer patient survival.56,57





Although less than ideal, the data that exist for gliomas and experience with tumors outside the central nervous system suggest the benefit of cytoreduction when a near-total removal (2 log reduction of tumor cell number) of a glial tumor can be achieved. Thus, failure to identify and remove readily accessible tumor mass at an initial operation might warrant reoperation before regrowth occurs.









Recurrent Tumor


Regrowth of tumors after an initial response (diminution or stability) to surgery and radiation therapy is ominous. This is particularly true if the growth is more rapid or more infiltrative than that of the original tumor. Such growth often exhibits changes in the basic biology of the tumor that make it less responsive to subsequent therapy. A short interval between initial treatment and recurrence of symptoms often indicates rapid regrowth and a poor prognosis. Factors to be considered in estimating prognosis include the biology of the tumor (its pathology, growth rate, and invasiveness), its resectability, its prior response to radiation and chemotherapy, and the age and performance status of the patient.58 Estimates of the recurrent tumor’s size, growth rate, invasiveness, and location must be made in assessing its potential for causing both neurologic deficit and death. Reappearance of a slowly growing, well-demarcated frontal convexity oligodendroglioma with deletions of chromosomes 1p and 19q in a middle-aged patient of good neurologic condition after a 10-year interval of postsurgical quiescence clearly carries a prognosis very different from that of diffuse diencephalic spread of a glioblastoma multiforme in an elderly patient with a poor performance status 3 months after treatment with surgery, radiation, and chemotherapy.59












Therapy of Recurrent Glial Tumors


The choice of therapy of a recurrent tumor is based upon a comparison of the natural history of the regrowing tumor with the risk–benefit calculus of potential therapies.






Therapy of Recurrent Gliomas


The choice of therapy of a recurrent glioma is based on a comparison of the natural history of the regrowing tumor with the risk–benefit ratio of potential therapies. Recurrent gliomas warrant aggressive multimodality therapy if the patient is in good neurologic and general medical condition and therapeutic options offer a realistic chance for significant improvement in neurologic status or extension of survival.60









Patterns of Recurrence of Gliomas


When gliomas recur, most do so locally. Historically, more than 80% of recurrent glioblastoma multiforme arose within 2 cm of the original margin of contrast-enhancing tumor.61,62 In one series, over 90% of glioma cases showed recurrence at the original tumor location, while 5% developed multiple lesions after treatment.63 In another study of 36 patients with malignant gliomas receiving 70 to 80 Gy of fractionated radiation, 32 (89%) had central (at least 95% of the recurrent tumor within the volume receiving at least 95% of the maximum dose) or in-field (at least 80% of tumor within this highest dose volume) recurrence, and 3 (8%) had marginal recurrence. Only one (3%) fell predominantly outside the high dose range. Seven patients had multiple sites of recurrence, but only one had a large recurrence outside the high dose volume.27 This tendency to recur locally is a function of tumor cell distribution. There is a gradient of tumor cell density in which tumor cell number decreases rapidly at increasing distances from the contrast-enhancing rim of solid tumor. Thus, although individual tumor cells spread through the brain at great distances from the primary site, there are so many more cells locally that the odds favor local reaccumulation of tumor mass.23,24


Factors contributing to the likelihood of local recurrence include the following:




1. Relative predominance of tumor cell mass in the region


2. Statistical likelihood that a local cell will be the cell that first develops a competitive proliferative advantage


3. Possibility that the physiologic milieu (hypervascularity and increased permeability, disrupted tissue architecture, and paracrine growth factor stimuli) at the site is particularly conducive to regrowth.





As tumor cell proliferation resumes at the initial tumor site, cells again spread rapidly and diffusely. Tumor cell proliferation resumes at distant sites as a result of the influx of these new, mitotically active cells or the renewed growth of cells that spread before the initial treatment.63 Biologic therapeutic agents may also affect the pattern of recurrence; recent experience with bevacizumab (Avastin) suggests that tumors treated with this inhibitor of VEGF are more likely to recur as diffusely infiltrative lesions distant from the original site of tumor.64 Consequently, treatments targeting local recurrence alone will, at best, be briefly palliative. Treatment of tumor recurrence thus usually involves a combination of modalities aimed at both local and distant disease.









Epidemiology of Recurrent Glioblastoma


The heterogeneity in defining recurrence and the variability of treatment algorithms employed at different institutions result in a vague profile of recurrent glioblastoma multiforme.65 In a multi-center trial of reoperation for resection and placement of cavitary biodegradable BCNU-wafer in 222 patients with recurrent glioblastoma and a Karnofsky Performance Score of at least 60, the median interval from initial diagnosis to tumor recurrence was 12 months.66 Among a cohort of 301 patients with GBM, 223 patients had tumor recurrence at a median interval from initial diagnosis of 4.9 months;67 64% of these had a Karnovsky Performance Score greater than 70 at the time of recurrence.


Glioblastoma recurrence is demonstrated on imaging obtained in routine surveillance or in response to new or recurring symptoms. In a questionnaire-based study of patients with recurrent glioblastoma or anaplastic astrocytoma and a KPS >70, self-reported symptoms included fatigue, uncertainty about the future, motor difficulties, drowsiness, communication difficulties, and headache.68 While most symptoms likely reflected tumor recurrence, confounding factors such as radiation necrosis and steroid treatment may have contributed to generalized fatigue, and pain and uncertainty about the future may have resulted from the diagnosis alone, independent of current tumor status. Incoordination, weakness, visual loss, and pain were reported more frequently by patients with recurrent glioblastoma than by those with anaplastic astrocytoma, providing evidence that more aggressive disease will cause greater neurological deficit.









Therapy of Recurrent Malignant Glioma


Choice of therapy for a recurrent glioma must consider the tumor’s current and previous histology, previous treatment, and location and the patient’s age, medical and neurologic conditions, and preferences. An enlarging lesion that was originally a low grade glioma should undergo biopsy (stereotactically or, if resection is anatomically feasible, by open craniotomy) to confirm histology (Fig. 10-2). If the tumor remains low grade and a large part of the lesion can be resected without inflicting significant neurologic deficit, it should be removed; if previously irradiated to significantly less than maximal tolerable dose, the tumor bed and surrounding area should receive fractionated radiotherapy. The longer the interval since the initial radiotherapy, the higher the dose that can be given safely at recurrence. If the tumor is inaccessible to surgery, radiation alone should be prescribed. If a low grade tumor previously irradiated to a maximal tolerable dose recurs as a low grade glioma, it should be resected, if possible. If it is inaccessible, stereotactically delivered focal radiation is an attractive option.69,70
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FIGURE 10-2 Recurrent glioma. Decisions in the management of a recurrent tumor should consider grade, resectability, and prior therapy. N, neurologic; reg rad, regional fractionated radiation therapy; focal rad/boost, stereotactic radiosurgery, brachytherapy, or radiotherapy; small, focal, less than 10 cm3, radiographically demarcated; CTx, chemotherapy; ST, stereostatic; XRTx, radiotherapy.








Surgery


If the low grade tumor recurs as a high grade tumor or if a high grade tumor recurs, reoperation should be attempted if the patient has a Karnofsky score of at least 70 and removal of all or almost all of the contrast-enhancing tumor is potentially attainable, or if the tumor mass is causing neurologic symptoms that might be palliated by its reduction. Removal of tumor may improve the patient’s quality of life by alleviating neurologic deficit or permitting reduction of steroid dose. It may also prolong survival by reducing tumor burden and improving response to radiation, chemotherapy, immunotherapy, or biologic therapy.71,72









Radiation Therapy


If the tumor was not irradiated previously, the tumor bed and its annular margin should receive regional radiotherapy. Even when radiotherapy has been used initially, it is an option at recurrence, but doses permitted under standard guidelines for conventional fractionation and volumes are unlikely to be high enough to be effective. Other possibilities include highly conformal conventionally fractionated radiotherapy (e.g., IMRT, intensity modulated radiation therapy), hypofractionated stereotactic radiotherapy, interstitial brachytherapy, and stereotactic radiosurgery.72–76 In one study, the use of highly conformal teletherapy for re-irradiation of recurrent gliomas (mean re-irradiation dose of 38 Gy, range 30.6–59.4 Gy) at a median time of 38 months (range 9–234 months) produced radiographic stability or regression and neurologic improvement in two thirds of the patients.75 In another study, 10 patients with recurrent malignant gliomas treated with intensity-modulated radiation therapy (daily fractions of 5 Gy to a total median dose of 30 Gy) demonstrated median overall survival duration of 10.1 months from the time of treatment, with 1- and 2-year survival rates of 50% and 33%, respectively.76


Hypofractionated stereotactic radiotherapy (SRT) combines high dose per fraction with stereotactic targeting. Hypofractionated SRT (e.g., 20–30 Gy in 2–5-Gy fractions) of recurrent malignant gliomas resulted in a median duration of subsequent survival of 9.3 months (15.4 months for grade III tumors and 7.9 months for grade IV tumors) in one study.77 Another protocol that delivered 20 to 50 Gy in 5-Gy fractions to 29 patients with recurrent high grade astrocytomas resulted in a median duration of survival after retreatment of 11 months.78 Steroid dependent toxicity occurred in 36% of patients, reoperation was required in 6%, and a total dose in excess of 40 Gy predicted radiation damage (p < 0.005). Another study used 24 Gy in 3 Gy fractions, 30 Gy in 3 Gy fractions, and 35 Gy in 3.5 Gy fractions to boost previously irradiated residual or recurrent malignant gliomas at a mean of 3.1 months (range 1–46 months) after standard treatment to 60 Gy. Sixty percent of patients required less steroid and 45% improved neurologically. Eighty percent of those receiving 30 or 35 Gy responded. The median duration of survival was 10.5 months. No grade 3 toxicity occurred. Reoperation was not performed.79 A fourth protocol combined fractionated stereotactic radiosurgery and taxol as a radiosensitizer for recurrent malignant gliomas. It resulted in median survival duration of 14.2 months in 14 selected patients.80 These four studies suggest that hypofractionated SRT has moderate efficacy and acceptable safety in selected patients.


Although several studies suggested promise for brachytherapy in treating glioblastomas, both initially and at the time of recurrence, tumors in these studies were highly selected for small size and focality, two features that would make them appropriate for stereotactic radiosurgery or radiotherapy, less invasive techniques with equivalent results.12,81,82 In a retrospective comparison of interstitial brachytherapy and radiosurgery for recurrent glioblastomas, the median durations of survival in the two groups were similar (11.5 months and 10.2 months, respectively). Patterns of failure were similar. The actuarial risks of reoperation for necrosis at 12 and 24 months were 33% and 48% respectively, after radiosurgery, and 54% and 65%, respectively, after brachytherapy, with the caveat that the brachytherapy group had larger tumors and longer follow-up.83,84


Other forms of focal radiation therapy of recurrent gliomas such as photodynamic therapy (PDT), boron neutron capture therapy (BNCT), intraoperative radiation (IORT), and radiolabeled monoclonal antibodies to tumor cells’ surface receptors have been studied.85–90 A dozen clinical trials have measured the safety and efficacy of irradiation of a tumor’s resection cavity by 131I-labeled mAb 81C6 (anti-tenascin C). Promising results for this technique during initial resection suggest its potential utility during reoperation as well.90


Although some of these studies report modest benefit, the diffuse infiltration of malignant tumors at the time of recurrence and the dose-limiting toxicity that occurs after 60-70 Gy of radiation frustrate focal therapies and warrant more systemic approaches such as chemotherapy and biologic and immune therapies.









Chemotherapy


Chemotherapy of infiltrative gliomas at diagnosis and at recurrence is often valuable. Temozolamide (Temodar, TMZ), an oral DNA-methylating agent with a benefit-toxicity profile superior to that of antecedent alternative intravenous alkylating agents such as BCNU and CCNU, has become the drug of choice. TMZ is appropriate for those low grade tumors not treated by chemotherapy at the time of initial presentation; one study reported a response rate of 47%.91 If the tumor recurs despite TMZ, a protracted schedule of TMZ administration or strategies using CCNU alone, PCV, bevacizumib (Avastin) alone or bevacizumib combined with other drugs (e.g., Irinotecan) can be given.64,92–95


For Grade III tumors, TMZ is also recommended.96 Perhaps reflective of the favorable biology of the tumor, TMZ of anaplastic oligodendrogliomas with deletions of chromosomes 1p and 19q is particularly effective.59,97 In the initial treatment of patients with GBM, the addition of TMZ to radiotherapy increases the percentage of patients surviving at 2 years to 26.5% from 10.4% for radiotherapy alone and the median duration of survival to 14.6 months from 12.1 months.98 At the time of renewed growth of a high grade tumor, if the tumor has not previously been exposed to TMZ, TMZ should be given. If TMZ had been used but it was discontinued prior to either tumor progression or treatment-limiting toxicity occurring, rechallenge with TMZ or a single nitrosurea agent would be appropriate.99 Patients treated for recurrent or progressive GBM with TMZ showed an overall response rate of 19% and mean time to progression of 11.7 weeks.99 Similarly, treatment of recurrent GBM with a standard TMZ regimen (150 to 200 mg/m2 × 5 days in 28-day cycles) produced a progression-free survival rate of 6 months (PFS-6) of 21% vs. 8% following procarbazine.100 A more intensive regimen (150 mg/m2 daily on a week on/week off cycle) yielded a PFS-6 of 48% with an overall PFS-12 of 81%101 and combinations of TMZ with the matrix metalloproteinase inhibitor, marimastat, or 13-cis-retinoic acid, produced rates of PFS-6 of 39% and 32%, respectively.102 If TMZ was used to treat the primary tumor and toxicity occurred, then an agent with a different toxicity risk profile should be used.95


Limitations of the efficacy of TMZ and related alkylating agents (BCNU, CCNU) reflect cellular drug resistance mechanisms, including the suppression of DNA repair mechanisms. The MGMT cytoprotective repair protein removes TMZ-induced methyl adducts at the O6-guanine in DNA.103,104 Administration of O6-benzlguanine to suppress this DNA repair has increased the cytotoxicity of TMZ in preclinical models.105


Intracavitary implantation of wafers of drug polymers attempts to enhance local drug delivery while avoiding systemic side effects. The initial randomized, double blinded clinical trial with intracavitary BCNU wafers showed longer median survival (31 vs. 23 weeks) and improved survival rates 6 months after treatment of recurrent GBM in the BCNU arm relative to the placebo arm, but the survival curves converged at longer follow-up, and higher rates of symptomatic edema, infection (3.6% vs. 0.9%) and seizures (37.3% vs. 28.6%) were noted.66


Chemotherapy offers little benefit to patients whose tumors recur a second time.106 Nor is multiagent chemotherapy more beneficial than single-agent chemotherapy.107 And hematologic toxicity is worse with more complex combinatorial agents.108–110


For cancer patients, quality of life is an important consideration. Patients suffering from recurrent GBM reported greater satisfaction and a higher health-related quality of life (HRQOL) when treated with TMZ than with PCV.68 Choice of chemotherapy should consider such findings as well as efficacy, toxicity, and cost.









Biologic and Immune Therapies


Delineation of the molecular pathways of glial tumorigenesis has fostered development and testing of small molecule inhibitors and monoclonal antibodies targeting their components. Erlotinib and gefitinib, inhibitors of the epidermal growth factor receptor (EGFR)—a tyrosine kinase amplified or mutated in a high percentage of glioblastomas—are two examples of such molecular-based therapeutic agents. However, recent phase II trials have failed to demonstrate convincing effect. Gefitinib provided rates of progression-free survival at 8 months (PFS-6) of 14% in a prospective study of 28 patients with recurrent or progressive high-grade glioma and of 13% in 53 patients with recurrent glioblastoma.111,112 A randomized, phase II trial conducted by the European Organization for Research and Treatment of Cancer found a PFS-6 of 12%, for patients with recurrent glioblastomas treated with gefitinib compared to a PFS-6 of 24% for the control group treated with either BCNU or TMZ.113 Disappointment over the failure of EGFR inhibitors as single agents has not dimmed optimism that they may be more valuable when used in conjunction with other therapeutic agents.


EGFRvIII, a constitutively active form of the receptor resulting from its most common deletion (found in each 30% of GBM), has been targeted by small inhibitory molecules and monoclonal antibodies specific for the mutated receptor. Tyrphostin, an inhibitor of EGFR more active against the mutated than against the wild-type receptor, has significantly delayed tumor recurrence in animal models and is entering the clinical phase of trials.114 And mAbs raised against the variant receptor have shown antitumor effects in cell culture.115


Since EGFR is an initial component of the PI3Kinase pathway, which is crucial to cell survival, proliferation and motility, tumor cells, when chronically activated by the EGFRvIII mutation, become dependent on PI3k, and thus potentially sensitized to its disruption.116,117 Interestingly, the PTEN tumor–suppressor protein, an inhibitor of the P13K pathway, is often lost in glioblastoma.118 Based on these observations, it has been hypothesized that while possession of the EGFRvIII mutation would sensitize tumors to EGFR kinase inhibitors, loss of PTEN would mitigate this effect by disassociating EGFR inhibition from inhibition of the downstream P13K pathway. Coexpression of EGFRvIII and PTEN at both mRNA and protein levels was significantly associated with a clinical response in glioblastomas treated with EGFR kinase inhibitors.117 Thus, although inhibition of EGFR activity and the PI3K pathway may not be effective against all GBM, it may hold promise against tumors, at diagnosis or at recurrence, selected for having predisposing molecular lesions.


Targeting the tumor’s vasculature is another promising strategy.119 Bevacizumab (Avastin), an inhibitor of vascular endothelial growth factor (VEGF) with antiangiogenic and antiedema effects, rapidly reduces contrast enhancement at the site of tumor. This response is associated with increased time to tumor progression: bevacizumib and irinotecan produced a PFS-6 rate of 46% in patients with recurrent glioblastoma.120 Despite other similarly impressive bevacizumib-induced increases in time to local recurrence of contrast-enhancing tumor, lengthened overall survival has not been observed. This suggests that the rapid, often substantial, reduction of contrast enhancement induced by bevacizumab may reflect decreases in vascular permeability rather than true regression of tumor. Furthermore, there is increasing concern both that the suppression of angiogenesis during treatment is transient and that treatment may favor more diffuse, initially hypoangiogenic growth.64 Despite these concerns, an advisory committee to the Food and Drug Administration recently unanimously recommended approval of bevacizumib for treatment of glioblastoma.


Immunotherapy also holds great promise for patients with malignant gliomas.121 Efforts to enhance the immune response to tumors include both passive and active strategies.122 Passive approaches include implantation of modified immune cells into a resection cavity. One early study employing lymphokine-activated killer (LAK) cells and IL-2 reported a median duration of survival of 53 weeks after reoperation and implantation compared with 26 weeks following reoperation and chemotherapy.123 Another implanting the LAK cells without the IL-2 in 40 patients with recurrent glioblastomas reported a median duration of survival of 9 months and a 1-year survival rate of 34%.124 Adoptive immunotherapy, a variety of passive immunotherapy, is receiving great interest. Tissue harvested at surgery is disaggregated and various constituents (simple lysate, DNA, proteins, etc.) are used to prime dendritic cells harvested from the patient’s blood or tumor.125,126 Active immune strategies employ vaccination. Clinical testing of a vaccine to EGFR vIII has progressed to a phase III trial based on safety and efficacy against newly diagnosed GBM in phase I and II trials.127 Confirmation of the actual clinical benefit of these and other efforts to enhance the immune response awaits completion of phase III trials.


Monoclonal antibodies to other tumor cell surface receptors have also been used to block other components of growth factor signaling pathways (e.g., PDGF), to deliver toxins specifically to tumor cells (e.g., toxin linked to EGF or IL-13), and, as mentioned above, to selectively irradiate tumor sites (e.g., I131-mAb).90,128 For example, Pseudomonas exotoxin has been targeted to the IL-13 receptors highly expressed on malignant glioma cells by injecting the toxin conjugated to IL-13 into the resection cavity of recurrent, malignant glioma. Pseudomonas exotoxin conjugated to TGFalpha also has been investigated in a phase I trial, with relative safety but mixed results in terms of efficacy. Overall, toxin delivery by cytokines has demonstrated relative safety and variable efficacy.


Cells carrying therapeutic genes have also been used. Preliminary gene therapy studies using ganciclovir activated by a thymidine kinase gene delivered by a retrovirus produced by a modified mouse fibroblast packaging cell line have proved feasibility and safety but have not yet achieved proof of mechanism or demonstrated efficacy.129,130 In a small study that examined the effects of an intratumoral injection of retroviral vector-producing cells combined with intravenous ganciclovir, the authors obtained a 1-year survival rate of 25% with tumor response in 50% of the cases.131


Numerous such strategies utilize reoperation to harvest tissue for molecular analysis or to guide tumor specific therapies and as a source of agents for vaccination. Reoperation also presents an opportunity to implant drug polymers, immune stimulants, toxins, viruses, radioisotopes, therapeutic cells, and infusion catheters for subsequent delivery of therapeutic agents (Fig. 10-3).66,123,  128, 129, 131
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FIGURE 10-3 Adjuvant therapy. Reoperation provides the opportunity to implant drug polymers, immune stimulants, toxins, viruses, radioisotpoes, therapeutic cells, and infusion catheters for subsequent delivery of therapeutic agents. A 39-year-old man developed marginal recurrence about the cystic resection cavity left after removal and irradiation of an anaplastic astrocytoma 3 years previously. As part of a gene-therapy trial, three columns of vector-producing cells were infused within the tumor, at the tumor margin, and in the surrounding tumor-infiltrated brain. A, Coronal MRI. Five days later, the tumor and the infused tissue to be analyzed were removed. Care was taken to extend the resection to the margin of eloquent areas and to achieve watertight closure. B, Coronal, immediately postoperative MRI.

















Reoperation for Malignant Glioma






Rationale for Reoperation


Early reoperation, within months of the initial procedure, might be indicated for complications such as intracerebral, subdural, or epidural hematoma, wound dehiscence and infection, or hydrocephalus and CSF leakage. Occasionally, failure to identify and remove readily accessible tumor mass might warrant reoperation. In the Royal Melbourne Hospital experience, 5 of 200 patients underwent early reoperation.132 More frequently, true tumor recurrence after an interval of response to the initial therapy is the reason for considering reoperation. Reoperation is justified if it produces sustained improvement of neurologic condition and quality of life or significant increase of response rates to adjuvant therapy. Palliation of neurologic symptoms by surgery results from reduction of the local mass effect produced by the tumor and tumor-induced edema. Steroid dose may be able to be reduced and steroid side effects diminished.


Multiple studies have shown that initial surgical cytoreduction of a malignant glioma can both improve neurologic deficits and promote maintenance of high-performance status. One review of 82 patients examined five categories of neurologic function in each patient. Preoperatively, 191 neurologic deficits were noted. Postoperatively, 151 deficits were improved or stable and 40 were worse.133 Another study showed that patients undergoing gross total resection of their malignant gliomas were likely to have improved neurologic function (97% of 36 patients had either improved or stable neurologic examinations), higher functional status (mean KPS score improvement of 6.8%), and extended maintenance of good functional status (185 weeks).34,51 A third study confirmed that more extensive resection was correlated with better immediate postoperative performance, lower 1-month mortality rate, and longer survival: 43% of patients with malignant gliomas improved, 50% remained unchanged, and 7% suffered deterioration in their neurologic condition following resection of at least 75% of their tumor. A more limited resection proved inferior (28% improved, 51% were unchanged, and 21% were worse).49


Similar results can be achieved by reoperation. In one series, 45% of patients had an improved Karnofsky score following reoperation.108 In another series focusing on reoperation, when gross tumor resection was achieved, 82%32,39 of patients had improvement or stability in their Karnofsky score.134 In a third, patients with Karnofsky scores of 50 or less also underwent reoperation. Two-thirds improved from a dependent to an independent state and the median duration of survival was similar to that for all patients undergoing reoperation.135


The doubling rate of malignant gliomas is so high, however, that the benefit from reoperation will be very brief unless adjuvant therapies are able to induce remission of tumor growth. Surgical resection is especially beneficial when reduction of tumor burden improves the response rate to such adjuvant therapies. One early study of multidrug chemotherapy following reoperation for recurrent malignant gliomas used multivariate analysis to identify prognostic factors. During chemotherapy, disease stabilization or partial response occurred in 29 of 51 (57%) patients. Median time to tumor progression was 19 weeks for all pathologies; it was 32 weeks for patients with anaplastic astrocytomas and 13 weeks for those with glioblastoma multiforme. Median survival time was 40 weeks for all pathologies; it was 79 weeks for patients with anaplastic astrocytoma and 33 weeks for those with glioblastoma multiforme. Thirty-five percent of patients had serious chemotoxicity, but none had permanent morbidity or mortality. Factors associated with a longer median time to tumor progression included a higher Karnofsky score, lower grade of initial histology, lack of prior chemotherapy, less myelotoxicity, smaller postoperative tumor volume, greater extent of resection, and a local rather than diffuse pattern of recurrence. Those associated with a longer median survival time were a higher Karnofsky score, anaplastic astrocytoma rather than glioblastoma at recurrence, greater and myelotoxicity, and lobar rather than central location of the tumor.72


More recent studies from the University of California-San Francisco (UCSF), Memorial Sloan-Kettering, the University of Washington, and Johns Hopkins University have shown that reoperation followed by chemotherapy leads to stabilization of performance score for significant intervals.66,108,136,137 At UCSF, 44% of patients with glioblastomas maintained a performance level of at least 70 (a level consistent with self care and judged to be survival of high quality (58%)) for at least 6 months after reoperation; 18% maintained this level for at least a year; and 3 patients did so for longer than 3 years. Most (52% of 31) patients with anaplastic astrocytomas maintained this performance level for at least 12 months after reoperation; 13% had more than 4 years of high quality survival. Approximately 90% of the survival after reoperation for anaplastic astrocytoma was of high quality136 (Fig. 10-4). In the Memorial Sloan-Kettering group, the median duration of maintenance of independent status (Karnofsky score of at least 80) was 34 weeks. In the Seattle series, patients with a Karnofsky score of at least 70 maintained this high level of function for an average of 37 weeks after reoperation for glioblastoma and for 70 weeks after reoperation for anaplastic astrocytoma.137
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FIGURE 10-4 Quality-of-life considerations in the management of patients with malignant gliomas. Maintenance of high-performance status is a critical feature of outcome. The Karnofsky score (KPS) as a function of time indicates the quality of survival time that follows each intervention. 1S, initial surgery; XRT, radiation therapy; CMT, chemotherapy; 2S, reoperation; TS, total survival; HQS, high-quality survival (K = ≥70); SAR, survival after reoperation; AA, anaplastic astrocytoma; GBM, glioblastoma multiforme.




A more complete resection of recurrent tumor increases the duration as well as the quality of patient survival.60,134 Support for reoperation is found in comparisons of the outcomes in cases in which different degrees of tumor removal were accomplished and in comparisons of the survival of patients following reoperation with that of historical controls not receiving reoperation. Patients in whom gross total resection of a glioblastoma is achieved survive longer (45.6 vs. 25.6 weeks) than do those receiving near-total or subtotal resections; for anaplastic astrocytomas, the effect of extent of resection is similar (87.5 vs. 55.7 weeks).137 Comparable results were obtained by another group in which the median duration of survival for GBM patients after gross total resection was 76 weeks and for anaplastic astrocytoma was 33 months.138 In the Sloan-Kettering series that grouped glioblastomas and anaplastic astrocytomas together, a similar difference was found (51.2 vs. 23.3 weeks).108 In the UCSF series, survival of patients undergoing reoperation and chemotherapy for either anaplastic astrocytoma or glioblastoma was longer than that of patients receiving chemotherapy alone at the time of tumor recurrence.136


A later study from UCSF67 evaluated 46 patients (15.3%) who underwent reoperation among a group of 301 patients with glioblastoma multiforme. The actuarial rate of reoperation was 15% at 1 year and 31% at 2 years after the initial diagnosis. Patients who were younger (p = 0.01) and who had received an extensive resection initially were more likely to undergo reoperation. KPS scores after reoperation were improved in 28% of patients, unchanged in 49%, and worse in 23%. There was no perioperative mortality. Eight (17.4%) underwent a third operation. A high preoperative KPS score was the only factor predictive of longer survival after reoperation. Similar to the earlier study, the median duration of survival after reoperation was 36 weeks: 61% were alive at 6 months and 24% at 21 months after reoperation. The median period of high-quality survival was 18 weeks (Table 10-1). A subset of 32 patients who underwent reoperation within 45 days of first tumor recurrence was compared with a control group of 141 patients who did not. The median duration of survival after recurrence was 18.7 weeks longer (42.4 vs. 23.7 weeks) in the group undergoing reoperation (p < 0.05, hazard ratio = 0.67, 95% confidence interval = 0.44–1.00) even when controlled for age and KPS score at the time of recurrence. The 13-week difference in survival was potentially due to selection bias. Adjusting for resectability by eliminating from the control group those who underwent biopsy only as the first operation and those whose recurrent tumor was separate from the original tumor reduced the statistical significance of this difference (p = 0.12; hazard ratio = 0.71, 95% confidence interval = 0.46–1.09). The Cox multivariate proportional hazards model adjusted for resectability predicted that a typical 55-year-old man with a KPS score of 80 likely would survive 8 weeks longer (35 vs. 27 weeks) with reoperation than without it. Selection bias was also reduced by stratifying reoperation and control groups by propensity to undergo reoperation. This analysis identified reoperation (p = 0.03, hazard ratio = 0.64, 95% confidence interval = 0.42–0.96) as well as KPS score as statistically significant predictors of longer survival.67


TABLE 10-1 Karnofsky Performance Status






	Definition

	Percent

	Criteria






	Able to carry on normal activity and to work. No special care is needed

	100

	Normal; no complaints; no evidence of disease.






	 

	90

	Able to carry on normal activity; minor signs or symptoms of disease.






	 

	80

	Normal activity with effort; some signs or symptoms of disease.






	Unable to work. Able to live at home, care for most personal needs. A varying amount of assistance is needed.

	70

	Cares for self. Unable to carry on normal activity or to do active work.






	 

	60

	Requires occasional assistance, but is able to care for most of his or her needs.






	 

	50

	Requires considerable assistance and frequent medical care.






	Unable to care for self. Requires equivalent of institutional or hospital care. Disease may be progressing rapidly.

	40

	Disabled; requires special care and assistance.






	 

	30

	Severely disabled; hospitalization is indicated although death is not imminent.






	 

	20

	Very sick; hospitalization necessary; active supportive treatment necessary.






	 

	10

	Moribund; fatal processes progressing rapidly.






	 

	0

	Dead.







From Karnofsky D, Burchenal JH, Armistead GC Jr, et al. Triethylene melamine in the treatment of neoplastic disease. Arch Intern Med. 1951;87:477-516.


The benefit of reoperative surgery is also suggested by experience with brachytherapy. Patients undergoing reoperation for tumor recurrence and/or radiation necrosis following brachytherapy for glioblastomas, either initially or at first recurrence, survived longer than those not receiving reoperation (median total survival of 120 vs. 62 weeks for patients with primarily treated tumors and 90 vs. 37 weeks for patients treated with brachytherapy at the time of first recurrence).12


Reoperation as a part of the multimodality treatment of recurrent gliomas is further supported by study of long-term survivors of glioblastoma multiforme. A review of the UCSF experience identified 22 of 449 (5%) patients with glioblastomas who survived at least 5 years after diagnosis. Sixteen of 22 had tumor recurrence that was treated; and 9 underwent between one and three reoperations. For 8 of the 16 patients with treated recurrence, survival after treatment of recurrence (median of 4.5 years) was longer than the remission produced by the initial treatment.138


The benefit to survival from reoperation is not above dispute. As noted above, multivariate analyses of chemotherapy studies have found that extent of resection and smaller postoperative volume are associated with prolongation of time to tumor progression but not of survival.32 A similar study of survival after progression of malignant gliomas identified high KPS score and age less than 50 years as independent prognostic factors.139 Those who underwent reoperation (58/143 patients) lived longer (median of 35 weeks vs. 16 weeks, p < 0.005 in univariate analysis) after tumor recurrence than those treated without reoperation, but multivariate analysis identified only a trend toward reduction of risk of death (hazard ratio = 0.74; 95% confidence interval = 0.50–1.11; p = 0.014) following reoperation. Randomized controlled trials using prognostic indices for analysis of outcomes are needed to evaluate definitively the benefits of reoperation.140









Selection of Patients for Reoperation


Case selection is critical to outcome. The patient’s profile of prognostic factors, the predicted tolerance of the procedure, and the feasibility of extensive tumor resection without undue risk of new neurologic morbidity must all be considered. Multiple characteristics have been identified as predictive of a good response to reoperation (Table 10-2). Foremost among these are tumor histology, patient age, performance status, interoperative interval, and extent of resection.




TABLE 10-2 Reoperation for Recurrent Gliomas
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The prognostic significance of tumor grade is evident in most series. Median duration of survival after reoperation was 88 weeks for patients with anaplastic astrocytomas but only 36 weeks for those with glioblastomas at UCSF, and 61 weeks and 29 weeks, respectively, at Sloan-Kettering.108,136


The effect of age may overwhelm that of tumor grade. In one series, survival after reoperation was 57 weeks for those younger than 40 years but only 36 weeks for older patients.60 Other authors found an association between youth and total survival duration after diagnosis and between youth and quality of survival after reoperation, but not between youth and duration of survival after reoperation.108,136


Preoperative performance score significantly affects outcome. At Kentucky, median duration of survival after reoperation was 22 weeks for patients with performance scores of at least 70 but only 9 weeks for more disabled patients.141 In the Seattle series, for glioblastomas, survival after reoperation was almost twice as long (71 vs. 36 weeks) for patients with Karnofsky scores of at least 70 than for those with lower scores.137


The prognostic importance of the interval between initial treatment and recurrence is disputed.142 The Kentucky series found survival to be twice as long if the interval between operations exceeded 6 months. In Seattle, a threefold difference (150 vs. 48 weeks for glioblastoma, and 164 vs. 52 weeks for anaplastic astrocytomas) was noted when the time to progression exceeded 3 years.137 Others, however, have found either no relation, or an inverse relation, between the interoperative interval and duration of survival after reoperation.60,108,136


The likelihood of substantial resection must also be anticipated. The ability to remove sufficient tumor mass to reduce intracranial pressure and palliate neurologic symptoms depends on the location of the tumor and its physical characteristics. Removal is facilitated by a more superficial location in noneloquent areas, a discrete pseudoencapsulated mass is more easily removed than a less well-marginated diffuse one, drainage of a cystic component will often provide immediate reduction of mass, as well as an avenue for further tumor resection.


During the interval between initial surgery and tumor recurrence, the patient will usually undergo therapy that might affect tolerance of surgery. The decision to reoperate must consider overall physical condition, tissue viability, blood coagulability, hematologic reserve, and immune function following surgery, radiation, corticosteroids, and chemotherapy. A high risk of multisystem failure, failure to thrive, intracranial hemorrhage, anemia, wound infection, pneumonia, and neurologic damage may exist. This risk should be assessed for each patient by obtaining preoperative chemical, hematologic, and radiographic studies.


In choosing patients for reoperation and subsequent therapy, consideration of the individual patient’s profile of these prognostically significant factors permits a reasonable estimate of the likelihood of benefit from the procedure. Quality of life is a very important determinant of benefit as perceived by the patient, family, and society. Reoperation and subsequent multimodal therapy should be chosen only if maintenance of a reasonable level of function is anticipated (Figure 10-4).









Preparation for Reoperation


Before surgery, the patient is likely to be receiving corticosteroids; these should be continued. At the time of induction of anesthesia, the patient is fitted with thigh-high intermittent-compression air boots. Additional steroids, prophylactic antibiotics, and osmotic and loop diuretics are given and the patient is hyperventilated. In positioning the patient, the likelihood of elevated intracranial pressure makes attention to elevation of the head above the level of the heart particularly important.









Reoperative Exposure


In planning the needed exposure, the tumor can be located by its relationship to the margins of the craniotomy and to the cortical pattern of gyri and sulci on the preoperative MRI scan, by intraoperative frameless stereotaxy, or by intraoperative MRI.143,144 The procedure should be planned in advance to ensure adequate skin opening, craniotomy, and durotomy to expose the recurrent mass. All may need enlarging because of the increased extent of the tumor or a desire to perform corticography for mapping of motor or speech function.


The skin incision from the previous operation is usually used. The skin opening can be increased by additional incisions. They should be external to the previous flap, avoid its base and other vascular pedicles, and intersect the previous incision at right angles. The margins of the prior craniotomy flap should be defined. Generally, this is best accomplished with a curette, beginning at the prior trephination. Depending on the interoperative interval, the prior flap may need to be recut. Dissection in the epidural plane can be begun with a curette followed by a No. 3 and then a No. 2 Penfield dissector. The craniotomy plate is further elevated as the dura is stripped from its inner surface with a dissector. Epidural adhesions fixing dura to the craniotomy margin should be preserved as prophylaxis against postoperative extension of an epidural fluid collection unless the craniotomy needs to be enlarged. In this case, these adhesions are dissected with a curette and trimmed. After the dura is stripped from the undersurface of the cranial plate, an additional segment of bone can be removed with a craniotome.


The durotomy may need to be enlarged, but often it can be limited to part of the dural exposure. It should be planned to minimize traverse of cortical adhesions. For instance, in re-exposing a temporal lesion, the durotomy can be placed over the cyst remaining from the prior resection. Flapping the dura superiorly then allows adhesions to be put on traction such that they may be dissected from cortex, coagulated, and sharply divided. Extending a durotomy along an old incision line should be avoided. The old incision line should be traversed perpendicularly and as infrequently as possible in that it is often the site of the densest adhesions. Microdissection of larger vessels from dural attachments may be necessary. Once the dura is opened and retracted, the exposed cortex is inspected for the surface presentation of the tumor, apparent as abnormal color, consistency, and vascularity.


Localization of the subcortical extent of the tumor is then undertaken. Again, the preoperative imaging studies and stereotactic techniques are of value.145 Brain shift occurring during dural opening and tumor resection must be considered when using these techniques. Intraoperative MRI or ultrasonography may help correct for this.144,146,147 Tumor may also be found by locating a cystic resection cavity or encephalomalacic brain left after the previous operation. In that almost all tumors recur within 2 cm of the original tumor’s margin, exposure of the initial tumor’s surgical bed will usually reveal at least part of the recurrent mass.


Electrocorticographic mapping of motor, sensory, and speech areas may reduce the chance of inflicting neurologic deficit and may encourage a more extensive resection by revealing the relationship of the site of cortical traverse and of the subsequent subcortical dissection to eloquent brain (Fig. 10-5). This technique is often more difficult at the time of reoperation because of cortical disruption by the tumor and prior surgery.148 However, long term reshapings of language, sensory, and motor maps in some patients have allowed gross total resection of recurrent gliomas without neurologic sequelae.149,150
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FIGURE 10-5 Recurrent malignant glioma. A 43-year-old woman developed right arm and leg weakness 11 months following complete resection and irradiation (60 Gy) of a right frontal glioblastoma. Pre-reoperative axial (A) and sagittal (C) MR scans showing contrast enhancement just posterior to the resection cavity. Reoperation, guided by intraoperative electrocorticographic mapping of the primary motor area, accomplished gross total removal of the recurrent tumor and surrounding frontal lobe back to the precentral sulcus, as seen on postoperative axial (B) and sagittal (D) images. After resolution of perioperative edema, full extremity strength returned.




Generally, the appearance of the tumor itself is the best guide to its extent. Tumor-infiltrated cortex is likely to have increased vascular markings, a pink to gray color, and a firm consistency. Its central core may vary from yellow cystic fluid of low viscosity to high viscosity, soupy, white necrosis which resembles pus, to a yellow-gray, granular, honeycomb-like material. Typically, the center is relatively avascular although it may be traversed by thrombosed blood vessels.


Some advocate incision into the tumor mass and internal debulking with an ultrasonic aspirator or laser as an initial step; however, this often induces significant hemorrhage. Enucleation by circumferential dissection in the pseudoplane about the rim of solid tumor is usually more satisfactory. Arteries supplying the tumor and veins draining it can be coagulated and divided as they enter the tumor mass, much as the vascular supply of an arteriovenous malformation is handled. In areas of noneloquent brain in particular, the softened, necrotic, highly edematous white matter around the tumor provides an excellent plane of dissection. The use of bipolar cautery forceps and suction together accomplishes this dissection while reducing local mass. Beyond the encephalomalacic brain lies more normal brain which, although edematous and possibly injured by prior retraction and radiation therapy, is often functional and should be preserved.


Often the tumor can be removed as a single specimen without the need for significant retraction of surrounding brain. In general, gentle, transient gentle pressure on a cottonoid paddy lying on the margin of resection provides sufficient exposure of the dissection plane that fixed self-retaining retractors are unnecessary. Retraction of the tumor mass is preferable to retraction of surrounding brain. Often, identification of the appropriate plane for the circumferential dissection is facilitated by this retraction on the tumor; coherence of the tumor mass helps delineate the plane between solid tumor and tumor-infiltrated brain.


Once the tumor mass has been removed, the margins of resection should be inspected to verify completeness of the excision. The margins should be free of tumor that is more firm, glassy, opaque, and hypervascular. Biopsies of the surrounding edematous brain should be sent for frozen-section analysis to verify absence of tumor. If solid tumor or tumor infiltrating into noneloquent areas remains, it should be removed. In some cases, extension of tumor into eloquent areas or diencephalic structures will preclude resection of the entire mass. In such cases, the tumor should be divided. This often entails coagulation of numerous strands of small, thin-walled blood vessels. This is particularly true if the extension is in the direction of the vascular supply, such as medial extension of a temporal lobe tumor toward the posterior aspect of the sylvian fissure. Particular care should be taken to coagulate and sharply divide these vessels. Tearing them without prior coagulation will leave a loose end that will retract and continue to bleed. Such loose ends should be directly coagulated rather than tamponaded with hemostatic packing, which may encourage deeper dissection of a hematoma.


After the resection has been completed, hemostasis should be confirmed by filling the tumor cavity with saline and, during a Valsalva maneuver, observing for wisps of continuing hemorrhage. This should be performed with the patient’s blood pressure at least as high as the normal pressure. The cavity is then aspirated, lined with a single layer of oxidized cellulose, and filled again with irrigation fluid. Hyperventilation is then reversed to permit expansion of the brain during closure.


Watertight dural closure is essential. Often, this can be attained by primary suturing, given the decompression from the operation. If the dura is incompetent, it may be supplemented by a pericranial graft or a synthetic dural replacement. Peripheral and central dural tacking sutures are placed. The bone fragments are wired together, and the craniotomy plate is then fixed with titanium miniplates. The wound is irrigated repeatedly with antibiotic solution and then closed in layers with 2-0 absorbable suture in muscle, fascia, and galea. The galeal sutures should be inverted and the knots should be cut short to avoid erosion superficially. They should be placed in sufficient proximity that tension-free closure of the skin is possible. Staples or simple running 4-0 nylon skin sutures usually provide adequate closure except at sites of attenuation, where horizontal mattress sutures may be preferred.


Postoperatively, the patient should be closely monitored for signs of increased intracranial pressure from hematoma or edema. Fluid restriction, dehydration, and corticosteroids should usually be continued. The patient should be mobilized as soon as possible and a gadolinium enhanced MRI scan should be obtained as soon as it is tolerable to assess extent of tumor resection.
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Chapter 11 Tumors in Eloquent Areas of Brain
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Lesions presenting themselves in close proximity to eloquent cortex and underlying white matter tracts provide a challenging subset of disorders for the neurosurgeon. Advances over the last 40 years in the ability to localize functional parenchyma by a variety of means have facilitated a more aggressive approach to the management of these lesions from a surgical standpoint. Neuronavigational systems in combination with anatomic and functional imaging advances as well as electrophysiologic study have greatly advanced the neurosurgeon’s ability to effectively and safely treat these lesions. The goals of surgery for tumors located in eloquent areas of the brain are to maximize the extent of resection, minimize neurologic morbidity, and potentially treat intractable tumor-related epilepsy.


This chapter will focus on lesions juxtaposed or involving eloquent areas of the brain. Any number of pathologic entities can potentially manifest in functionally eloquent regions; however, gliomas will be a particular focus because of their more invasive nature compared with more focal lesions as well as the potential for eloquent cortical and subcortical white matter to be located within the tumor mass.






Rationale for Aggressive Resection


Resection of focal tumors in theory involves resection of the tumor mass without disruption of adjacent functional brain, since these tend to displace rather than invade. In the absence of the tumor presenting to the cortical surface, however, identifying eloquent cortex in an effort to safely approach deep seated lesions is of prime importance. Circumscribed lesions such as gangliogliomas, metastases, cavernomas, and arteriovenous malformations (AVMs) are examples of more focal masses that are usually more amenable to complete resection with less risk to adjacent cortex and white matter when compared with infiltrating gliomas. The exception to this may be epileptogenic zones that can be separate from the tumor mass or gliotic tissue that is not easily distinguishable from tumor-involved brain.


Surgery for diffuse tumor masses such as oligodendrogliomas and astrocytomas involves consideration of another dimension, that being resection of tumor infiltrating functional brain. It is well recognized that these diffuse tumors extend into otherwise grossly normal-appearing or slightly gliotic and potentially eloquent areas.1–3 The identification of this functional brain within the tumor margin is important for ensuring continued neurologic function. The topic concerning the benefits of extent of resection with respect to high- and low-grade gliomas is controversial. Unfortunately, there are no prospective, randomized controlled trials to specifically address the benefits of radical resection. We are thus restricted to considering nonrandomized, retrospective data in an effort to guide clinical therapy. It cannot be overemphasized that decision making must be individualized and is best undertaken with a multidisciplinary approach to each patient considering the risks and benefits of each specific treatment option. Any benefit of surgery will come only by way of minimizing operative and neurologic morbidity related to the treatment.


The literature, overall, supports a positive effect of surgery on the natural history of low-grade gliomas. In a number of studies, gross or near-gross total resection of low-grade astrocytomas was correlated with lower recurrence rates and longer times to progression as compared with subtotal resection.4–10 Fewer studies have correlated extent of resection with a survival advantage.11 The rationale for aggressive resection is based on the assumption that small tumors will with time progress to larger tumors and become potentially either more difficult to resect or nonresectable. There is also good evidence to suggest that the potential for malignant degeneration is related to the tumor size and length of time the mass has been present.4,12 Malignant degeneration has been variously reported, and probably occurs in about 50% of patients harboring these lesions.13,14 An exhaustive review of this literature is beyond the scope of this chapter, and the reader is referred to a recent review by Keles and colleagues.15 Surgery for high-grade gliomas is less controversial. Several studies not only indicate a benefit for time to progression and improved neurologic performance, but also improved survival.16–26 Newer evidence, however, emphasizes that acquired motor or speech deficits may negatively impact overall survival.27


Therefore, the advantages to utilizing a maximal tumor resection strategy include less likelihood of tissue sampling error, an immediate reduction in signs and symptoms of mass effect, improved control of intractable seizures with dedicated seizure monitoring, and the potential positive effects in decreasing the risk of malignant dedifferentiation through cytoreduction and influencing outcome as it pertains to delaying progression.









Definitions of Eloquent Cortex


The concept of cortical localization with respect to language dates back to Broca’s seminal report of two patients with nonfluent aphasia after having suffered autopsy-proven left inferior frontal strokes.28 Wernicke subsequently added the description of another form of aphasia, variously termed fluent aphasia, in 1874 under similar circumstances.29 These experiments of nature have opened the door to extensive research efforts at anatomically localizing various aspects of language and motor function to specific regions of the cerebral cortex. Numerous types of language deficit can result from injury both to cortical and subcortical regions. The focus here will be directed toward those regions essential for language and motor function as it applies to neurosurgical procedures and practice.


Sir Victor Horsley30 performed the first stimulation mappings of the cerebral cortex in a series of patients when he stimulated the motor and somatosensory cortex producing contralateral limb movement and paresthesias. About 50 years later, Penfield and Boldrey detailed their results in stimulation of the precentral and postcentral gyri and noted that primary motor and sensory function is reliably located in these regions, although they may be displaced from their usual anatomic location as a result of mass effect from adjacent tissue.31 They found these areas to be indispensable for movement and emphasized that during surgery every effort to preserve their structural integrity should be made. An exception to this general rule may be the face region, which is represented bilaterally, and resection of lesions in the nondominant motor cortex have been described.32 This is not advocated in the dominant hemisphere because of the close proximity of language areas and the greater role the face motor region may play as association cortex with the language areas.


The most extensive work done on mapping primary essential language areas up to recent years was done by Penfield and colleagues as well.33,34 Penfield tested naming, counting, spelling, and reading in patients during awake craniotomy and documented these areas on maps of the lateral and superior cortical surface. Three main areas were identified as being essential for language function. These were the inferior frontal opercular area (corresponding to Broca’s area), the posterior temporal area (corresponding to Wernicke’s area), and a third area located on the medial and superior surfaces of the superior frontal gyrus (the supplementary motor area). They also noted that these sites had relative importance in subserving language function, with the posterior temporal and inferior frontal regions being unresectable if language function was to be preserved. They also noted that the mesial frontal region was associated with severe expressive deficits postoperatively but that these deficits gradually disappeared in the weeks following surgery. Numerous others have confirmed this observation, indicating that resection of the supplementary motor area does not generally lead to permanent deficits as long as the more posterior primary motor cortex is spared.35,36


The standard technique for intraoperative stimulation mapping was also developed by Penfield to a large extent and later refined by Ojemann et al.37 Of note in Penfield’s stimulation maps is that errors in naming and object recognition were indeed clustered in the classical Broca’s and Wernicke’s areas, but a significant number of sites occurred outside of these traditional boundaries. In classic mapping studies done by Ojemann and colleagues on 117 patients, 67% had more than one distinct essential language area and 24% had three or more distinct areas subserving language function in the dominant hemisphere peri-sylvian region. There was also greater variability in the temporal language area as compared with the frontal region. Additionally, essential language sites were found to be confined to an area of 2.5 cm2 or less in about 50% of people, with only 16% of patients having an area equal to or larger than 6 cm237 Seldom are the entire extents of classical language areas essential for language function thus allowing potentially aggressive resection of lesions in eloquent areas.


To summarize, motor and sensory cortex are reliably localized to the precentral and postcentral gyri, respectively, in both hemispheres and are often readily identified on magnetic resonance imaging (MRI). The majority of essential motor neurons are located in the posterior portion of the precentral gyrus adjacent to the central sulcus. Compartmentalization of language functions is less precise based on cortical anatomy alone. In contrast to classic views of motor and sensory localization, language does not provide the surgeon with the same degree of certainty based on anatomic landmarks. There is wide variability in both the number and location of essential language sites within individual patients as evidenced by Ojemann’s work. Language sites cannot be accurately defined with anatomic imaging only, and other means, such as functional imaging and/or direct negative stimulation mapping, must be used to minimize patient morbidity when considering resection of lesions in the peri-sylvian region of the dominant hemisphere. It must be kept in mind that language functions as a network of interconnected areas involved in parallel and serial processing to accomplish a task, although it is convenient to think of these areas as having discrete anatomic boundaries for the purposes of surgical planning and resection.









Testing of Cerebral Dominance


The evaluation of cerebral dominance has interested scientists since the time of Broca. It is well established that the vast majority of right-handed individuals are left brain dominant for speech and language function, while fewer left-handed individuals are left brain dominant, but still a majority. Efforts at finding out which patients may have atypical language localization (i.e., bilateral or right sided) is of great importance to the neurosurgeon particularly when operating in the peri-sylvian region of the right hemisphere. Strauss and Wada evaluated patients for various lateralized preferences, including hand, foot, eye, and ear, and found that taken together, these had a higher correlation with cerebral dominance than any one did alone. Perhaps more revealing in this study was that only 3% of patients with all left-sided preferences were left hemisphere dominant, indicating a high-risk group for undergoing right-sided surgical procedures.38 Noninvasive means of testing for dominance offer clues about the lateralization of cerebral dominance, but application to a broad population base is problematic. These evaluations alone cannot be used to predict cerebral dominance reliably in individual patients, especially those with any left-sided preference. The intracarotid amobarbital procedure is the method of choice for the determination of dominance in this setting.


The intracarotid amobarbital procedure was initially developed by Wada in 194939 and later applied to a larger number of patients in reports by Wada and Rasmussen40 and Branch and colleagues41 for determining cerebral dominance with respect to language function. Milner and colleagues applied the technique to study the dominance of memory in patients undergoing resection of mesial temporal lobe structures for epilepsy.42 There have been numerous other applications of this technique, but the focus of this chapter will be on testing for language and memory dominance as it applies to lesions in eloquent cortex.


Tumors involving peri-sylvian and mesial temporal structures are often in close proximity to potentially essential language cortex and the hippocampus, which has been shown to be of prime importance in memory processing. It is also well established that memory in addition to language tends to lateralize in individuals. It is important for the surgeon to know to which hemisphere language is dominant and in certain circumstances, as with medial temporal lobe lesions, to know potential memory lateralization before embarking on aggressive resection. Wada testing can add light to the decision about whether or not more detailed preoperative or intraoperative study is necessary in individual patients. At a minimum, patients with planned peri-sylvian or medial temporal resections without strict left-sided preferences should be considered for Wada testing or undergo functional imaging because these individuals will often have atypical language representation.









Anatomic Localization of Eloquent Areas


Several methods have been described for localizing the central sulcus based on external (skull) landmarks. This gives the surgeon a general idea of where the precentral and postcentral gyri are located preoperatively and can help in planning the craniotomy in the absence of neuronavigational aids. These techniques are based on Taylor-Haughton lines.43 The motor strip is typically located 4 to 5 cm posterior to the coronal suture in the midsagittal plane.44


The central sulcus is often readily identified on preoperative imaging. Berger and colleagues correlated intraoperative stimulation mapping of motor cortex with preoperative MRI scans and found that the central sulcus is reliably identified on high-vertex axial T2-weighted imaging as transverse sulci with the motor cortex located immediately anterior (Fig. 11-1). Additionally, it was found less reliably on slightly parasagittal images using the termination of the cingulate sulcus in the marginal sulcus with the sensorimotor cortex anterior to this.45 Efforts at localizing language areas have been less certain, although for Broca’s area, which is more constant in location, Quiñones-Hinojosa and colleagues have demonstrated 87% to 89% accuracy when the frontal opercular area is categorized in specific anatomic subtypes when compared to intraoperative stimulation mapping.46 This may be readily identified on sagittal imaging as an “M-shaped” gyrus representing the pars orbitalis, triangularis, and opercularis (Fig. 11-2).
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FIGURE 11-1 High vertex axial imaging can be used to locate the central sulcus (black line) on most patients as a transversely oriented sulcus posterior to the end of the superior frontal sulcus.
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FIGURE 11-2 The frontal operculum can often be identified as an M-shaped gyrus (gray line) on lateral sagittal imaging just superior to the sylvian fissure.




Though attractive, this method may be most useful for identifying lesions that are in proximity to the rolandic sulcus and thus require more invasive testing either preoperatively with functional imaging and/or with intraoperative mapping.









Intraoperative Stimulation Mapping


Localization of eloquent areas of the brain during surgery is of paramount importance both in preserving function and in ensuring the most radical resection possible when lesions are in close proximity to them. Furthermore, tumors may abut eloquent cortex, displacing it and making landmarks more difficult to identify, or they may invade critical structures. Intraoperative cortical stimulation is widely used and has been validated in numerous studies. It is currently the “gold standard” in the identification and preservation of eloquent areas to which all other modalities such as functional imaging should be compared.






Localization of Primary Motor and Sensory Cortex


The method of using somatosensory evoked potentials to identify the sensorimotor cortex was introduced by Goldring in treating pediatric epilepsy patients.47 It has since broadened to include use in patients having tumors in the rolandic region.48,49 Somatosensory evoked potential mapping is quick and reliable in identifying the somatosensory region. Typically, an eight-contact strip electrode array is placed over the region of interest in a transverse orientation, and stimulation of the median or tibial nerve, depending on the lesion location, is done with recording of the contralateral cortical surface, either epidurally or subdurally. The somatosensory cortex is located at the point of phase reversal between two adjacent contacts. The array of electrodes may then be repositioned to confirm the location of the central sulcus superiorly or inferiorly.


The advantages of this procedure over stimulation mapping are that the risk for inducing seizures is significantly less, and it may be performed epidurally, thus potentially limiting exposure of eloquent cortex through a tailored dural opening suitable for the needs at hand. Additionally, electrodes may be placed beneath the adjacent bone not involved in the craniotomy flap to localize sensorimotor cortex.


Motor-evoked potentials have more recently been used to identify motor cortex specifically and allow direct stimulation monitoring of motor cortex and subcortical pathways with a high-frequency stimulator in patients under general anesthetic by observing limb movements or with electromyography. 48,50,51


Cortical stimulation mapping can be used to map the rolandic cortex with great precision (Figs. 11-3 to 11-5). Mapping of the motor cortex can be done with the patient either awake or under general anesthesia. Somatosensory stimulation can only be done with the patient awake. Stimulation may involve the cortex or subcortical white matter, which may be especially advantageous for tumors that extend deeply into the hemisphere or in the region of the internal capsule in the case of insular masses. Notably, children may have relatively inexcitable cortex as compared to adults, making stimulation mapping more difficult.52
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FIGURE 11-3 Preoperative T2-weighted magnetic resonance imaging revealing a low-grade glial tumor adjacent to the motor cortex in the supplementary motor area.
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FIGURE 11-4 Intraoperative photograph of the patient in Figure 11-3 showing stimulation mapping of the right upper arm and leg region done before tumor removal. The resection was done with stereotactic guidance and ongoing neurologic examinations, both motor and speech, to protect the radiating white matter tracts during the resection of the deeper components of the tumor. A, arm; F, face; S, shoulder.
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FIGURE 11-5 Postoperative T2-weighted magnetic resonance imaging of the patient in Figure 11-3 revealing complete removal of all T2 signal abnormality.











Localization of Language Cortex


Permanent language dysfunction, even relatively minor, can be of considerable distress to the patient and family. Identification of essential language sites is of great importance during lesion resection in the peri-sylvian region of the dominant hemisphere. Language mapping, in contrast to mapping motor cortex, must be done with the patient awake and cooperative. If speech function, reading, or comprehension is impaired because of the location of the mass, intraoperative stimulation mapping for language function will not usually be helpful. Additionally, adults with neurologic, psychiatric, or significant medical comorbidities such as obesity or pulmonary problems may not be able to tolerate an awake procedure. Prior to surgery, the patient is counseled by the surgeon, anesthesiologist, and speech pathologist or neurologist about the nature of the procedure, the environment, and their expected duties. It is crucial to assess a patient’s language function prior to surgery to obtain a baseline against which to compare intraoperative testing. It is often more labor intensive and time consuming for the surgical team and requires perseverance in identifying essential language regions.









Stimulation Mapping Technique


Patient positioning is of great importance to balance the requirements of a multidisciplinary team during the surgical procedure. The patient must be comfortable enough with respect to head position and padding of pressure points to allow cooperation for often extended periods of time. He or she must have an unobstructed view of the examiner so as to participate fully in testing during the procedure. The anesthesiologist must also have ready access to the airway for emergency intubation as well as monitoring during pin placement and craniotomy, when the patient is under more sedation. In our practice, frameless stereotaxis is often used and, therefore, patient positioning must also consider line-of-sight issues of the infrared camera and stereotactic equipment.53 With these issues in mind, the surgeon must often determine if there will be adequate access to the lesion. Often, optimal positioning from the surgical standpoint is somewhat compromised, and judgment must be exercised about the feasibility of doing an awake procedure as opposed to using alternative methods such as extraoperative mapping. Usually, however, a satisfactory solution can be found, facilitating safe tumor resection.


The patient is given fentanyl and propofol for conscious sedation for placement of the pinion, scalp incision, and craniotomy, and then awakened for the cortical and/or subcortical mapping. A mixture of bupivacaine (0.25%) and lidocaine (0.5%) that is pH-adjusted is used to infiltrate the pin sites and subsequently the scalp incision when the head has been positioned. Intraoperative stereotactic neuronavigation is useful to plan the craniotomy and scalp incision as well as to allow necessary exposure of the tumor and for mapping of adjacent language or sensorimotor cortices. This will also allow for feedback intraoperatively with respect to tumor volume excision, as discussed further later. Preoperatively, the maximum volume of local anesthetic that can be safely used throughout the procedure is calculated based on the patient’s weight (2-3 mg/kg of bupivacaine or 4-6 mg/kg of lidocaine). A reserve of 10 to 15 ml is kept on hand for application to the dura after the craniotomy as well as for additional discomfort the patient may have during the stimulation mapping portion of the procedure. After the mapping has been completed, the patient may again be sedated to finish the necessary resection and closure.


The stereotactic navigation system can be used to outline the tumor and identify possible motor and sensory cortex to minimize the amount of time spent mapping as well as serving as a useful guide about the extent of tumor resection. Intraoperatively, the main concern with stereotaxis and the use of preoperative imaging is brain shift. As the operation progresses, this distortion increases as cerebrospinal fluid is lost and the tumor is resected. This distortion is accentuated when the tumor is large or when the ventricle is entered. Intraoperative ultrasound is an alternative method to ensure maximal resection after mapping has been done to localize the tumor boundaries as well as potentially allowing correction due to brain shift.54 Small tickets or catheters may be used to outline the depth of the tumor around the periphery in a “picket fence” arrangement, with resection proceeding up the edge of each catheter. This minimizes the chance that brain shift will have an adverse effect on tumor resection. Ultrasound has shown good correlation to T2 signal abnormality on MRI.55


Standard cortical mapping is then done with the Ojemann stimulator, as has been described previously.52 An established anesthesia protocol should be in place in anticipation of the rare instance that stimulation induces a seizure, especially if the patient’s head is fixed in a pinion. To minimize induction of intraoperative seizure activity, a surface electrocorticography strip is placed outside the resection field on the cortical surface to monitor for afterdischarges. Stimulation current is selected to be less than that which results in 1 or 2 afterdischarges. If there is evidence of cortical irritability following stimulation, the brain’s surface is irrigated with ice-cooled saline. A low setting (2–5 mA) constant current, 60-Hz biphasic square wave stimulus with a 1-msec duration is used to stimulate various regions of interest. Motor stimulation may have to be higher than sensory stimulation. If no response is elicited at 16 mA, then no functional cortex is located in the stimulated area. A quick test of the temporalis muscle reflected from the craniotomy site can confirm that the equipment is functional in sleeping patients. Electromyography can be used when performing mapping of the motor cortex to provide greater sensitivity and lessen the chances of stimulation induced seizure activity.56 Contact of the bipolar stimulator, parallel to the adjacent sulci, should last 1 to 2 seconds, and no two stimulation trials should be attempted in succession in one area. Current may need to be increased to identify certain areas such as the face motor region and depends on the anesthesia used if the patient is asleep. Pediatric patients also may require higher stimulation current to elicit a response, as noted earlier. The patient is assessed for motor or sensory findings with each stimulus when mapping the perirolandic areas. The cortex is stimulated in stepwise fashion at 1.5-cm intervals, with two to three positive stimulations defining functional cortex.53 A numbered tag is then placed on the brain surface at these sites. Subcortical tracts may also be stimulated similarly during tumor resection with the same or slightly higher current parameters.57–60 This may be particularly useful for insular gliomas adjacent to the internal capsule or medial temporal tumors growing over the tentorial edge to identify the cerebral peduncle at the medial extent of the resection.


Language mapping is done similarly, with a speech pathologist examining the patient with confrontational naming, spelling, counting, reading, or other site-specific test. The patient is shown objects or assessed every 4 seconds with any errors, anomia, dysnomia, hesitation, or speech arrest being noted. After each stimulation trial, the patient is allowed to name an object without stimulation to ensure recovery of function. Afterdischarges are allowed to dissipate prior to the next stimulation. It is important to note when stimulating the posterior inferior frontal lobe that speech arrest is not caused by oropharyngeal motor arrest, as occurs when stimulating the precentral gyrus, by observing the patient as well as listening. Stimulation of the postcentral gyrus may aid in this distinction, because the patient is able to note oropharyngeal sensory stimuli. Cortical sites essential for language function have been found to be located on the crests of gyri and not generally in sulci unless continuous with an adjacent gyrus, according to Ojemann and co-workers.37


Most stimulation-induced seizures last only 10 to 30 seconds, and cold saline can be applied to the cortical surface to abort the majority of these. Seizures lasting longer than this should be treated more aggressively with benzodiazepines, because generalization of a focal seizure can lead to an unsafe situation with a patient in pinions and limited access to the airway. Again, every effort should be made to use low stimulation current as well as meticulous monitoring of afterdischarges to prevent this complication.


A limitation of intraoperative cortical mapping is that high-intensity stimulation may inhibit or activate functional areas whereas low-intensity stimulation may not identify intended target areas.61 Other pitfalls to be aware of are that more than two language areas can exist, and thus the inability to identify any eloquent cortex should raise caution that the stimulation is not working rather than lead to the conclusion that none exists in a given area. Also, preservation of cortex with disruption of subcortical tracts by undercutting gyri may lead to permanent morbidity.


It is often straightforward to identify by MRI the central sulcus or to map eloquent motor and language cortex as just described. However, it is more difficult to map the subcortical white matter tracts. One technique to minimize the risk of injury to radiating white matter tracts is to conduct repetitive neurologic and speech examinations during the ongoing tumor resection. This obviously requires a coordinated team approach, which includes having both a neurologist and speech pathologist, possibly with interpreters for mapping multiple language regions available in the operating room. With ongoing examinations, the surgeon is able to be more aggressive and proceeds with resection until the onset of neurologic deficits. In this circumstance, a maximum neurologically permissible resection of infiltrative tumors can be performed with a risk of significant neurologic injury that approximates 15%.53


There is evidence that epilepsy associated with slow-growing low-grade neoplasms resides in adjacent tumor-free cortex.62 Epilepsy associated with AVMs may be similar.63 With respect to lesions in eloquent cortex, this epileptogenic zone may also reside in functional cortex, hence the need to perform either extraoperative mapping as described later, or intraoperative electrocorticography to define this area. Multiple studies have shown that resection of adjacent electrocorticography-active foci results in improved seizure control as compared with resection of the tumor mass alone.62 Children may fare better in this regard than adults.64 Combining an epilepsy operation with an oncologic operation may provide the best chance at tumor and seizure control. It is also important to monitor for epileptic discharges after resection to ensure that additional seizure foci are not left behind.


Intraoperative cortical mapping combined with appropriate functional imaging and stereotactic neuronavigation should theoretically protect the patient from iatrogenic neurologic morbidity. This, however, is not always the case, and there are several possible reasons. First, patients with lesions in eloquent areas already have some degree of neurologic impairment, and manipulation or close resection to critical areas may worsen the neurologic condition. Additionally, maximizing resection by removing tumor until a deficit becomes apparent is a strategy sometimes used.8,52 Second, regional ischemia and peritumoral edema may become manifest after an apparently uneventful resection.65 Third, a lack of specificity of the testing paradigm to the area of resection may miss potentially eloquent areas. This is minimized by using naming as a part of language evaluation, as the majority of aphasias have anomia as a component of the syndrome. More specific tests, however, can be done when there is concern about important association cortex or functions such as calculation.66 Complex language functions may in time be better identified with more specific testing paradigms used after assessment with functional MRI (fMRI), evaluating the specific functional modalities at risk during lesion resection.67


Resection of gliomas to within 2 cm of eloquent tissue used in naming carries a risk of persistent postoperative deficit, as noted by Ojemann and Dodrill.68 Haglund and colleagues later reported on a series of patients undergoing temporal glioma resection that a margin of greater than 8 mm was associated with no postoperative deficits lasting more than 30 days.69 In general, it is best to keep a margin of about 1 cm between resection and eloquent cortex. Subcortical pathways from sensorimotor and language areas are thought to descend perpendicular to gyri; therefore, undercutting identified eloquent cortex should be avoided.


The majority of the deficits induced during awake craniotomy are temporary in nature and lasting major neurologic morbidity relatively rare. Patients must be counseled preoperatively of this risk and the expected temporary nature of the postoperative deficits.












Functional Imaging


There has been an explosion in recent years in the research and application of functional imaging to neurosurgery. These techniques are based on identifying regions of the brain that are “active” relative to other regions of the brain during a specific testing algorithm. This technology is extremely helpful in that it offers the possibility of localizing eloquent areas of cortex with respect to a mass lesion preoperatively, determining the best surgical approach, and potentially guiding the decision to use intraoperative mapping in a given patient.


Functional MRI (fMRI) and positron emission tomography (PET) scanning are being used more frequently in the preoperative assessment of eloquent areas of the brain. Functional MR signal changes are believed to be a result of local blood oxygenation differences between activated and, therefore, more metabolically active, brain and relatively silent areas. This has been termed the blood oxygen level-dependent (BOLD) contrast method and requires no contrast agent70 (Fig. 11-6). Various paradigms exist for testing certain areas of the brain. All are dependent on a comparison with the performance of a task and a resting state or alternate task. fMRI studies and their interpretation, therefore, are extremely dependent on the tasks and comparisons used. While fMRI measures the changes in deoxyhemoglobin levels reflecting oxygen consumption, PET measures regional differences in cerebral blood flow through use of an injected radioisotope, most commonly [15O]H2O or 2-[18F]-2-desoxy-D-glucose (FDG). Despite the inherent differences in the physiologic basis for the imaging modalities, concordance between them when compared to intraoperative stimulation mapping has been good.71,72 In the future, fMRI may have more efficacy in comparison with PET because of its noninvasive nature and more widespread availability.
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FIGURE 11-6 Functional magnetic resonance image using the BOLD technique for identifying motor cortex preoperatively.




Maps of eloquent areas identified on fMRI or PET can be coregistered or “fused” to standard MRI scans, slice by slice manually or with fusion software, to give better anatomic detail in most neuronavigational systems.73,74 This coregistration can in turn be applied in planning the surgical procedure, as well as during the formal operation. The potential benefit to using fMRI data is that it preoperatively determines the general location of eloquent cortex with respect to the lesion in question, allowing for preprocedural planning of the craniotomy and the approach to the tumor, as well as aiding in the decision whether to apply intraoperative stimulation. It may further reduce the size of the craniotomy, thus minimizing both surgical morbidity and the amount of time spent performing intraoperative mapping.75


More recently there has been interest in combining fMRI with diffusion-weighted MR images (diffusion tensor imaging [DTI]) to identify the motor cortex and pyramidal tracts with respect to space-occupying lesions.76,77 This may also provide additional insight into the preoperative planning and again reduce the time needed for intraoperative stimulation of subcortical tracts, which can be tedious and time consuming. It may also shed light on specific areas where the tumor mass may invade deep white matter tracts that must be spared during resective surgery. This information may be coregistered with MRI or fMRI imaging sets using neuronavigation at the time of surgery to maximize safety.


Several potential pitfalls should be taken into account when relying on fMRI, DTI, or PET data. There can be significant technical issues in integrating functional scans with a neuronavigational system with respect to echo-planar image distortion and complementary slice integration. This may lead to functional mislocalization of eloquent tissue.78 The areas identified by fMRI or PET utilized for a specific task are often much larger than those identified at surgery with electrical mapping. This poses a problem in deciphering on fMRI the areas that are essential for a given task and the areas that simply participate in a task but are nonessential. This has been more problematic in mapping language areas than in mapping sensorimotor regions.79,80 Additionally, local vasoreactivity in peritumoral brain may distort results that rely on vasoreactivity and oxygen consumption for producing data maps.81 A recent review by Giussani and colleagues nicely illustrates these complex issues.82


Intraoperative stimulation mapping remains the gold standard for identifying and preserving functional cortex and subcortical white matter; however, noninvasive methods such as fMRI are desirable, and further research and paradigm validation may improve the usefulness of this technique in the future.









Conclusions


Surgery of lesions or epileptic foci located in eloquent areas of the brain provides a unique challenge to the neurosurgeon. The goals are to maximize resection and minimize neurologic morbidity. Several techniques for achieving these goals have been presented. A multidisciplinary approach to treating these patients is the standard, and it should be kept in mind that these techniques should be viewed as complementary to each other, with no single approach serving as a stand-alone method of ensuring safe removal of lesions in eloquent brain.
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The phrase “primary central nervous system lymphoma” (PCNSL) is used to designate an extranodal lymphoma restricted to the nervous system, which account for about 3% of all brain tumors. Most are large B-cell lymphomas but a few cases of T-cell lymphomas have been reported. A common location is the brain parenchyma surrounding the ventricular system, but any craniospinal structure, in addition to the eye, can be involved. Although not as common, isolated spinal cord, meningeal, or ocular PCNSL can also occur. On the other hand, brain lesions are not infrequently accompanied by leptomeningeal and ocular dissemination. This chapter does not cover nervous system involvement as the first manifestation of systemic lymphoma, which can masquerade as PCNSL.


Among brain tumors, PCNSL has gained notoriety because, although still rare, it has recently increased in incidence and, unlike other brain tumors, has a high response rate to chemotherapy and radiation therapy. Before 1980, PCNSL would occur in a few individuals who were immune suppressed, usually after kidney transplant. The advent of the acquired immunodeficiency syndrome (AIDS) epidemic brought a steep increase in the frequency of this tumor. Nevertheless, the increased incidence was also seen in individuals without AIDS or other known immunosuppressive states, except for older age. Pathogenesis, diagnostic approach, treatment, and prognosis differ according to the patient’s immune state; thus when there is a suspicion of PCNSL, establishing an individual’s immunocompetency is of fundamental importance in deciding the most appropriate management.


At some point in his or her career, the neurosurgeon will be required to decide about surgery for a lesion suspected of being PCNSL by imaging studies. Unfortunately, the appearance is not specific, making it necessary to have this entity in mind as part of the differential diagnosis of any mass lesion. Because this tumor is highly responsive to nonsurgical forms of therapy, the role of surgery has to be tempered accordingly. In some cases, it will entail the deferral of surgical resection of a mass until the pathologic result of a diagnostic biopsy is available for review. In others, it involves refraining from the use of steroids until after the biopsy is performed to ensure the best diagnostic yield from the specimen. Moreover, placement of a reservoir with intraventricular catheter for chemotherapy administration may be required as part of the treatment. Therefore, it is important for the neurosurgeon to be aware of the clinical and diagnostic characteristics suggestive of PCNSL while actively participating in the subsequent therapeutic antineoplastic phase.


This chapter describes concepts pertaining to PCNSL of relevance for the neurosurgical practice taking into account, where appropriate, differences according to the patient’s immune state. Initial consideration will be given to the pathogenesis, etiology, and epidemiology of this type of lymphoma. Clinical presentation and diagnostic approach when the suspicion of PCNSL arises will be reviewed. Finally, therapeutic interventions, complications, and prognostic factors will be described in detail, insofar as they are important to understanding the surgical role in the overall interdisciplinary treatment approach of PCNSL.






Pathogenesis and Molecular Pathology


PCNSLs are almost exclusively of B-cell origin with only 2% of T-cell origin. The most common histologic subtype is the CD20-positive, diffuse, large-cell, B-cell, non-Hodgkin’s lymphoma (NHL), with a smattering of other more indolent B-cell lymphomas reported. The disease is more common in the immunocompromised than in the immunocompetent, but the pathogenesis of these disorders is uncertain regardless of the immunocompetency of the patient.1,2


Normal B cells arise from the hematopoietic stem cell and initially undergo antigen-independent differentiation, with immunoglobulin rearrangement in the bone marrow prior to emerging from the marrow as mature but naive B cells. These B cells move to secondary lymphoid organs where, upon encountering antigen, they undergo somatic hypermutation of the immunoglobulin variable region in the germinal center microenvironment. The presence of T cells, antigen presenting cells and the appropriate cytokine milieu are generally considered a requirement for somatic hypermutation with subsequent affinity maturation.3 B cells displaying the highest affinity for antigen are rescued from apoptosis and become either a memory cell or the terminally differentiated plasma cell.


Malignant B cells can be viewed as B cells arrested at a certain stage of differentiation. The developmental state of the cell will be reflected in its morphologic attributes, the degree of immunoglobulin rearrangement, the expression of surface molecules including CD10, BCL-6, MUM-1, and CD138 (which serve as markers of the B cell’s transition through the germinal center), and the presence of intraclonal heterogeneity. In the majority of PCNSLs, the malignant cells are BCL-6 positive (60%–100%), MUM-1 positive (90%–100%), and have undergone immunoglobulin rearrangement with somatic hypermutation. These findings suggest that the malignant cell has seen antigen, passed through the germinal center but has not yet become a plasma B cell, that is, the cell of origin in most PCNSLs is a B cell on the verge of exiting the germinal center (Fig. 12-1).4–6 Because there are no germinal centers in the brain, the B cell has, in all likelihood, migrated from a node to the CNS, probably in response to an antigen.7 It is unclear, however, whether the malignant transformation of B cell occurs prior to or following migration into the CNS.





[image: image]

FIGURE 12-1 A model for the histogenesis of PCNSL based on the developmental stage of B-cell arrest as indicated by antigen expression.


(Adapted from Camilleri-Broet S, Criniere E, Broet P, et al. A uniform activated B-cell-like immunophenotype might explain the poor prognosis of primary central nervous system lymphomas: analysis of 83 cases. Blood 2006;107:190-196.)





A rat model of the disease, developed by Knopf and colleagues,8 suggests that PCNSL arises in response to an antigenic stimulus, an infection perhaps, where the antigen has moved into a draining lymph node and serves to recruit naive B cells. Presumably, antigen retained in the CNS as well as the expression of specific chemokines prompts trafficking of B cells back into the CNS. Although this hypothetical scenario is compatible with the pathologic stage of development and differentiation of the malignant cell, several questions remain unanswered, including identification of the site of malignant transformation as mentioned above, the complete lack of involved lymph nodes, and the identification of the intracerebral antigen driving the process.


Certainly, there is abundant data that Epstein-Barr virus (EBV) is involved in the pathogenesis of PCNSL in the HIV-positive patient. There are, however, equally compelling data that EBV positivity is a rarity in PCNSL occurring in the immunocompetent individual.3,9,10 Thus, it is quite possible that the underlying pathogenesis differs, depending on the immunocompetency of the patient.









Epidemiology


PCNSL was considered a rare tumor occurring in a few immunosuppressed organ transplant recipients until the early 1980s when, coinciding with the AIDS epidemic, there was a marked increase in its frequency. The increase in incidence was seen in all age groups but was more evident in men than in women.11 At its peak, prior to the highly active antiretroviral therapy (HAART) era, the relative-risk in HIV-infected individuals was 1000- to 3600-fold higher than in immunocompetent individuals; this has declined dramatically, essentially by an order of magnitude, since the introduction of HAART.12,13 However, a definite and persistent rise in incidence in the immunocompetent population has been observed.14,15 Patients without immune suppression are usually older, and the male-to-female ratio is 1.2 to 1.7:1.11 Most studies corroborate that this change in the incidence of PCNSL is independent of trends in the incidence of brain tumors and in NHL.16









Clinical Manifestations


The clinical effects of PCNSL are indistinguishable from those associated with other brain tumors. In addition to the routine medical history, special care should be taken to elicit information about the possibility of immune suppression, especially HIV infection. PCNSL usually occurs several years after the diagnosis of HIV infection has been made.17 Because PCNSL only occurs in about 3% of all AIDS patients,18 infections like toxoplasmosis are a more likely diagnosis in this setting. It should be noted, however, that as a cause of intracranial mass lesions in an individual with AIDS, PCNSL is second only to toxoplasmosis.12


Approximately 8% of immunocompetent patients will have a history of successful treatment of a non–nervous system malignancy prior to the diagnosis of PCNSL.19 In these cases, the diagnosis is even more challenging and might be delayed because of the concern of secondary nervous system involvement from the previous malignancy. When the previous malignancy is an extraneural NHL, absence of systemic disease on diagnostic workup and comparison of gene rearrangement studies on the biopsy specimens of both lymphomas can demonstrate that they are separate entities. Whether these patients have an increased predisposition to multiple neoplastic processes, or the PCNSL is the result of the antineoplastic treatment for the first tumor, is unknown.19


The relative frequency of clinical manifestations of PCNSL does not differ greatly between immunosuppressed and immunocompetent individuals. Nevertheless, there are some differences that might be of clinical relevance when considering the diagnosis. In immunocompetent patients, the median age at presentation is in the sixth decade of life, whereas the median age for AIDS patients is in the fourth decade of life. Patients with AIDS more often have multiple lesions than do immunocompetent individuals, making the clinical topographic diagnosis difficult, and the latency between the onset of symptoms and diagnosis seems to be shorter.18


The clinical course is usually subacute, with a few months elapsing between the onset of symptoms and the diagnosis of a mass lesion by imaging studies. There are several reports of spontaneous transient remission of symptoms associated with PCNSL.20 The most common symptoms associated with PCNSL are focal neurologic deficit, increased intracranial pressure, alteration of mental function, or a combination of these manifestations. At the time of initial presentation, approximately one third will have symptoms of increased intracranial pressure, about 50% will have behavioral changes, and approximately 10% will have seizures.18 Between 30% and 42% of patients will experience a combination of focal and nonfocal symptoms at the time of diagnosis. The neurologic examination will yield a variety of signs that can be localizing or nonlocalizing (e.g., increased intracranial pressure or alteration in the mental function). Hemiparesis and ataxia are the most common focal neurologic signs, but aphasia, acalculia, visual field defects, and cranial nerve palsies are also common.18 Cranial-spinal nerve palsies and hydrocephalus might be secondary to lymphomatous meningeal infiltration, which is present in up to 42% of all patients with PCNSL.18 Visual symptoms might precede or follow the diagnosis of PCNSL and will depend on the ocular structure affected by the tumor. However, 50% of the patients with PCNSL and ocular involvement detected by slit-lamp examination are asymptomatic.21 Clinically apparent ocular involvement at presentation is found in about 8% to 10% of PCNSL patients,18 but vitreous involvement of the eye occurring prior to or during the course of CNS lymphoma has been noted in up to 25% of patients.22 In about half of the cases with ocular involvement, visual symptoms can be the first manifestation of PCNSL, preceding neurologic symptoms by several months. Decreased visual acuity or floaters may prompt the patient to seek medical attention, and any nonspecific uveitis refractory to topical or systemic steroids should bring ocular PCNSL to mind.21


Rare clinical syndromes that sometimes are associated with PCNSL include those where the tumor location is restricted to the spinal cord, the leptomeninges, and the hypothalamus. These are especially challenging cases because, in addition to other neoplastic diseases, benign inflammatory entities can have a similar clinical and radiologic presentation. Isolated spinal cord involvement occurs in 1% to 2% of all PCNSL18 and can be associated with syringomyelia.23 The level and extent of myelopathic involvement will guide the clinical presentation. Secondary involvement of the spinal cord in patients with cerebral lesions is not a rare occurrence.24 PCNSL may also present as hypothalamic dysfunction causing diabetes insipidus,18 as pituitary apoplexy with bitemporal hemianopsia or as isolated third nerve palsy.25


A variant of PCNSL, clinically presenting with progressive cognitive decline and gait disorder and associated with diffuse white matter abnormality without enhancement on MRI was initially described in 1999.26 The term “lymphomatosis cerebri” has been used to describe this uncommon condition, which can be difficult to diagnose because of the nonspecific clinical and imaging findings;26–30 it can be erroneously diagnosed as vascular leukoencephalopathy, multiple sclerosis (MS), or gliomatosis cerebri.









Diagnosis


A definitive diagnosis of PCNSL cannot be made on clinical or imaging grounds, and histologic confirmation is essential. CT scan or MRI will initially establish the presence of a mass lesion with characteristics that, although suggestive of PCNSL, are not specific for this entity (Fig. 12-2). CSF analysis helps in the differential diagnosis and in some cases makes the diagnosis by the demonstration of malignant B lymphocytes.18 HIV testing is required in all patients suspected of having PCNSL. In spite of the information obtained from these studies, tissue diagnosis is required in most circumstances.
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FIGURE 12-2 T1-enhanced (A) and FLAIR (B) MRI showing the infiltrative character of PCNSL. Arrow shows small satellite area of enhancement that on the FLAIR seems to be connected to the larger lesion.








Imaging Studies


There are some characteristics on imaging studies that, although not pathognomonic, would strongly suggest that the mass lesion identified might be of lymphomatous origin. In the immunocompetent host a higher level of suspicion is required. Head CT scan shows a hyperdense or isodense mass, solitary in 86% of the cases,31 that usually exhibits homogenous enhancement after the administration of iodinated contrast.32 Lesions are usually supratentorial and localized in the deep periventricular areas.31 Because of their infiltrative nature, the lesions might have indistinct borders and result in minimal surrounding edema or compressive effect (see Fig. 12-2). Occasionally it can appear as a ring-enhancing lesion with a hypodense, necrotic core, indistinguishable from a high-grade glioma. Lesions can be multiple, suggestive of metastatic disease or infection, but the scarce perilesional edema should raise the suspicion of PCNSL. In about 10% of the cases the lesions are localized in the posterior fossa.


On MRI, most of the lesions are hypointense or isointense on T1-weighted images, and only about 40% are hyperintense on T2-weighted images.32 Although most lesions enhance after the administration of gadolinium exceptions include cases when the study follows the administration of steroids or when there is a diffuse infiltrating lymphoma (lymphomatosis cerebri) (Fig. 12-3). The appearance of PCNSL is of such heterogeneity that it should be considered in the differential diagnosis of any mass lesions detected on imaging studies (Fig. 12-4).
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FIGURE 12-3 FLAIR MRI prior to (A) and after (B) treatment of lymphomatosis cerebri.







[image: image]

FIGURE 12-4 T1-enhanced MRI of entities mimicking PCNSL on imaging studies: (A) multiple sclerosis, (B) toxoplasmosis in a patient with a history of renal transplant, (C) stroke, and (D) arteriovenous malformation.




PCNSL in the immunocompromised patient may have a more variable appearance on imaging studies.33 Infection is more likely to be responsible for a mass or enhancing lesion on imaging studies than PCNSL in this population, but no specific pattern has been established that can be used to distinguish between CNS lymphoma, toxoplasmosis, or other CNS diseases that occur in patients with AIDS.18 Unlike immunocompetent patients, AIDS-associated PCNSL has been reported to present with multiple lesions in 71% to 80% of cases, to show ring-like enhancement in 50% of cases, and to lack enhancement in about 10% to 27% of the lesions.33 Spontaneous hemorrhage, a nonenhancing lesion, or diffuse white matter changes do not exclude lymphoma in an immunocompromised patient.


Advanced MRI techniques may be helpful to pre-operatively suggest PCNSL. Magnetic resonance spectroscopy (MRS) shows massively elevated lipid resonances in PCNSL; although this may also be present in glioblastoma, the finding of elevated lipid resonances in combination with a markedly elevated choline/creatine ratio, may improve the preoperative differentiation of PCNSL and glioma.34 Dynamic susceptibility contrast-enhanced perfusion MRI reveals that the relative cerebral blood volume ratio is lower for PCNSL, correlating with the lower microvessel density by immunohistochemistry, than high grade gliomas.35 Using diffusion tensor imaging, with the enhancing lesion as the region of interest and comparing to the contralateral normal-appearing white matter, the fractional anisotropy and the apparent diffusion coefficient (ADC) ratios can be measured. Both parameters are significantly lower in lymphomas than glioblastoma and may assist in differentiating between these two entities.36 The ADC ratios, however, do not allow a reliable distinction between toxoplasmosis and lymphoma.37


Nuclear medicine has also been suggested as a possible method to discriminate between PCNSL and other types of malignant as well as nonmalignant pathologies without resorting to histologic diagnosis. In a study comparing N-isopropyl-p-(123I)-iodoamphetamine (123I-IMP) single photon emission computerized tomography (SPECT) in patients with malignant glioma, PCNSL and meningioma, the 123I-IMP retention uptake in the 6-hour to 24-hour SPECT images were significantly higher in PCNSL than in those of both malignant gliomas and meningiomas.38 In patients with AIDS, the thallium201-SPECT delayed retention index may be useful to discriminate PCNSL from infectious lesions with high sensitivity and specificity.39 The diagnostic utility of these techniques has yet to be determined in larger series, and histologic confirmation is still considered the gold standard for diagnosis of PCNSL.


Tumor infiltration of the nervous system can be more diffuse than is appreciated on imaging studies. Correlation of autopsy and MRI findings in 10 patients who died with PCNSL showed that all had tumor infiltration in CNS regions that were normal radiographically, including T2 sequences.40 Therefore, the infiltrative microscopic tumor burden of PCNSL renders futile any attempt to resect these lesions. The surgical role is restricted to a tissue biopsy for histologic diagnosis.









Tissue Diagnosis and Staging


While the diagnosis of PCNSL is usually suggested by the appearance of a focal lesion on CT or MRI, confirmation of the diagnosis of PCNSL in the immunocompetent requires tissue to definitively differentiate PCNSL from metastatic disease, glioma, sarcoidosis, and inflammatory lesions (Table 12-1). Because the CSF is involved at diagnosis 20% of the time, a brain biopsy can be avoided if malignant cells can be obtained from the CSF.41 Similarly, malignant (though often asymptomatic) uveitis is apparent in 10% to 20% of patients with PCNSL at presentation and may serve as the source of cells on which the diagnosis may be based.42,43 Cytologic examination of cells, as the sole parameter by which the diagnosis is made, is not optimal because it cannot determine monoclonality, a condition that is necessary though not sufficient for the diagnosis of lymphoma. In the case of B-cell lymphoma, monoclonality can be determined by flow cytometric detection of light-chain restriction if there are sufficient cells available. In T-cell disease, and when there are inadequate numbers of malignant B cells for flow cytometry, the diagnosis can be established by polymerase chain reaction (PCR) studies on the basis of T-cell receptor or immunoglobulin rearrangement, respectively. This technique is susceptible to false positives if too few cells are present and to false negatives if the DNA is highly degraded.44 It is important to underscore the fact that most lymphomas, including PCNSL, are quite sensitive to steroids. Cell death and tumor regression may occur as early as 24 hours after initiation of therapy. If tissue or a specimen for cytology is obtained following initiation of steroids, the result may be nondiagnostic because of cell death and tissue necrosis. Unless the patient is showing evidence of rapid neurologic deterioration or impending herniation, tissue should be obtained prior to starting any steroid therapy.45,46 Although a retrospective study exists challenging this concept,47 it seems prudent to avoid the unnecessary use of corticosteroids prior to diagnostic biopsy for PCNSL.


Table 12-1 Differential Diagnosis of PCNSL






	Disease

	Diagnostic Studies






	Multiple sclerosis

	Past medical history, CSF






	High-grade glioma

	SPECT-MRS






	Infection

	HIV infection, CSF






	Sarcoidosis

	ACE level, calcium






	Meningioma

	MRS






	Vascular

	Cerebral angiogram, MRI DWIs







ACE, angiotensin-converting enzyme; CSF, cerebrospinal fluid; DWI, diffusion-weighted images; HIV, human immunodeficiency virus; MRS, magnetic resonance spectroscopy; SPECT, single photon emission computerized tomography.


Once the diagnosis is made, patients generally undergo staging to determine the extent of involvement. Baseline evaluations include a physical and a neurologic exam, as well as cognitive function assessment. Because systemic involvement tends to occur more commonly at relapse, and because evidence of systemic disease is found in less than 5% at diagnosis, the necessity for a full lymphoma staging has been called into question.48 There is general agreement that, besides a complete history and physical, a CBC, standard chemistries with an LDH, HIV status, chest x-ray, CSF examination, and slit-lamp examination are absolutely required. A full staging would also include CT of the chest, abdomen, and pelvis, as well as bilateral bone marrow biopsies. Finally, testicular ultrasound should be considered in all elderly men. Full staging is inevitably required for any patient enrolled in a clinical trial and is recommended for all patients with PCNSL in the published guidelines for standardization of baseline evaluations.49


The role of 18F-fluorodeoxyglucose (FDG) PET to rule out systemic disease in the initial evaluation of patients presenting with PCNSL is uncertain. Two retrospective studies using PET in the initial staging of immunocompetent patients have revealed abnormalities (e.g., other malignancies, systemic sites of lymphoma as well as concurrent sites within the nervous system) undetected by other diagnostic studies in 19% and 28% of patients respectively.50,51 It remains to be determined if FDG PET is needed in all patients with the presumptive diagnosis of PCNSL (Fig. 12-5).
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FIGURE 12-5 Coronal T1-enhanced MRI (A) and 18-fluoro-2-deoxyglucose (FDG) PET image (B) of patient with PCNSL at the time of diagnosis.




The approach to a focal brain lesion in the HIV population is slightly different. The detection of EBV DNA by PCR in the CSF was initially found to be a sensitive (80% to 84%) and highly specific (100%) diagnostic marker of AIDS-related PCNSL, thus potentially obviating the need for a biopsy; these results, however, could not be confirmed in a later study.52–54 A brain biopsy in the AIDS patient carries a significant morbidity (8.4%) and mortality (2.9%),55 but is recommended when the CSF is negative for lymphoma, the focal lesion is atypical for toxoplasmosis, there is progression on a brief trial of antitoxoplasmosis therapy, toxoplasma serologies are negative, there is a rapid neurologic decline, or there are discordant CSF EBV and thallium201-SPECT results.12,17 It is noteworthy that a pre-HAART retrospective study of presumed or confirmed PCNSL in HIV-positive patients revealed there was no difference in the overall survival (1.2 months) between the two groups, presumptive and biopsy-confirmed, leading the authors to conclude there may be little benefit in subjecting the patient to the diagnostic procedure given the dismal outcome.56 The use of HAART and its impact on the CD4 count has allowed the use of more aggressive chemotherapeutic regimens without undue toxicity, and resulted in improved life expectancy for these patients. These changes will undoubtedly influence the algorithm, and they suggest that earlier diagnostic procedures may be in order for this patient population.









Differential Diagnosis


PCNSL may present with a variety of signs and symptoms and has a capacity to mimic many other nonmalignant neurologic conditions.57 It can be confused with multiple sclerosis (MS) in patients who present with neurologic dysfunction, a nonenhancing periventricular lesion, and CSF pleocytosis. Administration of corticosteroid causes clinical improvement and regression of PCNSL in some patients; this may be interpreted as a steroid-induced remission from an exacerbation of MS. Sustained clinical dependence on corticosteroid is unusual in MS, and should lead to consideration of PCNSL. Repeat CSF examination and gadolinium-enhanced MRI scan obtained off corticosteroid should differentiate between the two diagnostic possibilities.58 PCNSL cortical lesions may be difficult to distinguish from extra-axial masses such as meningioma on imaging studies (Fig. 12-6). In the case of immunocompromised individuals, infections such as Toxoplasma gondii should always be included in the differential diagnosis.
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FIGURE 12-6 A, Head CT scan with contrast demonstrating left temporal-parietal enhancing mass. Biopsy revealed PCNSL. B, T1-enhanced MRI showing a right frontal PCNSL. The lesion was dural-based, infiltrating brain parenchyma, and malignant meningioma was considered in the differential diagnosis before surgery.














Treatment


In spite of its infiltrative nature, PCNSL is one of the few brain tumors in which a durable remission can be achieved with appropriate treatment. Unfortunately, this sometimes is at the expense of significant treatment-related toxicity. Because PCNSL is rare, and because the disease behaves in an aggressive manner (with a life expectancy of less than 5 months if left untreated), the design of and accrual to large clinical trials has been limited. These hindrances to progress notwithstanding, there are now several interventions with varying toxicities available that can result in an increased disease-free, as well as overall, survival. An interdisciplinary, multimodality therapeutic strategy can, therefore, be designed to accommodate specific patient characteristics such as age, comorbid conditions, and immune status.






Steroids


Steroids induce apoptosis of lymphoid cells and can result in complete disappearance of the clinical and imaging manifestations associated with PCNSL.59 Although reduced edema plays a role, most of the rapid and dramatic responsiveness to corticosteroids is mediated by their cytotoxic activity. Because of the exquisite sensitivity of lymphoma cells to steroids, their administration to the patient with PCNSL carries important diagnostic and therapeutic implications. In 40% of patients, a rapid and dramatic regression of PCNSL follows their administration.60 Further, there can be a complete response after steroids in about 15% of the cases, resulting in the complete disappearance of the target for the biopsy.59 In another series, however, the majority of immunocompetent PCNSL patients received steroids before biopsy and had neither significant MRI change nor required of second biopsy for diagnosis.47 A dramatic clinical and MRI improvement would make the diagnosis of PCNSL very likely, although as previously mentioned there are other entities that exhibit similar steroid-responsiveness.


Even when a complete response is obtained on steroids alone, the disease will recur either at the same or in a remote site within the nervous system. Due to the potential development of steroid resistance, their use as monotherapy for PCNSL is not recommended, though they are usually used in combination with chemotherapy as part of the therapeutic regimen. It has been shown that the addition of corticosteroids to the first course of methotrexate chemotherapy was associated with a higher rate of complete responses.61


Steroids are known immune suppressants that, in combination with chemotherapy or in patients already immunocompromised, may lead to opportunistic infections such as Pneumocystis (jiroveci) carinii pneumonia (PCP), listeriosis, and fungal infections. PCP prophylaxis is routinely used while patients are on steroids and chemotherapy.









Surgery


PCNSL is an infiltrative tumor, usually localized in the deep periventricular regions, and is highly responsive to radiation and chemotherapy. Therefore, surgical resection is of limited benefit and can carry significant morbidity. In a retrospective study including 248 immunocompetent patients with PCNSL, 132 underwent stereotactic biopsy for diagnosis of PCNSL, resulting in a procedure-related morbidity of 3.7% and no mortality. The remaining 116 underwent surgical resection (because imaging studies were not suggestive of lymphoma) with a mortality rate of 3.4%. Multivariate analysis revealed that surgical resection was an unfavorable prognostic factor31 and may increase functional deficit.18 When there is the suspicion of PCNSL, the role of surgery is restricted to a stereotactic biopsy to provide tissue for diagnostic purposes.


In AIDS patients, the diagnosis of PCNSL is extremely likely in patients with hyperactive lesions on thallium201-SPECT and a CSF positive for EBV-DNA. If the lesion is hypoactive on SPECT, with negative CSF EBV-DNA, the recommendation is empiric antitoxoplasma therapy. If there is disagreement between the SPECT and CSF PCR results, a brain biopsy is advisable.53


Despite common contiguity with the ventricular system, only 7% of the patients have hydrocephalus requiring shunting.31 When leptomeningeal lymphomatous spread is documented, intraventricular chemotherapy is often recommended. An intraventricular catheter with a subgaleal reservoir for ease of administration is usually placed. Before therapeutic use of the reservoir, a nuclear medicine flow study is performed to ensure correct catheter placement as well as good distribution of the chemotherapy agent. Reservoirs have been associated with complications necessitating removal of the device (Fig. 12-7). Infection is the most common complication, occurring in about 15% of patients with PCNSL.
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FIGURE 12-7 T1-enhanced sagittal and axial MRI of a patient with PCNSL who developed a porencephalic cyst surrounding a reservoir catheter (A) and that decreased in size after removal of the device (B).











Radiation Therapy


Radiotherapy was the first intervention to have a significant impact on PCNSL survival, with an increased median survival of 12 to 18 months.31,46,62 Like systemic lymphomas, PCNSLs are considered to be extremely radiosensitive as was exemplified in a study in which a 40-Gy dose to the whole brain (WB) followed by a 20-Gy boost to the lesion(s) yielded an 83% complete remission rate. Unfortunately, the remissions were not durable; the median survival from the start of radiation therapy (RT) was only 11.6 months.62 Unlike other tumors, there is no classic dose–response curve for radiation in PCNSL, but there does appear to be a threshold dose of 50 Gy. A review of the literature, including patients receiving only RT, found a 42.3% 5-year survival for patients receiving greater than 50 Gy, as compared with a 12.8% 5-year survival for those receiving less than 50 Gy.62


A devastating and irreversible complication, treatment-related delayed neurotoxicity occurs most commonly following radiation or combination chemoradiation therapy (particularly when radiation precedes the chemotherapy) and only rarely following chemotherapy alone. The elderly are particularly vulnerable with an incidence of 80% in those surviving more than 5 years. It manifests as cognitive dysfunction early on followed by motor and autonomic dysfunction.63 While consolidation with WBRT after chemotherapy does improve the failure-free survival, it does not improve overall survival.64 For patients who are 60 years or older, current clinical trials rarely include radiation as initial treatment because of the high risk of severe cognitive impairment and neurotoxicity-related mortality. Recent trial designs have deferred RT or recommended the use of low-dose RT consolidation after chemotherapy. RT deferred until relapse yields a response rate (79%) and overall survival rate (32 months from diagnosis) comparable to those obtained when RT was included in the initial treatment plan.65 Reduced-dose RT (40 to 45 Gy) in patients younger than 60 years who achieve a complete response with aggressive chemotherapy may decrease the occurrence of severe cognitive impairment, but the cost is an extremely high incidence of chemotherapy-related toxicity and lower response rates.66 Recently, response-adapted therapy adjusting the radiation dose to less than 24 Gy for patients who achieved a complete remission with immunochemotherapy has resulted in excellent disease control (the increased incidence of neutropenia notwithstanding) and no decline in cognitive testing though median follow-up is only 37 months.67









Radiosurgery


Although PCNSL is a diffuse disease frequently with multiple enhancing lesions, CSF dissemination and ocular involvement, treatment with radiosurgery has been utilized. Two small studies have reported excellent initial local control of disease with gamma knife radiosurgery but, as expected, the majority of patients develop new lesions in other locations.68,69 Therefore, the potential benefit and long-term neurotoxicity of this therapeutic modality in the management of PCNSL is uncertain and possibly limited for symptom control of localized recurrent disease.









Methotrexate-Based Chemotherapy


The use of combined modality chemoradiation therapy is generally considered to yield improved outcomes over radiation therapy alone, although this consensus is based on retrospective studies only (Fig. 12-8).60 Further, regimens containing either high-dose methotrexate (defined as more than 1.5 gm/m2 per cycle) or high-dose cytarabine are associated with improved survival though only the use of high-dose methotrexate appears to be an independent favorable prognostic factor.70 These two chemotherapeutic agents are commonly used in lymphoma therapy and have excellent penetration into the CNS, even in the presence of an intact blood-brain barrier (BBB). Importantly, early studies established that neither route of administration (intrathecal versus intravenous) nor chemotherapeutic agent, regardless of age, is correlated with increased neurotoxicity.70 Multiple studies have confirmed these findings over the past decade, with median survivals ranging from 33 months to 60 months when a high-dose methotrexate regimen was used with or without subsequent WBRT (Table 12-2).70–82
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FIGURE 12-8 T1-enhanced (A), FLAIR (B), and DWI (C) MRI of patient with PCNSL at the time of diagnosis (A, B, C) and after five cycles of chemotherapy (D, E, F).






Table 12-2 Response Rates, Overall and Progression-Free Survival, and Toxicity to PCNSL Treatment Regimens with and without Radiation, for Patients of All Ages Including Elderly


[image: image]




In the elderly, studies using high-dose methotrexate-based regimens without RT have resulted in lower response rates and shorter durability of remission than in younger patients with PCNSL. The event-free survival of 5.9 to 15 months and the overall survival of 14 to 34 months are disappointing but the low incidence of both treatment-related mortality and neurotoxicity as well as a plateau in the survival curves suggests that, even in this population usually exhibiting both poor prognostic features (age and poor performance status), durable remissions with acceptable toxicity are possible.73,74,79,82


The use of high-dose methotrexate, therefore, has emerged as the standard of care for PCNSL. Although questions of optimal chemotherapeutic combination and the role of post-chemotherapy radiation remain unanswered, they have given rise to the development of risk- and response-adapted interventions. Determining optimal drug combination turns on the balance of increased toxicity versus increased remission durability. Acutely, high-dose methotrexate and high-dose cytarabine carry extensive toxicity profiles that include significant bone marrow suppression, mucositis, dermatitis, and neurotoxicity. The extent and severity of toxicity for both drugs depends on rapid and reliable renal excretion and, in the case of methotrexate, restoration of the intracellular stores of reduced folate in normal cells by the administration of leucovorin (5-formyl-tetrahydrofolic acid). Thus aggressive hydration, alkalinization of the urine, initiation of leucovorin rescue within 24 to 48 hours following the methotrexate infusion, and close monitoring of renal function and methotrexate level are imperative when giving methotrexate. Infection secondary to neutropenia will remain a significant problem, particularly as more aggressive chemotherapeutic regimens are used. The addition of steroids to high-dose methotrexate renders these patients increasingly susceptible to opportunistic infections.









Intrathecal Therapy


High-dose intravenous (IV) methotrexate, which penetrates an intact BBB and results in therapeutic levels of drug in the CSF, has brought into question the routine use of intrathecal (IT) therapy for patients with PCNSL. Based on retrospective data, there is a growing consensus that outside of a clinical trial, IT therapy should be used only in the setting of a positive CSF cytology, if at all, in up-front treatment.83 Of note, however, a phase II trial of patients treated without IT therapy was stopped following interim analysis due to a high rate of early relapse when compared to the results of a previous trial of comparable PCNSL patients who received the same chemotherapy regimen but with the addition of IT therapy84 further supporting the need for randomized trials to answer this pressing question. IT therapy is routinely used at relapse or if leptomeningeal disease persists after initiation of systemic high-dose methotrexate therapy.83,85 Methotrexate, cytarabine, and hydrocortisone have all been used singly or in combination for IT therapy. Rituximab, an anti-CD20 monoclonal antibody beneficial in systemic large-cell B-cell lymphoma but which does not penetrate the BBB when given IV, has been shown to be well tolerated and effective when given intrathecally.86–88









Other Therapeutic Options


Durable remissions and cure rates are distinctly lower in diffuse large-cell lymphoma of the CNS than in systemic diffuse large-cell, B-cell NHL. This is, in part, because of the difficulty in obtaining adequate drug levels when given systemically across an intact BBB. The chemotherapeutic regimens for systemic diffuse large-cell lymphoma routinely utilize only a few drugs, specifically those of the alkylator class, that are known to penetrate the CNS. Within this class, penetration varies from drug to drug (Table 12-3). Other strategies to increase the uptake of drugs include the use of a lipid-soluble drug (i.e., temozolomide), increased plasma concentrations, intra-arterial drug injection, and osmotic disruption of the BBB.89 The results of a multi-institutional trial using intra-arterial delivery following osmotic BBB disruption has resulted in an excellent overall response rate (81%) but significant toxicity was incurred with a combined procedural and chemotherapeutic complication rate of 33%.90 High-dose IV therapy, which results in better penetration, is limited by systemic toxicity. However, if the dose-limiting toxicity of the agents is bone marrow suppression or ablation, stem cell rescue can be used to overcome that particular toxicity. On the assumption that there is no significant difference in the biologic behavior between systemic and CNS-isolated large-cell B-cell lymphoma, stem cell transplant, which is routinely used in systemic lymphoma,91,92 has been proposed as a potentially curative intervention in PCNSL. Initially trialed in young PCNSL patients with poor prognostic indicators or relapsed/refractory disease,93–95 the results were so encouraging that high-dose therapy with autologous stem cell rescue has been moved up to first-line therapy by several groups.96–100 Results in newly diagnosed patients using high-dose methotrexate, ablative chemotherapy with stem cell rescue, and, finally, WBRT post-transplant yielded OS of 87% at 5 years, but unacceptable neurotoxicity rates of 24%.96 A revised protocol using radiation in the post-transplant period only when a complete response was not obtained following chemotherapy, has given very encouraging results: the disease free and overall survival at 3 years is 77% without evidence of significant neurotoxicity to date.96


Table 12-3 Systemic Antineoplastic Agents Used in Lymphoma Therapy That Penetrate the Blood–Brain Barrier






	Methotrexate






	Cytosine arabinoside






	Procarbazine






	BCNU






	CCNU






	Thiotepa






	Temozolomide






	Mercaptopurine (low concentrations)






	Melphalan (low concentrations)






	Cyclophosphamide (low concentrations)














Therapy for Intraocular Lymphoma


The therapy for intraocular lymphoma, whether it occurs in isolation or in the presence of other CNS lesions, deserves separate mention. Neither involved field irradiation nor systemic chemotherapy alone results in durable remissions in the eye, but the addition of orbital radiation to a high-dose, methotrexate-based regimen has been associated with both a higher response rate and decreased intraocular relapse rate.21 No difference in outcome has been found between patients treated with local (RT or intravitreal chemotherapy) as opposed to systemic chemo- or chemoradiation therapy.101 When used, radiation to both orbits is recommended due to the fact that bilateral eye involvement occurs in almost 80% of cases.21 Ocular RT carries a substantial morbidity including radiation retinitis, dry eye syndrome, corneal erosions, glaucoma, and cataracts. Intravitreal methotrexate (400 μg on a once or twice weekly basis with or without monthly maintenance) has been used with success.102–104 A retrospective interinstitutional study of intravitreal methotrexate in patients with intraocular lymphoma revealed resolution of intraocular disease in all patients for whom there is complete information. No patient in this study relapsed in the eye; complications included keratopathy, cataract formation or acceleration and rarely, neovascularization.102 The optimal therapy for PCNSL with intraocular involvement remains to be defined. At present, combined chemotherapy followed by ocular irradiation appears to give the best results.









Treatment for AIDS-Related PCNSL


Treatment of AIDS-related lymphomas in general has been discouraging. Full-dose chemotherapy in the immunocompromised host results in an unacceptable morbidity and mortality, whereas dose reduction results in inadequate therapy, with tumor progression and drug resistance. Standard therapy has been palliative, using corticosteroids and WBRT, with only 10% of patients surviving more than 1 year. Less aggressive chemotherapy (procarbazine, CCNU, vincristine [PCV]) does appear to increase the median survival from 4 months with radiation alone to 13 months in one small study.105 The benefit of combined modality therapy over radiotherapy has been confirmed in other studies.56 The decision to treat with combined modality, as opposed to radiation alone, should be based on the patient’s performance status, extent of disease, comorbid conditions, projected prognosis, and the patient’s desire for aggressive therapy.105 However, a linked SEER-Medicare database search of AIDS patients with PCNSL revealed that 46% of patients received RT alone and 40% received no treatment at all with the result that the prognosis for AIDS-related PCNSL remains dismal.106 Given that AIDS-associated PCNSL is uniformly EBV+, hydroxyurea, which at a low dose can deplete deoxyribonucleotide reserves exerting an antiviral effect, has been trialed in this population.107 To date there are only case reports of regression of PCNSL following initiation of HAART and improvement in the CD4+ cell count.108 Further study will be needed to establish a causal link between lymphoma remission and restoration of immunocompetency.









Treatment of Recurrent PCNSL


In spite of the improved outcomes, the recurrence rates for PCNSL after first-line treatment remain high. Once the tumor recurs, diverse strategies have been proposed though most remain unstudied in a rigorous manner. The treatment in these cases is palliative and therefore the potential benefit in prolonging survival has to be tempered by the potential for toxicity.


In patients who only received chemotherapy initially, WBRT has been used as salvage therapy for refractory/relapsing PCNSL with a 58% complete response rate reported in one study, though neurotoxicity occurred in 29% within a median of 7 months following RT.65 As noted above, high-dose chemotherapy with hematopoietic stem cell rescue was initially studied in relapsed or refractory patients younger than 65 years and has yielded encouraging results.109


Other chemotherapy options that have been used include topotecan, PCV, high-dose cytarabine and rechallenge with high-dose methotrexate-based regimen with variable results.110–113 Temozolomide, an oral alkylating agent with good nervous system penetration and a favorable side effect profile, has been examined in a trial of recurrent PCNSL resulting in a 31% overall response rate and minimal toxicity.114 A retrospective analysis of patients receiving IV rituximab in conjunction with temozolomide, followed by single agent temozolomide, revealed an objective response rate of 53% with an acceptable toxicity profile.115 Nonetheless, the majority of responders relapsed with a median survival of only 14 months.












Prognosis


At present, regardless of immunocompetency, the primary cause of death for patients with PCNSL is their disease. For the patient with AIDS-related PCNSL, until immunocompetency can be restored, the prognosis will remain grim; the best survival results obtained with current therapeutic strategies are no more than 1 year. In the immunocompetent population, if PCNSL is untreated, the median survival is less than 5 months. Treated with radiation alone, median survival is approximately 1 year. However, median survival has improved dramatically as combination modality therapies have been introduced; median survivals of 2 to 5 years are now routinely being reported using high-dose methotrexate regimens. Given that systemic, diffuse, large-cell B-cell lymphoma is a curable disease in a significant percentage of patients, there is no theoretical reason why some patients with PCNSL of the diffuse, large-cell, B-cell subtype cannot be cured.


The ability to determine which patients will likely do well would be of great benefit and would aid in tailoring therapy to the patient. There is general agreement that age and performance status are the most important predictors of outcome.77,79,116 In a multicenter retrospective study of 378 immunocompetent patients, Ferreri and colleagues have attempted to identify other factors that may predict response. Besides age and performance status, serum LDH, CSF protein concentration, and involvement of the deep structures of the brain were independent predictors of survival.117 Survival, of course, is not the only endpoint worthy of measure, and chronic toxicity to the CNS, resulting in an unacceptable quality of life, must be factored into the equation. The opportunity to study, for the first time, PCNSL patients surviving for more than 5 years, has revealed that in patients under 60 years of age, combination chemoradiation therapy yields a superior overall survival to chemotherapy alone but the price is a 26% incidence of debilitating and irreversible neurotoxicity. In patients over 60 years of age, overall survival was identical in the two groups (with and without WBRT) but the cause of death in those receiving WBRT was neurotoxicity while in those who did not, the cause of death was relapse.63 Although the optimal therapy for PCNSL has not yet been determined, it does appear that PCNSL may, like its systemic counterpart, be a potentially curable malignancy. Current therapies hold the hope that the price of cure will not include unacceptable cognitive dysfunction.
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Chapter 13 Surgical Management of Brain Stem Tumors in Adults
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Brain stem tumors account for 1.5% to 2.5% of all intracranial tumors in adults while comprising 10% to 20% of all pediatric tumors.1–4 These tumors are less common in adults and, therefore, more clinical studies have been conducted in children with brain stem tumors, specifically brain stem gliomas, since they are more common in this patient population.3–10 Adults with brain stem gliomas have a median survival of 5 to 7 years which is longer than that of children.2–5 Historically, brain stem tumors were treated as a homogenous group of lesions with radiotherapy, which usually proceeded without histopathologic confirmation. Surgery for these tumors was rare and typically limited to biopsy, extirpation of cystic lesions, and the placement of shunts for obstructive hydrocephalus. However, Pool documented one of the first surgical resections of a brain stem tumor located in the area of the cerebral aqueduct in 1968.11 This reported case led to the advent of further investigation and development of surgical techniques to treat lesions located in the brain stem.


Although brain stem tumors were thought to be homogeneous, the advent of computed tomography (CT) and magnetic resonance imaging (MRI) changed this belief, and imaging of the brain provided evidence that these lesions comprised a heterogeneous group. Detailed imaging allowed distinction among different tumor types according to location and growth pattern. This tumor heterogeneity would be confirmed by histopathologic examination as surgery was increasingly used as neurosurgical operative techniques, including stereotactic biopsies, and perioperative care significantly evolved.






Imaging and Classification


Prior to the advent of MRI, CT was utilized to assess the pathology of brain stem lesions and biopsy was often needed to guide management. MRI has become the primary diagnostic modality for patients with brain stem tumors because it has advanced the diagnosis and categorization of these lesions by providing superior anatomic detail of the brain stem and posterior fossa.12–16 T1- and T2-weighted MR imaging have provided the ability to differentiate the tissue characteristics of tumors in many cases. In adults, the differential diagnosis for brain stem lesions may be broad and may include such pathologic entities like metastatic tumors, demyelinating processes, infectious processes, granulomas, cavernous malformations, hemangioblastomas, or hematomas that should be differentiated from gliomas.


Based upon MRI and CT data, classification schemes have been developed for grouping brain stem tumors according to growth patterns and the feasibility of surgical resection (Table 13-1).13,14,17–21 The earliest classification schemes were based on CT images and surgical observation.17,19,21 Later schemes relied on MR imaging, in which better neuroanatomic details were made available.13,14,18 The most recently developed classification system relied on both CT and MRI.20 All of these schemes classify the tumor into either a focal or diffuse growth pattern, while the more complex classifications further subdivide the tumors into location within the brain stem, presence or absence of an exophytic component, and the presence of hydrocephalus or hemorrhage. The more complex schemes were developed in an attempt to predict tumor behavior and guide operative versus nonoperative management. In general, tumors with a focal growth pattern have been considered amenable to surgical extirpation in contrast to those with a diffuse growth pattern.


Table 13-1 Classification Schemes for Brain Stem Tumors






	Author

	Method Used to Create System

	Classification System
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	CT

	Intrinsic






	 

	 

	Diffuse






	 

	 

	Focal






	 

	 

	Cervicomedullary






	 

	 

	Exophytic






	 

	 

	Anterolateral into cerebellopontine angle






	 

	 

	Posterolateral and into brachium pontis
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	Positive cytology






	 

	 

	Positive myelography






	Epstein and McCleary19


	CT, MRI, and surgical observation
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	Cervicomedullary






	Stroink et al.17


	CT

	Group I—dorsal exophytic glioma






	 

	 

	Group IIa—intrinsic brainstem tumors
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	Group IV—focal intrinsic isodense contrast enhancement
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	MRI
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	Choux et al.20


	CT and MRI

	Type I—diffuse






	 

	 

	Type II—intrinsic, focal






	 

	 

	Type III—exophytic, focal






	 

	 

	Type IV—cervicomedullary











Focal Tumors


Focal tumors are intrinsic to the brain stem and may be cystic or solid (Fig. 13-1). They are typically not associated with edema and contrast enhancement may be variable. A majority of these tumors are low-grade gliomas, but some malignant tumors, such as a World Health Organization (WHO) grade-IV astrocytoma, may imitate a focal one, known as a pseudofocal tumor. In pseudofocal tumors, MRI and CT imaging demonstrate focal enhancement after the administration of contrast with normal signal characteristics from the peritumoral area that imitates the focal lesion.





[image: image]

FIGURE 13-1 Focal pontine glioma. A, Post-contrast sagittal MRI demonstrates an enhancing mass in the pons. B, Post-contrast coronal MRI. C, Post-contrast axial MRI.




Furthermore, the majority of cervicomedullary gliomas are low-grade, noninfiltrative tumors, and their growth is usually confined rostrally by the white matter of the corticospinal tract and medial lemniscus.22









Exophytic Tumors


Focal brain stem tumors with an exophytically growing component are usually low-grade and well circumscribed (Fig. 13-2). They are typically dorsally exophytic tumors growing into the fourth ventricle or cervicomedullary tumors with exophytic growth into the cisterna magna and fourth ventricle (Fig. 13-3). It should be mentioned that, in addition to focal tumors, some diffuse tumors may cause bulging into the fourth ventricle, cerebellopontine angle, and prepontine and other cisterns.
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FIGURE 13-2 Dorsal exophytic cervicomedullary glioma. A, Post-contrast sagittal MRI demonstrates a hypointense lesion with enhancement in the posteriocaudal part. B, Post-contrast axial MRI.







[image: image]

FIGURE 13-3 Cervicomedullary glioma with dorsal exophytic component. A, Post-contrast sagittal MRI demonstrates enhancing mass. B, Post-contrast axial MRI.











Diffuse Tumors


Diffuse brain stem tumors appear hypo- to iso-intense and hyper-intense on T1-weighted and T2-weighted MR images, respectively (Fig. 13-4). There is variable enhancement with contrast administration, and contrast enhancement in these tumors may be indicative of malignant degeneration. Moreover, the tumor boundaries are not able to be delineated on MRI, and the brain stem is typically enlarged and deformed.





[image: image]

FIGURE 13-4 Diffuse pontine glioma. A, T2-weighted sagittal MRI demonstrating hyperintense mass in the pons. B, Hypointense, nonenhancing pontine mass on post-contrast sagittal T1-weighted MRI. C, Hypointense, nonenhancing pontine mass on post-contrast axial T1-weighted MRI. D, T2-weighted axial MRI demonstrating hyperintense pontine mass.














Additional Imaging Modalities


Imaging of the central nervous system has evolved with the continual development of more sophisticated techniques. Positron emission tomography (PET) has been used in an attempt to differentiate low-grade from high-grade brain stem gliomas, particularly in the pediatric population.23–26 Although the MR imaging characteristics of gliomas may be highly diagnostic in the pediatric population allowing for the potential use of PET imaging to attempt to determine the degree of malignancy, the heterogeneity of lesions in the adult population may not allow for the procurement of useful data until studies are conducted correlating preoperative PET imaging with histologic diagnosis. One study utilized PET imaging in two adults with dorsal midbrain lesions and obstructive hydrocephalus.27 The lesions were hyperintense on T2-weighted images and partial contrast enhancement was observed in one patient. The patients underwent preoperative PET studies followed by an endoscopic third ventriculostomy combined with endoscopic biopsy sampling of the lesions. Glial proliferation, which contained the partial enhancement with contrast, and a possible low-grade glioma were diagnosed in the two patients, respectively. Results of the PET imaging in both patients suggested that the lesions had nontumorous characteristics and portended a good prognosis. With larger-scale studies, PET imaging may someday prove to be more informative and predictive of the biological behavior of dorsal midbrain lesions than a biopsy.


Magnetic resonance spectroscopy (MRS) is a noninvasive imaging modality used for tissue characterization and complements data obtained from MRI. The concentrations of creatine, phosphocreatine, choline, N-acetylaspartate, lactate, and lipids are analyzed in an effort to differentiate various pathologic processes. It has been used to distinguish between normal and abnormal tissues and grading of brain tumors. Inflammation, infectious processes, and tumors may potentially be distinguished with MRS.28 Studies have been conducted with MRS to investigate brain stem lesions with histologic correlation in some cases.28–31 MRS can provide additional information on brain stem lesions, but further studies are needed with histologic confirmation given the broad differential diagnosis of brain stem lesions in adults.


Diffusion tensor imaging (DTI) is an imaging modality that demonstrates white matter tracts. The relationship of sensory and motor tracts to brain stem tumors has been investigated in pediatric patients.32,33 With further studies and evolution of this technique for use in the brain stem, DTI may play a role in assisting the treatment planning for brain stem lesions in adults.









Clinical Manifestations


The clinical presentation of brain stem tumors varies and has been correlated with the growth pattern, location, and degree of malignancy. Focal tumors tend to have a slow progression to neurologic signs in contrast to diffuse malignant tumors, which have a fast progression to neurologic signs. The manifestations include headaches, nausea, vomiting, diplopia, weakness, ataxia, numbness, cranial neuropathies, and/or vertigo. Pontine and cervicomedullary tumors typically present with cranial neuropathies and long tract signs. Midbrain tumors can present with obstructive hydrocephalus, oculomotor deficit, hemiparesis, and ataxia, while dorsally exophytic tumors typically present with signs of obstructive hydrocephalus.









Stereotactic Biopsy


Since the late 1970s, stereotactic biopsies of brain stem lesions have been performed and account for 5% to 12% of all brain biopsies.34–56 This procedure was not used widely in the pediatric population because it was reported that characteristic MRI features were sufficient to diagnose diffuse brain stem gliomas without the need for a biopsy.14,57–59 Biopsies of brain stem lesions are not as common as other brain biopsies because of the risk involved in obtaining tissue. However, studies have shown that stereotactic brain stem biopsies can be routinely performed in a safe and effective manner.34,40,42-46,51-56 In some published series, the reported rate of complications has ranged between 2.5% and 7.7%.54,56,60


In adults with contrast-enhancing brain stem lesions, other pathologic processes must be considered in the differential diagnosis because studies have demonstrated preoperative radiographic diagnoses to be incorrect in 10% to 25% of cases in patients over 20 years of age presenting with a contrast-enhancing lesion in the brain stem.60,61 In addition to malignant glioma, the differential diagnosis may include infectious processes, such as abscess, tuberculomas, and toxoplasmosis, demyelinating disease, sarcoidosis, progressive multifocal leukoencephalopathy, metastasis, lymphoma, and vascular processes, such as vasculitis and infarction (Figs. 13-5, 13-6, and 13-7).2 This heterogeneity of brain stem lesions in adults makes it difficult to make a diagnosis on the basis of imaging alone. Therefore, image-guided stereotactic biopsies are indicated in many adult brain stem lesions that enhance with contrast and generally in cases in which the diagnosis of the lesion is in doubt to determine the histology of the abnormal process.
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FIGURE 13-5 Pontine glioblastoma that extends into the right midbrain and thalamus. A, Post-contrast coronal MRI demonstrating the ring-enhancing cystic lesion. B, Post-contrast sagittal MRI.
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FIGURE 13-6 Contrast-enhancing pontine lesions. A biopsy revealed an inflammatory process. A, Post-contrast sagittal MRI. B, Post-contrast coronal MRI.
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FIGURE 13-7 Non–small cell carcinoma metastases in the medulla. A, Post-contrast axial MRI demonstrates the enhancing lesion in the medulla. B, Post-contrast coronal MRI. C, Post-contrast sagittal MRI.




Stereotactic biopsies of the brain stem are performed with image guidance utilizing either CT or MRI. Approaches used include the transfrontal, transtentorial, and transcerebellar routes depending on the location of the lesion within the brain stem. The transtentorial approach, which is really not used, places vital vasculature and cranial nerves at risk and may cause pain with tentorial puncture.62,63 In addition, this route crosses the pia two additional times above and below the tentorium. The ipsilateral transfrontal route frequently requires traversing the lateral ventricle and is limited to midline regions of the pons and medulla by the tentorial incisura.41,51,64,65 Moreover, the suboccipital transcerebellar approach has been used for lesions in the lower midbrain, pons, middle cerebellar peduncle, and rostral medulla.34,46,47,54,66,67 Due to patient positioning, intubation and general anesthesia is generally required although the use of local anesthesia has been reported.54,67 With this approach, a potential drawback is the discomfort associated with muscle dissection prior to placement of the twist-drill hole.


An alternative contralateral, transfrontal, extraventricular approach using a Leksell stereotactic frame system has been described for reaching lesions in the lateral pons and middle cerebellar peduncle (Fig. 13-8).53 The needle’s trajectory crosses only one pial surface and avoids the ventricle and tentorium. In a reported series of six patients, diagnostic samples were obtained in all patients and there was no surgical morbidity.53
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FIGURE 13-8 A and B, Illustration depicting the contralateral, transfrontal, extraventricular approach to an infratentorial lesion with the aid of a Leksell stereotactic frame system. (Reproduced with permission from Amundson EW, McGirt MJ, Olivi A. A contralateral, transfrontal, extraventricular approach to stereotactic brainstem biopsy procedures. J Neurosurg 2005;102:565-570, by the American Association of Neurosurgeons. Copyright by Ian Suk.)











Indications for Surgery


In general, patients with a clinical presentation and imaging consistent with a diffuse glioma will not benefit from surgical intervention, although experimental studies are being conducted for the local intracranial delivery of therapeutic agents to these lesions.1,68–72 Focal brain stem tumors are considered amenable to surgical resection, which is often the primary treatment of choice. Dorsal midbrain tumors, such as tectal gliomas known to be indolent and stable clinically and radiographically for many years, may be initially managed in a nonoperative manner with serial imaging, and surgery is performed in cases of tumor progression on MRI.73 Obstructive hydrocephalus, if present, may be treated with an endoscopic third ventriculostomy and the tumor can be followed with serial MR imaging.


For those undergoing brain stem surgery, patients should be informed that there may be a transient or permanent worsening of their neurologic condition.









Intraoperative Neurophysiologic Monitoring and Mapping


The complex neuroanatomic organization of the brain stem presents a formidable challenge to neurosurgeons when operating on lesions in this complex, small structure. Within the brain stem, cranial nerve nuclei and ascending and descending pathways are contained here. Tumors can distort the normal anatomy of the brain stem, such as anatomic landmarks on the floor of the fourth ventricle like the facial colliculus and striae medullares, and make surgery even more challenging. The introduction of intraoperative neurophysiologic monitoring and mapping has allowed for safer surgery and assisted in formulating the operative plan while minimizing risk to critical brain stem structures.


Brain stem auditory, somatosensory, and motor-evoked potentials are utilized to monitor their corresponding pathways during surgery. This form of monitoring does not help to prevent the injury of vital brain stem structures because functional mapping is not taking place to identify danger zones during surgery.


Functional mapping of the fourth ventricular floor has allowed the identification of brain stem cranial nerve motor nuclei and their relationship to the tumor.74–76 The responses from muscles innervated by cranial nerves VII, IX, X, and XII can be recorded during surgery as the neurosurgeon stimulates the floor of the fourth ventricle with a hand-held monopolar probe. To prevent the occurrence of damage to the floor of the fourth ventricle during stimulation, the tip of the probe is round and approximately 0.75 mm in size. Muscle action potentials, through the utilization of EMG, can be recorded from the orbicularis oculi and oris muscles (CN VII), posterior pharyngeal wall (CN IX, X), and tongue muscles (CN XII). Confirmation should be obtained that the muscle relaxant does not interfere with EMG recordings. Moreover, the extent of brain stem compression, pathology, and distance to the cranial nerve motor nuclei play important roles in determining the threshold intensity, which can be as low as 0.2 mA for a hematoma, while brain stem tumors usually require higher threshold intensities up to 2.0 mA. After a muscle response is recorded, utilization of the threshold intensity allows for localization of the nuclei by moving the stimulation probe every 1 mm. This information allows for a safe site for an incision and attempts to minimize injury during tumor removal.74–76 If muscle responses are not detected, technical problems with the stimulator and/or recording system may be present, or the cranial nerve motor nuclei may be located ventral to the pathology. If the nuclei are located ventral to the brain stem pathology, then repeated stimulation would be required through the lesion for detection of the nuclei.


Moreover, the corticospinal tracts can be mapped at the level of the cerebral peduncles.77 A Kartush handheld stimulator (Medtronic Xomed, Inc.) is used to focally stimulate the midbrain with EMG monitoring of specific muscles. This intraoperative modality allows the surgeon to determine the location of the aforementioned pathways in relation to the tumor and safely make an incision in the midbrain. Localization of the corticospinal tracts assists the surgeon in an endeavor to protect them during the dissection around and mobilization of the lesion.









Surgical Approaches


The location and size of the tumor within the brain stem dictates the surgeon’s operative approach for resection. The complex neuroanatomic structure of the brain stem and surrounding vasculature must be taken into consideration when formulating the surgical strategy. MRI is utilized to localize the tumor and plan the most optimal route to the tumor that will minimize the risk of injury to neurovascular structures.


For tumors in the dorsal pons, fourth ventricular floor, dorsal medulla, and posterior cervicomedullary junction, we prefer the suboccipital approach with the patient placed in the prone position. Tumors in the midline tectal region can be reached by the supracerebellar-infratentorial approach, and we also perform this procedure with the patient in the prone position. Lesions in the posterolateral pons, lateral middle cerebellar peduncle, superior lateral medulla, and cerebellopontine angle can be accessed through a retrosigmoid approach, and the far-lateral approach, which provides an anterolateral trajectory to the brain stem, is utilized for lesions in the inferolateral pons and anterolateral medulla. We use the park-bench position for both the retrosigmoid and far-lateral approaches.


The subtemporal approach provides access to lesions of the lateral midbrain. An orbitozygomatic approach provides additional access to the rostral pons, interpeduncular region, and pontomesencephalic junction in addition to the lateral midbrain.78–80 These approaches may be combined with an anterior petrosectomy for lesions located more inferior in the ventral pons.









Surgical Techniques


The complex neuroanatomic structure of the brain stem requires very careful microsurgical technique when resecting tumors. The small dimensions of the brain stem demand precise movements and good intraoperative judgment at all times. An optimally functioning surgical microscope is vital to operations in and around the brain stem.


Intrinsic tumors necessitate an incision in the surface of the brain stem and require a thorough understanding of the anatomy. Although many tumors can be accessed where it is closest to the surface, it must bear in mind that this may not be the optimal route in some cases. The incision is usually small and less than 1 cm, which typically provides enough space for the resection of large tumors. Tumors in the vicinity of the corticospinal tracts in the cerebral peduncles can be mapped for a safe entry point. For tumors approached through the fourth ventricular floor, mapping of the floor is extremely important for placement of the incision to avoid cranial nerve nuclei, such as VII, IX, X, and XII. In addition, there are areas of the brain stem that can be entered relatively safely. Dorsal pontine tumors approached through the fourth ventricular floor can be entered through the median sulcus above the facial colliculus, suprafacial, infrafacial, and area acoustica. Tectal mesencephalic tumors can be accessed through the supracollicular, infracollicular, and lateral mesencephalic sulcus, while longitudinal myelotomies can be performed in the posterior median fissure below the obex, posterior intermediate sulcus, and posterior lateral sulcus for medullary and cervicomedullary tumors.81


Once the tumor has been reached, its consistency is evaluated and will determine the method of extirpation according to the surgeon’s preference. A tumor specimen should be submitted as soon as possible for determination of the histology. The histology will determine if a gross-total resection is feasible, which is more likely in the case of benign tumors. Depending on the surgeon’s preference, microretractors may be used. Tumors should be removed in a piecemeal fashion and not en bloc. If a cyst is associated with the tumor, removal of the cystic fluid aids in tumor debulking by providing additional space for manipulation. Ultrasonic aspiration set at a low intensity and suction rate and/or microscissors are more effective for solid tumors. Microbipolar coagulation and simultaneous aspiration of coagulated tissue may be used for soft tumors. The surgical resection must be confined to the inside of the tumor to avoid injury to normal surrounding structures. After a majority of the tumor is debulked, a normal boundary between the tumor and normal brain is sought. When delineation between tumor and normal brain is identified, gross-total resection is feasible in most cases. Tumor resection should be stopped when an interface between the two cannot be visualized because the decision to continue with debulking the lesion may increase the chances of postoperative neurologic morbidity. In addition, some tumors may be highly vascular and the vessels must be coagulated during tumor debulking, which may cause ischemic damage to surrounding normal brain.


For focal tumors with an exophytic component, this protruding aspect of the tumor provides an avenue for surgical access to the tumor. Moreover, tumors that penetrate the subarachnoid space may contact or encase vital arteries, and those that penetrate the ventral brain stem may contact the vertebral or basilar arteries and their branches; therefore, these tumors must be approached with extreme caution. Tumors arising from the subependymal aspect of the pons or medulla with no or minimal brain stem invasion and protruding into the fourth ventricle comprise a subgroup of dorsally exophytic tumors that are benign and can be resected with success.22,82,83









Postoperative Care


After undergoing brain stem surgery, patients require very close observation in the immediate postoperative period. Patients should at least remain intubated overnight in the intensive care unit, and a CT scan may be performed to identify hemorrhage and/or hydrocephalus. The surgeon should be prepared to place an intraventricular catheter for the possible development of obstructive hydrocephalus, especially for tumors in the fourth ventricle. Extubation may be performed when the CT does not reveal anything concerning, the patient regains consciousness, and the ventilatory parameters demonstrate the patient can successfully breathe on his/her own. Some patients operated on for midbrain lesions may experience an extended comatose or stuporous state before regaining full consciousness. Surgery for lower brain stem tumors may cause dysphagia, vocal cord paresis, and/or loss of the cough and gag reflex and should be anticipated. Some patients may have dysphagia preoperatively, which may worsen after surgery. These patients must be observed with great vigilance as they may be at risk for aspiration.









Conclusion


Brain stem surgery can present a formidable challenge to the neurosurgeon but advances in imaging, surgical approaches, and intraoperative neurophysiologic monitoring have decreased the risk and morbidity associated with these operations. Focal intrinsic brain stem tumors with or without an exophytic component and primarily exophytic lesions are indicated and amenable to surgical resection. Although there have been advances in microsurgical techniques for brain stem surgery, continual evolution of these techniques are needed to provide the best care possible for patients.


Furthermore, brain stem gliomas in adults are poorly understood since they account for less than 3% of gliomas, and there is a paucity of studies when compared to the pediatric population. However, the few reported studies have shown that survival in adults is longer than that of children. More studies are needed to assess the natural history of these tumors and operative outcomes.
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Chapter 14 Cerebellar Tumors in Adults
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Many lesions affect the posterior fossa, and the cerebellum in particular. Some tumors, such as brain stem gliomas, cerebellar pontine angle tumors, fourth ventricle tumors, and pineal area tumors extend into the cerebellum from surrounding areas. Metastatic lesions to the cerebellum are also common. However, tumors intrinsic to the cerebellum are less frequent. Primary cerebellar tumors represent only 3.5% of all primary brain and central nervous system (CNS) tumors.1 In children, infratentorial lesions are more prevalent, comprising 16.6% of CNS tumors, while only 6% of primary CNS tumors are found in the cerebellum of adults.1 In this chapter, we will focus only on intrinsic cerebellar tumors.






Clinical Presentation, Diagnosis, and Preoperative Management


Patients with a cerebellar lesion often present with a headache and signs of cerebellar dysfunction. Clinical signs of these deficits are detected by the presence of dysmetria in finger-to-nose or heel-to-shin testing, and dysdiadochokinesis demonstrated by testing of rapid alternating movements. Patients may also present with ataxic tremor, dysarthria, postural instability, or gait disturbances. The cerebellum demonstrates functional localization; cerebellar signs often correlate with the location of the cerebellar lesion.2 The deep cerebellar nuclei have specific deficits when damaged. The midline fastigial nuclei play a role in postural ataxia, whereas globus, embolliform, and dentate nuclei are important for limb ataxia. Injury to the dentate nuclei can lead to dysarthria and mutism in some patients. Midline lesions, affecting the cerebellar vermis and midline cerebellar nuclei, are more likely to demonstrate truncal instability. Lesions involving the cerebellar hemispheres are more likely to show limb ataxias and associated dysmetria.


Patients with a cerebellar mass may also present with symptoms related to compression. Depending on tumor location, large cerebellar tumors can cause compression of the brain stem, which can cause obstruction of the fourth ventricle and various cranial nerve signs, depending on tumor location. Patients may present with hydrocephalus and increased intracranial pressure. Accordingly, headache, nausea, and vomiting are common presenting symptoms for patients with cerebellar tumors.3,4 When a patient presents with signs and symptoms of obstructive hydrocephalus, such as lethargy or coma, an emergent externalized ventricular catheter should be placed prior to surgical planning. In patients with long-standing ventriculomegaly and minimal clinical symptoms, intravenous steroids may alleviate symptoms and obviate the need for an externalized ventricular catheter.


In adult patients that present with a suspected cerebellar mass, an appropriate work-up should be done to obtain as much information as possible prior to surgery. Neuroimaging typically involves computed tomography (CT) and magnetic resonance imaging (MRI). CT scans have the advantage that they can be done rapidly, and thus help determine immediate treatment upon initial presentation of the patient. MRI gives better visualization of the posterior fossa, and is thus the imaging modality of choice for patients with a suspected cerebellar lesion. The appearance of the lesion in the MRI sequences can help narrow the differential diagnosis of the lesion. Cerebellar tumors can be identified as solid or cystic. Solid components of tumors can be evaluated with T1 and T2 MRI sequences. Most solid components are isointense to gray matter on T1 and T2; however, tumors such as pilocytic astrocytomas can appear isointense to cerebrospinal fluid (CSF) on T2.5,6 For tumors that are highly vascular, such as hemangioblastomas, diffusion-weighted imaging (DWI) will show low signal, and apparent diffusion coefficient (ADC) will show increased signal within the solid vascular portion of the tumor. This imaging pattern contrasts with tumors that are highly cellular, such as medulloblastoma, that will have high DWI and low ADC signal.6 Tumors that have abnormal vessels, such as in Lhermitte-Duclos, or tumors with evidence of prior hemorrhage, will benefit from susceptibility-weighted imaging (SWI) sequences, which are sensitive to venous blood and hemorrhage.7 Cystic portions of tumors are generally hypointense on T1 and hyperintense on T2 due to the liquid component; fluid attenuation inversion recovery (FLAIR) sequences can be helpful in tumors such as hemangioblastomas where the cystic component is different from CSF.6 Tumors with a large percentage of fat-containing substance, such as in cerebellar liponeurocytomas, can be identified by hyperintense streaks on T1, and fat suppression sequences can aid in their diagnosis.8 The pattern of contrast enhancement after the administration of gadolinium is also useful, as some cerebellar tumors enhance strongly and homogeneously, whereas others show heterogeneous enhancement patterns.


Patients, especially adults, with a cerebellar mass should also receive screening scans to evaluate for possible metastatic disease to the cerebellum. Such a workup should include imaging of the chest (via chest x-ray and/or CT scan of the chest) and also CT of the abdomen and pelvis. The treatment of metastatic lesions to the cerebellum is often dictated by a number of factors, including the identity of the tumor of origin, the size, location, and number of metastases. Please refer to the subsequent chapter on metastatic lesions for further details.









Intrinsic Cerebellar Tumors in Adults






Cerebellar Astrocytomas


Gliomas represent 36% of all primary brain and CNS tumors; of these, 3% are located in the cerebellum.1 Gliomas of the cerebellum are frequently astrocytomas. The most common is the pilocytic astrocytoma, which represents between 70% to 90% of cerebellar astrocytomas.3,9 Pilocytic astrocytomas are low-grade, World Health Organization (WHO) classification grade I tumors that represent 5% to 6% of all gliomas.10 In children they are the most common glioma, of which 67% occur in the cerebellum. In adults, the location of pilocytic astrocytomas is evenly distributed between supra- and infra-tentorial lesions.9,11


Cerebellar pilocytic astrocytomas demonstrate consistent imaging features. These tumors are found equally in the cerebellar vermis or hemispheres. They appear as well-circumscribed, unencapsulated lesions that often have cyst formation and a solid mural nodule. The solid component of the tumor is often isointense to CSF on T2 MRI and shows strong contrast enhancement.5 Tumor necrosis is not evident in histopathologic evaluation. Classically, pilocytic astrocytomas show regions with compact bipolar cells that alternate with microcystic, loosely organized regions. Eosinophilic granular bodies and Rosenthal fibers are commonly present.


These tumors generally have a good prognosis after surgical resection with an 85% to 100% 5-year survival rate.1,9,10 The favorable prognosis in these patients has been attributed to the low-grade nature of cerebellar pilocytic astrocytomas and the ability to achieve a gross total resection. It has been documented that surgeons tend to overestimate the degree of tumor resection.12 As most tumor recurrence is related to residual tumor,12,13 it is recommended that within 48 to 72 hours after surgery an MRI, with and without gadolinium, be obtained to determine if gross total resection has occurred. Rarely, malignant transformation of pilocytic astrocytomas can occur.14 Adjuvant therapy, either radiation or chemotherapy, is not indicated for patients with cerebellar pilocytic astrocytomas, as gross total resection alone yields excellent prognosis.9,11 The characteristics of cerebellar astrocytomas are summarized and compared to other intrinsic cerebellar tumors in Table 14-1.




Table 14-1 Tumors in Adult Cerebellum
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Not all astrocytomas found in the cerebellum are low-grade pilocytic astrocytomas. The pilomyxoid astrocytoma (PMA) is an astrocytoma that shows similarities to the pilocytic astrocytoma, but histopathology confirms it lacks Rosenthal fibers, has a mucoid matrix, and shows an angiocentric arrangement of tumor cells, making it a distinct entity. Additionally, PMA is more aggressive, defined as WHO grade II, and often shows CSF dissemination at presentation.10,15 The PMA is found most frequently in children; however, cases have been reported in adults, and PMAs have been detected in the cerebellum.16,17 It has been demonstrated that up to 6% of astrocytomas presenting in the cerebellum are WHO grade III, and 17% exhibit the more malignant features of glioblastoma multiforme.3 Radiographic features of these tumors include heterogeneous contrast enhancement and significant edema; leptomeningeal spread is common.18 Because of the infiltrating nature, or the involvement of deep-seated tissues, these tumors are not cured by surgery and recur with higher frequency. For this subset of high-grade cerebellar astrocytomas, additional treatment modalities such as radiation, chemotherapy,19,20 and/or radiosurgery have been performed.21,22









Medulloblastomas


Embryonal tumors, including medulloblastoma, represent 1.5% of primary CNS tumors.1 Medulloblastomas are malignant WHO grade IV tumors of the cerebellum, of which 70% occur in children under the age of 16 years. They are fairly common in children, representing 20% to 30% of all intracranial neoplasms in the pediatric sector, whereas in adults there is an incidence of approximately 0.5 per million.23,24 In adults, medulloblastomas are rarely seen beyond the fifth decade of life. Eighty percent occur in patients aged 21 to 40 years.10 Most childhood medulloblastomas are found in the vermis. With increasing age, there is a progressive involvement of the cerebellar hemispheres, thus the majority of adult medulloblastomas are hemispheric. Additionally, there are radiographic differences in the appearance of childhood and adult medulloblastomas. In children, the classic radiographic appearance is that of a well-defined homogenous tumor that shows marked contrast enhancement and is without cystic or necrotic degeneration. In comparison, adult medulloblastomas are more variable in appearance (see case report 1). They are not as well defined, the degree of contrast enhancement varies, and there are often small cystic or necrotic foci.25,26 Adult patients are also more likely to exhibit the desmoplastic nodular subtype of histopathology. Nodular, reticular free regions of neuronal maturation surrounded by densely packed proliferative cells that produce an intercellular reticulin fiber network characterizes this subtype. It is thought that this desmoplastic subtype may contribute to some of the variety seen on radiographic imaging, but it is unclear whether this subtype affects prognosis.26–28


Despite the differences in childhood and adult medulloblastoma, the recommended treatment regimen is similar. Standard treatment involves gross total resection followed by craniospinal irradiation. Given this treatment, the 5-year overall survival for adult medulloblastomas is 64% to 84%.23,29–31 Many factors influence the outcome of adult patients with medulloblastoma. Approximately 18% to 33% of patients have metastatic disease at presentation including spinal cord, CSF, and extraneural metastases. Metastasis has been shown to be a poor prognostic indicator, as has involvement of the brain stem, involvement of the floor of the fourth ventricle, radiation dose less than 50 Gy, and large-cell variant histopathologic subtype.23,29,32,33 In contrast, patient age less than 20, gross total resection of tumor, and completion of radiation treatment within 48 days are known to be positive prognostic indicators.23,30


Recent studies have explored the role of adjuvant chemotherapy for patients with adult medulloblastoma. The benefit of chemotherapy is still unclear in the adult medulloblastoma population so there are no universal guidelines for administration of chemotherapy. Gross total resection and radiation are the most important factors in preventing recurrence, and primary adjuvant chemotherapy has not been shown to have a significant association with survival.33,34 However, for high-risk patients, it appears that chemotherapy may delay the risk of recurrence by approximately 3 years, and thus, there may be a role for chemotherapy in a subpopulation of adult patients with medulloblastoma.32,35 For patients with widely metastatic medulloblastoma who have failed multiple treatment options, new chemotherapy techniques that target tumor-specific mutations show promise as future treatment modalities.36






Case Report 1: Medulloblastoma


A 22-year-old female, without a significant past medical history, presented to the emergency department with 2 weeks of occipital headache and blurry vision. Ophthalmology evaluation revealed papilledema and dysconjugate gaze. On examination she was sleepy, but arousable, and able to follow simple commands. Head CT revealed a cerebellar lesion with mass effect causing some effacement of the fourth ventricle and hydrocephalus (Fig. 14-1A).
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FIGURE 14-1 Medulloblastoma. A, Head CT demonstrates some fourth ventricular effacement and ventricular enlargement. B, T2 MRI shows a cystic cerebellar lesion with T2 hyperintensity. C, T1 MRI with gadolinium shows some enhancement (arrow). D, T1 MRI with gadolinium of cervico-thoracic spine demonstrates nodules of enhancement consistent with disseminated disease. E, Post-operative T2 MRI shows expected postsurgical changes. F, Postoperative T1 MRI with gadolinium is consistent with gross total resection of lesion.




The patient was admitted to the intensive care unit and an externalized ventricular catheter was placed. The patient underwent MRI of the brain that revealed a 2×1 cm cystic lesion that was hyperintense on T2 (B), hypointense on T1, and showed heterogeneous enhancement with gadolinium (C, arrow). Subsequent MRI of cervical, thoracic, and lumbar spine revealed increased disease burden involving areas of diffuse leptomeningeal enhancement and nodular lesions throughout the spine (D, arrowheads).


The patient was brought to the operating room and underwent a prone position suboccipital craniectomy for resection of tumor. Postoperative imaging revealed a gross total resection of the tumor, demonstrated in T2 (E) and T1 with gadolinium (F). Postoperatively, the patient failed challenging of her extraventricular catheter. Therefore, she eventually underwent a subsequent operation for placement of a ventriculoperitoneal shunt.


Final pathology revealed medulloblastoma, WHO grade IV. Within 1 month of surgery, she received craniospinal irradiation with a posterior fossa boost. After radiation, she was noncompliant with follow-up for some time. At 1 year postop she is stable, with resolution of her diplopia and dysconjugate gaze, and no progression of disease on subsequent imaging. She is scheduled to receive post radiation lomustine (CCNU) and cisplatin chemotherapy.












Cerebellar Liponeurocytoma


Cerebellar liponeurocytoma is a rare cerebellar neoplasm found primarily in adults.10 It has previously been named in the literature as lipomatous medulloblastoma, neurolipocytoma, medullocytoma, and lipomatous glioneurocytoma. The now widely accepted name is cerebellar liponeurocytoma. Initially, this entity was thought to hold similarities to medulloblastomas, but the cerebellar liponeurocytoma is distinct. It is found primarily in adults and typically presents in the fifth or sixth decade, which is substantially older than the age of presentation for medulloblastomas. Additionally, cerebellar liponeurocytomas have a low proliferative index, and therefore a favorable prognosis. Although they do not exhibit malignant transformation, they have a recurrence rate of approximately 50%, with a mean time to recurrence of approximately 10 years.37,38 Because of the propensity for recurrence, cerebellar liponeurocytomas are designated as WHO grade II.10


On neuroimaging, cerebellar liponeurocytomas can be difficult to distinguish from other more common cerebellar tumors. They are prevalent in the cerebellar hemispheres as compared to the vermis. MRI T1 imaging usually demonstrates a hypointense lesion with mottled or streaked areas of hyperintensities that correspond to adipose containing areas. These lesions are usually associated with a minimal amount of heterogeneous enhancement, and minimal associated edema.8,10 The main criterion distinguishing this tumor type from others in the cerebellum is the presence of intratumoral areas of fat. Histologically, this is represented by cells showing advanced neuronal differentiation and areas of focal accumulation of mature lipidized tumor.


Similarly to other cerebellar neoplasms, treatment is gross total resection. Cerebellar liponeurocytomas have a tendency for exophytic growth into CSF spaces and gross total resection is not always obtainable. Yet, the role of adjuvant radiotherapy or chemotherapy has not been established. Some authors believe that due to the nature of these tumors to recur, it is feasible to consider adjuvant radiotherapy to the posterior cranial fossa immediately after the initial surgery.39 Yet others suggest that radiation therapy is best reserved for evidence of recurrence.38 Regardless, most are in agreement that due to the nonmalignant nature of these tumors, aggressive radiotherapy, as is standard for medulloblastomas, is not necessary for cerebellar liponeurocytomas.









Hemangioblastomas


Hemangioblastomas represent about 1% of all intracranial tumors,1 but about 8% of posterior fossa tumors in adults. They are slow-growing, highly vascular tumors that are classified as WHO grade I.10 Hemangioblastomas occur most frequently in the cerebellum; however, they can also be found in the brain stem or spinal cord.


Cerebellar hemangioblastomas are distinct on neuroimaging. Classically, they can be solid, solid with cystic component, or cystic with nodule (see case report 2). They are found more commonly in cerebellar hemispheres as compared to the vermis.40,41 Due to the highly vascular nature of these tumors, flow voids are usually present. In addition, these tumors are heterogeneous in T2, and show intense contrast enhancement.42 Angiography is useful to evaluate the tumor feeding vessels prior to surgical intervention.


Approximately 30% of patients with cerebellar hemangioblastomas have the multisystem cancer syndrome Von-Hippel Lindau (VHL). Patients with VHL develop numerous visceral lesions including renal cell carcinoma, pancreatic islet cell tumors, pheochromocytoma, and papillary cystoadenomas of the epididymis and broad ligament. CNS manifestations include endolymphatic sac tumors and multiple hemangioblastomas. The hemangioblastomas typically occur in the retina, brain stem, cerebellum, spinal cord, and nerve roots. Patients with VHL tend to be younger, and have multiple hemangioblastomas at presentation.41,43–45


Sporadic, compared to VHL-associated cerebellar hemangioblastomas, are not significantly different in location within the cerebellum, solid versus cystic type, or surgical outcomes. Treatment of cerebellar hemangioblastoma involves gross total resection and typically has a favorable prognosis. However, VHL patients have significant morbidity related to their systemic disease, and are more likely to develop additional hemangioblastomas, with an average of one every 2.1 years.43 Thus, the subgroup of patients with VHL must be recognized. Any patient with a cerebellar hemangioblastoma should undergo appropriate screening for VHL. At a minimum, this should include neuroimaging of the neuraxis to look for additional hemangioblastomas. Because patients with VHL often have multiple hemangioblastomas, it is important to have thresholds for treatment of these lesions. Tumors that need resection are generally those that are, or will become, symptomatic. The strongest predictors of symptomatic progression are tumor/cyst growth greater than 112 mm3 per month and tumor/cyst size greater than 69 mm.3,41 Hemangioblastomas in VHL can be asymptomatic, and these patients require long-term follow-up with imaging every 6 to 12 months.


Adjuvant radiotherapy has been considered in some cases of hemangioblastomas. Given that gross total resection gives a favorable prognosis, cases of stereotactic radiosurgery or fractionated external beam radiotherapy are generally preserved for those patients with subtotal resection or tumor recurrence.46 For patients receiving adjuvant stereotactic radiosurgery, better progression-free survival has been associated with smaller tumor volumes, solid tumor type, and margin dose of 15 Gy or more.47






Case Report 2: Hemangioblastoma


A 25-year-old female presented to an outside facility with positional headaches. The headaches were associated with nausea, vomiting, and dizziness. She was found to have a cerebellar lesion and underwent a suboccipital craniotomy for resection of a hemangioblastoma. She initially had resolution of her symptoms; however, 2 years later she had return of her positional headaches and was referred to our neurosurgical service. On exam, she had slight dysmetria with finger-to-nose, but was otherwise neurologically intact.


Imaging revealed an enhancing mural nodule near the torcula (Fig. 14-2A, arrow) within a large cystic lesion (B). Imaging of the neuraxis did not reveal any additional lesions.
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FIGURE 14-2 Hemangioblastoma. A, T1 MRI with gadolinium shows a hypointense cerebellar lesion with a small enhancing mural nodule (arrow). B, The lesion is primarily cystic, with minimal fourth ventricular effacement. C, D, Postoperative T1 MRI with gadolinium demonstrates gross total resection, including resection of the mural nodule.




The patient was brought to the operating room for an elective suboccipital craniotomy for resection of the cystic lesion. Upon exposure of the suboccipital surface of the cerebellum, the large cystic lesion was encountered and the cyst was perforated to allow for cerebellar relaxation. The mural nodule was resected.


Postoperative imaging demonstrated a total resection of the lesion (C, D). The pathology was consistent with hemangioblastoma. The patient received additional imaging of the chest, abdomen, and pelvis that revealed multiple pancreatic cysts and kidney lesions, suspicious for Von-Hippel Lindau.


The patient had resolution of her symptoms, and was discharged with close follow-up and referral for her likely new diagnosis of Von-Hippel Lindau disease.












Lhermitte-Duclos Disease


Lhermitte-Duclos disease (LDD) is a rare dysplastic gangliocytoma of the cerebellum that is associated with Cowden syndrome (CS). It is unclear whether LDD is hamartomatous or neoplastic, but if considered neoplastic it is WHO Grade I due to its low proliferative index.10 In support of the neoplastic nature of LDD, a recent case report, in which a patient was initially thought to have cerebellar abnormality on imaging from a head injury, was diagnosed with LDD 5 years later. In this case, the tumor showed a doubling time of approximately 42 months, which is consistent with that of a low-grade tumor.48


CS is an autosomal dominant disorder characterized by multiple hamartomas and high risk for breast, nonmedullary thyroid, and endometrial cancers. Along with mucocutaneous lesions such as trichilemmomas, LDD is a pathognomonic lesion for the diagnosis of CS.49 Virtually all cases of adult LDD are associated with CS. Cowden syndrome is caused by a mutation in the phosphatase and tensin homologue (PTEN) gene found on chromosome ten. Decreased amounts of PTEN have been found in LDD tissue, further supporting the association between CS and LDD.50


Neuroimaging of LDD is distinct, because it shows a hemispheric cerebellar mass on CT that is hypointense and may have areas of calcification. On MRI, the mass appears as alternating linear bands of hyperintense and isointense areas on T2. This pattern, often referred to as “tiger-stripe,” can also be seen in T1 imaging. The striated appearance correlates with the gross pathology of expanded cerebellar folia. LDD is characterized by having thinned white matter, a widened granule cell layer, and dysplastic molecular layer.7,51 Also apparent on imaging of LDD is a high PET uptake, which does not correlate with tumor proliferative activity. Additionally, MR spectroscopy shows a high lactate peak with decreased choline, N-acetyl aspartate, and creatinine levels. Despite these distinct features, there have been reported cases of adult medulloblastoma mimicking LDD on imaging, thus making intraoperative pathology extremely important, since the management of these two entities is strikingly different.52


Treatment of LDD, as with all cerebellar tumors, is gross total resection. The gross appearance of LDD is usually a pale area with thickened folia, yet the border with surrounding cerebellum is often indistinct (see case report 3). Since LDD is associated with Cowden syndrome, it is important that all patients presenting with LDD be appropriately screened for other systemic cancers, as these are the hallmark of CS and contribute to the morbidity of this disease.53,54






Case Report 3: Lhermitte-Duclos Disease


A 61-year-old obese female, with past medical history significant for mild mental retardation, presented with a 4-week history of headache, truncal ataxia, instability, and multiple falls. There was associated nausea, and worsening of headaches with coughing and straining. CT scan of the head showed hypodensity and mass effect in the right cerebellar hemisphere, with mild ventriculomegaly. Subsequent MRI of the brain indicated a hypertrophy of the right cerebellar hemisphere with mass effect on the fourth ventricle. An MRI of the brain with contrast did not show any enhancement. T2 sequence of the cerebellar region indicated exaggerated folia in the right hemisphere.


The patient underwent external ventriculostomy placement, suboccipital craniectomy, C-1 laminectomy, debulking of right cerebellar lesion, and duraplasty (video 1). The ventriculostomy was discontinued on postoperative day 1, and the patient advanced in activity and diet with an uneventful postoperative course. Her headache resolved and she underwent outpatient physical therapy for her gait and balance.















Surgical Approaches to the Cerebellum


The majority of tumors found in the cerebellum are amenable to gross total resection. Therefore, the surgical management of such tumors varies more according to the tumor location than to the presumed tumor diagnosis. Vermian and hemispheric tumors that are close to the surface are easier to access surgically. Deep-seated anterior tumors are often more difficult to reach, and may require complicated operative approaches.






Suboccipital Craniotomy


Most cerebellar tumors can be approached via a suboccipital craniotomy or craniectomy. This midline or paramedian approach allows access to lesions in the cerebellar vermis and cerebellar hemispheres. In cases where the tumor extends into venous sinuses, brain stem, or deep cerebellar nuclei, complete resection may not be possible without disabling deficits, and surgical debulking for decompression and relief of symptoms may be more appropriate. Stereotactic navigation may be useful in assisting with localization of the lesion and avoidance of venous sinuses, but unless a small deep-seated lesion is being approached, it is not necessary since the anatomy is clear.


Patients may be positioned in a prone, lateral decubitus, or sitting position. The choice of position is dictated by the neurosurgeon’s preference and experience. The head is placed in three-point fixation, with careful attention to ensure padding of all pressure points. The prone position has the advantage that there is a lower risk of venous air embolism. However, blood may pool in the surgical field and obscure view. Additionally, there is increased pressure on facial structures in this position. In the lateral decubitus position, there is also a decreased risk of air embolism, and the advantage of good airway access. The disadvantage of the lateral position is that the weight of the upper cerebellar hemisphere may interfere with the surgical approach. The sitting position has the advantages of drainage of CSF and blood out of the surgical field by gravity, and excellent visibility of the superior vermis. However, the sitting position confers some surgeon discomfort because of the requirement of operating with arms outstretched; in addition, the sitting position is associated with a higher risk of venous air embolism. Thus, for the sitting position many additional precautions must be taken such as preoperative transesophageal echocardiogram with bubble study to assess for a patent foramen ovale, precordial Doppler during the procedure for detection of venous air embolism, and placement of a central venous catheter to allow for aspiration of air embolism should one occur.


Consideration is given to possible placement of a ventricular catheter for CSF diversion prior to surgery. This depends on the size of the tumor, its mass effect, the status of the fourth ventricle, and the need for CSF diversion for brain relaxation intraoperatively or during the postoperative period. If indicated, an external ventricular catheter may be placed on the operating table after induction of anesthesia via an occipital burr hole. The burr hole is placed 3 to 4 cm from the midline and 6 to 7 cm above the inion. The catheter is then inserted with a trajectory parallel to the skull base, aiming for the middle of the forehead. In adults, an insertion length of approximately 10 to 12 cm will reach the foramen of Monro. Sometimes, as a precaution, a burr hole can be drilled without placement of a catheter, allowing the ability to place a ventricular catheter in an acute situation.


Prior to incision, the patient is usually given decadron, mannitol, and lasix. This is particularly important in cases where there is significant edema. This will help decrease the swelling of brain tissue and prevent herniation once the dura is opened. Also, perioperative antibiotics are given to protect against infiltration of skin flora.


If stereotactic navigation is employed, registration and verification of accuracy can be done prior to draping and prepping the patient. One advantage of frameless stereotactic navigation is that it may guide the surgeon’s ability to minimize the size of skin incision and bony removal, particularly for small lesions. Frameless stereotaxy can also be incorporated into intraoperative MRI, if available. Intraoperative MRI can be useful to detect residual tumor, and has been shown to increase the extent of tumor resection from 83% to 98%.55,56 However, it is necessary that appropriate precautions are taken by the anesthesia team and operating room staff to ensure that the patient can be monitored safely during the surgical procedure.57


For a suboccipital approach, the inion is located and the incision is made inferiorly until the spinous process of C2 is reached. Raney clips can be placed on the skin edges to provide hemostasis. Midline incisions should be continued along the avascular median raphe, and tissue is reflected from the cranium with a periosteal elevator. Self-retaining retractors are used to maximize surgical exposure. The size and extent of tumor resection will determine whether the arch of C1 needs to be exposed completely. For tumors away from the midline, this same approach is done, but with a paramedian incision. Paramedian incisions necessitate cautery of muscle. Venous bleeding from emissary veins and diploic veins need to be addressed and controlled meticulously with bone wax during periosteal exposure and bony removal.


The size of the craniotomy or craniectomy is often dictated by the size and location of the tumor. When making burr holes there are many important considerations. Anatomically, the suboccipital space is just below the transverse sinus, in the midline lies the confluence of sinuses, and far laterally the transverse-sigmoid sinus junction is encountered. It is advantageous to avoid making a burr hole directly over the sinuses. Traditionally, the superior nuchal line has been used to estimate the intracranial course of the transverse sinus, and the inion has been used as a marker for the torcular herophili. Yet, neither superficial landmark is always reliable in marking the location of the sinuses. The insertion point of the semispinalis capitus muscles has been shown to be a better landmark for identification of the medial transverse sinus.58 Stereotactic navigation can aid in mapping out the location of the sinuses, and some studies suggest that a faster craniotomy is possible, and that complications such as venous air embolism are decreased with navigation-assisted surgery.59


Once the craniotomy is open, the dura is incised in a Y-shaped fashion. The midline incision of the dura will usually cut into the occipital sinus with fairly extensive hemorrhage. This can be controlled by cutting the dura and then employing surgical clips on either side of the midline sinus prior to the final dural cut. The suboccipital surface of the cerebellum will then be facing the surgeon. If indicated, the arachnoid covering the cisterna magna can be incised allowing for CSF drainage and brain relaxation. Sometimes, a shortened ventriculostomy catheter can be sutured to the dura and left in the cisterna magna, in order to allow for CSF drainage during the operation, particularly with paramedian or lateral approaches where the inferior lobe or tonsil of the cerebellum can block continuous drainage of the cisterna magna. This catheter is then removed at the conclusion of the intracranial part of the surgery, before dural closure. Careful dissection in this area is necessary, as branches of the posterior inferior cerebellar artery course along this surface. Stereotactic navigation as well as intraoperative ultrasound can be used to aid in location of tumors that are not seen readily at the surface. A small corticectomy parallel to the cerebellar folia is often necessary to reach tumors that do not reach the pial surface. Once the tumor is reached, it is carefully dissected from the surrounding normal tissue and removed with a combination of aspiration, cautery, and microdissection experiments. Ultrasonic aspiration is helpful for debulking large tumors necessitating piecemeal removal. When deciding on a method of resection, it is important to bear in mind that some studies suggest that piecemeal removal of tumors is associated with increased risk of recurrence, and thus en bloc resection may be preferable, particularly for metastatic lesions.60,61


Certain tumor types require specific resection techniques to ensure the best resection. Cerebellar pilocytic astrocytomas have a fleshy appearance, are well demarcated from surrounding cerebellar tissue, and often have a cystic component with a mural nodule. The cyst should be aspirated, and the mural nodule should be removed. The cyst wall need not be removed, as it is usually not a separate capsule, but instead displaced portions of normal brain tissue. Medulloblastomas tend to be friable, thus careful dissection and prudent hemostasis are necessary. Cerebellar liponeurocytomas are yellowish on gross appearance due to the high content of fat cells. This distinct coloration aids in the total resection of this tumor type. Hemangioblastomas are often red in appearance due to their vascularity, and often benefit from preop angiography, which allows the surgeon to identify the main feeding arteries. Careful attention must be made to cauterize feeding vessels as the tumor is removed.44 In cases of cystic hemangioblastoma, the cyst wall should be evaluated for signs of tumor, as failure to remove intramural tumor has been associated with recurrence.62 In cases of Lhermitte-Duclos, the indistinct border between abnormal and normal cerebellum is challenging. Care must be taken to avoid resection of normal cerebellar tissue since too wide of a surgical excision has been shown to be associated with lingering cerebellar signs.54


Meticulous hemostasis is needed in the postoperative tumor cavity prior to closure, especially in the posterior fossa. Bipolar electrocautery, with different sizes of cottonoids, cotton balls, and other hemostatic products are essential. The tumor cavity can be also lined with a single layer of oxidized cellulose or other hemostatic product; however, care must be taken that such product is not able to float away in the postoperative period, potentially causing problems with normal flow of CSF pathways. In cases of doubt, it is preferable not to leave such products. Closure of the surgical site involves a watertight dural closure. If the native dura is not amenable to this, nuchal ligament harvested during exposure, pericranium from the occipital area or a dural substitute can be used. The patient should be given a Valsalva maneuver to test for CSF leakage. The surgical wound is closed in multiple layers to help prevent formation of a pseudomeningocoele.









Other Surgical Approaches to the Posterior Fossa


Lesions located anteriorly on the tentorial surface of the cerebellum are often difficult to reach by the standard suboccipital approach. Normal cerebellar tissue can be at risk of injury during attempts to gain access to this region.


A modification to the suboccipital craniotomy, the supracerebellar infratentorial approach can be used to resect anterior cerebellar tumors, especially those at the posterior incisura space and within the culmen of the vermis. For this approach, the skin incision is made approximately 2 cm superior to the inion and extends to the posterior cervical region. A midline or U-shaped incision can be used. The craniotomy should extend from just above the torcular herophili superiorly, to the foramen magnum inferiorly. Ideally, the craniotomy allows the inferior border of the superior sagittal sinus, and the medial edges of the transverse sinuses to be clearly viewed. The dura is opened in a Y- or U-shaped fashion. Bridging veins from the cerebellum to the tentorium are cauterized. Gentle retraction on the tentorium allows the tentorial surface of the cerebellum to come into view facilitating resection of lesions on this surface. This approach accesses lesions at the cerebellar-brain stem junction, and is a traditional approach used to resect pineal lesions.63,64 Adjustment of this approach to a paramedian or lateral craniotomy allows progressively further anterior lesions to be reached.65


The occipital transtentorial approach is another alternative when resecting anterosuperior cerebellar lesions. In this approach, the patient is prone and a curved or a U-shaped skin incision is made over the confluence of sinuses. Craniotomy location is dictated by exact tumor location, but in general, burr holes are placed adjacent to the venous sinuses. Upon removal of the bone flap, a curved dural incision is made and the occipital pole is retracted rostrally with caution not to injure any nearby bridging veins. The tentorium is then visualized with the tentorial surface of the cerebellum lying beneath. Care is taken with manipulation of this surface, as it can lead to significant transient bradycardia in some patients. An incision in the tentorium is made parallel to the straight sinus, and then peaked to allow access to the anterosuperior cerebellar tumor. For this approach, intraoperative drainage of CSF by incision of cisternal arachnoid membranes is often useful to promote brain relaxation. With the use of image guidance and sometimes endoscopy, this approach has been shown to be a safe and effective approach for anterosuperior cerebellar lesions.66 The disadvantages of this approach are that the tumor is at a far working distance, and significant retraction of the occipital pole may be necessary to reach the tumor edge.


An additional tactic to tumors in this region is the posterior subtemporal transtentorial approach. For this method the patient is positioned supine with the head turned to the side. An extraventricular catheter or lumbar drain is usually placed prior to incision to allow adequate drainage of CSF during the case. A U-shaped incision is made in the parietotemporal region beginning approximately 5 mm anterior to the tragus and ending 10 mm posterior to the mastoid notch. A temporal craniotomy is made, and the dura is opened in a U-shaped fashion. At this point, the vein of Labbe is encountered and precautions are made to avoid injury to this vessel. The temporal lobe is gently retracted. Patient positioning that allows gravity to gently elevate the temporal lobe, CSF diversion, and patient diuresis can facilitate the necessary retraction of temporal lobe. Once the temporal lobe is sufficiently elevated from the floor of the temporal fossa, the tentorium is encountered and incised, with careful adherence to the course of the trochlear nerve. The tentorium is tacked up, and the tumor can be reached and resected. The advantages of this approach are the short working distance and avoidance of unnecessary damage to the cerebellum.67,68 However, disadvantages include the significant risks encountered such as potential injury to the vein of Labbe and the risk of temporal lobe edema or injury from retraction.


In cases where a cerebellar lesion extends to the anterior inferomedial region, a far lateral approach can be used. In this approach, an inverted L- or J-shaped incision is made. This incision begins approximately 5 cm below the inion, extends superiorly to the superior nuchal line and laterally to the mastoid, staying just in front of the posterior border of the sternocleidomastoid muscle. The muscular anatomy is important for this approach, as is the vascular anatomy, because after craniectomy the vertebral artery and its branches are exposed.69 Careful dissection of the vertebral artery is done, as this allows better mobilization of the artery. If desired, the occipital condyle can be drilled with attention to the anatomy of the underlying hypoglossal canal. The amount of condyle that is drilled depends on surgeon’s preference and degree of exposure needed; however, with greater than 50% of unilateral occipital condyle resection, hypermobility is noted, thus atlanto-occipital fusion should be considered.70,71 With the far lateral approach, lesions that extend to the skull base and craniocervical junction can be resected.


There are numerous surgical approaches to the posterior fossa and the cerebellum, and none have been shown to be superior.72–74 Ultimately, choice of approach to tumors in this region is dictated by surgeon’s experience and preference.












Postsurgical Complications and Management


Surgery in the posterior fossa has been reported to have a complication rate as high as 32% in a series of 500 patients,75 although with modern techniques this rate may have become much lower. Of surgeries exclusive to resection of cerebellar tumors, complications included cerebellar edema (5%), hydrocephalus (5%), cerebellar hematomas (3%), and cerebellar mutism (1%).75


CSF leaks are the most common surgical complication in the posterior fossa. They can be minimized with watertight dural closure. Dural closure is best when using native dura or harvested autologous material. A dural substitute can be used as on onlay or suturable material when a watertight closure cannot otherwise be obtained. However, recent studies suggest that these dural substitutes may increase complication rates. A suturable bovine matrix dural substitute was associated with a 50% risk of complications, such as CSF leak, aseptic meningitis, hydrocephalus, and symptomatic pseudomeningocoele, compared to 18% of cases where no dural substitute was used.76 Ideally, surgeons should strive to achieve primary dural closure whenever possible.


The need for permanent CSF diversion is associated with CSF leak and hydrocephalus. Approximately 35% of children that have undergone posterior fossa surgery require either ventriculoperitoneal shunting or endoscopic third ventriculostomy.77,78 This requirement has been associated with younger age and midline tumors in children, but factors predicting need for CSF diversion in adults have not been established.


Cerebellar mutism is a rare postoperative complication seen with resection of cerebellar tumors. This complication occurs in about 1% of cases, and is observed more commonly in children, although cases have been reported in adults. Cerebellar mutism is considered a severe form of dysarthria; it manifests as hesitant slow speech, or frank mutism. In all documented cases it is transient and associated with vermal tumors.79,80 Cerebellar mutism is believed to be related to post surgical edema or ischemia involving the dentate nucleus or pathways of the dentatorubrothalamic tract.
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Chapter 15 Surgical Management of Cerebral Metastases
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Cerebral metastases are a leading cause of morbidity and mortality for patients with systemic cancer and are among the most common tumors encountered by neurosurgeons. The contemporary neurosurgical management of brain metastases has become progressively more complex as the number of available treatment options increases. For half a century, corticosteroids and whole-brain radiation therapy (WBRT) were regarded as the standard of care for patients with brain metastases. However, due to technological advances in operative neurosurgery and radiation therapy over the last two decades, surgical resection and stereotactic radiosurgery (SRS) have become integral parts of the management armamentarium. Additionally, with modern advances in neuro-imaging, the detection of small, asymptomatic metastases has become increasingly frequent, allowing for the performance of highly controlled surgical resections with minimal morbidity, yet at the same time deepening the controversy surrounding the optimal roles of surgery versus SRS in the management of brain metastases. The increasing trend toward aggressive and novel systemic therapy for both early and late stage cancer has also led to the expectation that the treatment of brain metastases should not excessively delay or interfere with treatment of the systemic disease. Modern neurosurgeons, therefore, are faced with complex treatment decisions when encountering patients with brain metastases and must be familiar with the risks and benefits of all available management options in order to integrate the appropriate surgical interventions into the overall treatment plan of the cancer patient.


This chapter provides an overview of the currently available neurosurgical treatments for cerebral metastases, with a particular focus on defining the role of surgical resection in the cancer patient. Specific attention is given to patient selection, operative techniques, surgical outcomes, as well as treatment alternatives.






Magnitude of the Problem


Cerebral metastases are the most common brain tumors in adults.1 Approximately 20% to 40% of patients with cancer develop brain metastases during the course of their illness.2–5 It has been estimated that of more than 560,000 patients in the United States dying each year of cancer, approximately 19%, or more than 100,000 patients, will have brain metastases.6–8 Most brain metastases arise from lung, breast, and renal cell tumors; however, melanoma, followed by lung, breast, and renal cell carcinoma, has the greatest propensity to develop brain metastases (Table 15-1). Characteristically, breast and renal cell carcinomas tend to present as a single metastasis within the brain, while melanoma and lung cancers have an increased incidence of multiplicity.3,9,10 In addition, the interval between the diagnosis of the primary cancer and the brain metastasis depends on the histology of the primary cancer, with breast cancer generally exhibiting the longest interval (mean, 3 years) and lung cancer the shortest (mean, 4 to 10 months).11 The highest incidence of brain metastases is seen in the fifth to seventh decades of life and is equally common among males and females. However, lung carcinoma is the source of most brain metastases in males, and breast carcinomas the most common source of metastases in females. Males with melanoma are more likely to develop brain metastases than are females.10




Table 15-1 Proportion of Brain Metastases and Propensity to Metastasize to Brain According to Primary Tumor
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Treatment Goals: Advantages of Surgical Resection


The goals of treating brain metastases are (1) to establish a histologic diagnosis, (2) to relieve neurologic symptoms, and (3) to provide long-term local disease control. Compared with other treatment options (i.e., corticosteroids, WBRT, and SRS), surgical resection has distinct advantages for achieving these goals.


First, surgery is the only treatment modality that can provide a histologic diagnosis. Although progress in imaging techniques such as magnetic resonance (MR) spectroscopy may allow for precise determination of tumor pathology in the future, surgery remains the only established method for achieving this goal at present. The importance of tissue diagnosis is paramount when the diagnosis of brain metastasis is in question. This occurs most commonly in patients without a diagnosis of primary cancer, or rarely in patients with two known primary tumors. Nevertheless, even for patients with a single known systemic cancer, failure to obtain histologic confirmation may still lead to erroneous diagnosis in 5% to 11% of the cases.12,13 Therefore, it is important not to omit tissue sampling when clinical features raise suspicion of other disease processes such as cerebral abscess or primary lymphoma, whose imaging findings may be indistinguishable from metastatic tumors.


Second, compared with other modalities, surgery is most effective in immediately relieving symptoms caused by the mass effect of the lesion. Although corticosteroids reduce the effects of vasogenic edema, they do not alter the pressure exerted from the lesion itself, and their side effects preclude long-term use. Radiation treatment, including SRS, may reduce the tumor mass, but the effect is delayed.


Third, surgical resection is well documented to result in long-term local control of metastatic lesions with minimal morbidity. Although WBRT and SRS may provide local control, eradication of the lesion, as objectively demonstrated on imaging studies, is less predictable for these modalities when compared with surgery. In contrast, with modern techniques, complete resection can be achieved in nearly all cases. The certainty in predicting such an immediate outcome is a major advantage over radiation-based modalities.









Patient Selection


Patient selection is the cornerstone of surgical management. Not all patients with brain metastases are candidates for resection, and decisions to operate should be based on a firm understanding of the variables influencing surgical outcomes. Determining whether surgical resection is the best option for a particular patient requires a careful consideration of a number of parameters, including the multiplicity, the location, and the size of the lesion(s), in the context of the clinical status of the patient as well as the histology of the primary tumor. The decision for surgical resection must be weighed against and integrated with other treatment options, namely WBRT and SRS.






Radiographic Assessment


Preoperative studies, particularly MR imaging, are used to determine the number, location, size, and resectability of intracranial metastases. These tumor features are critical in selecting patients for surgery.









Number of Lesions


A primary consideration in deciding to operate is the number of lesions. MR imaging is more sensitive than computed tomography (CT) for the detection of small metastases or those within the posterior fossa14–16 and is thus recommended for definitively establishing the number of intracranial metastases. The term “single” cerebral metastasis is used to describe one metastasis to the brain in the face of other systemic metastases, whereas “solitary” cerebral metastasis indicates that the brain is the only site of metastatic disease within the body.17 Although single cerebral metastases constitute approximately 30% of all cases of patients with brain metastases, solitary metastases are rare.18 To determine management options, patients should be divided into two broad categories: patients with single/solitary metastases or with multiple brain metastases.









Single and Solitary Brain Metastasis


Patients with single/solitary brain metastases are the best candidates for surgery. It has been demonstrated by class I evidence that surgical resection of single or solitary brain metastases is superior to treatment with WBRT alone. The evidence is derived from three randomized controlled trials reported in the 1990s comparing surgical resection plus WBRT with WBRT alone, of which two showed a significant reduction of recurrence and extension of survival with surgical treatment.12,19,20


Patchell and colleagues reported the first study comparing surgical resection plus WBRT with WBRT alone.12 The authors included patients (n = 47) with single brain metastases, good performance status (Karnofsky Performance Scale [KPS] score ≥ 70), and limited extent of disease. They found that the rate of local recurrence was significantly (p < 0.02) lower in the surgical group (20%) compared with the WBRT group (52%). Likewise, the overall length of survival was significantly longer (p < 0.01) following surgical resection plus WBRT (median, 40 weeks) compared with WBRT alone (median, 15 weeks). Importantly, the improved survival was accompanied by maintenance of functional independence (38 weeks in the surgical group vs. 8 weeks in the WBRT group, p < 0.005). A multivariate analysis further indicated that surgical resection (p < 0.0001) and the absence of disseminated disease (p < 0.0004) were predictors of better outcome. These results provided, for the first time, class I evidence in support of surgical resection plus WBRT in lieu of WBRT alone as the gold standard for treatment of single/solitary brain metastases.


In a second prospective randomized study, Vecht and colleagues also compared surgery plus WBRT with WBRT alone in patients with single brain metastases. Like Patchell et al., they included only patients with good performance status and reported a significantly longer median survival time after surgery plus WBRT (43 weeks) compared with WBRT alone (26 weeks, p = 0.04).20 A major difference from the trial of Patchell and colleagues, however, was that the investigators stratified the patients by site (lung cancer vs. non-lung cancer) and by status of extracranial disease (progressive vs. stable). Importantly, they found that the benefits of surgery were most evident in patients with limited systemic disease. Specifically, patients with stable extracranial disease had a more prolonged survival when treated with surgical resection and WBRT (median, 12 months) than when treated with WBRT alone (median, 7 months, p = 0.04).In contrast, patients with progressive extracranial disease generally fared worse and the survival was independent of whether or not surgical resection was performed (median survival time of 5 months in both combined treatment and WBRT alone groups). The tumor type, lung versus non-lung histology, was not a strong predictor of survival.


In a third study, Mintz et al. reported a multicenter prospective trial that randomized 84 patients to either surgery plus WBRT or WBRT alone.19 In contrast to the previous two trials, there was no difference in the median survival time of the surgery plus WBRT group (24 weeks) compared with the WBRT alone group (27 weeks, p = 0.24). Likewise, the duration of time that patients maintained a KPS score ≥ 70 was not different between the two groups. However, the data did support previous findings that extracranial metastases were an important predictor of mortality. One key difference between the study of Mintz et al. and the other two randomized trials was that Mintz et al. included patients with lower performance status (inclusion criterion was KPS score ≥ 50, compared with > 70 in the other studies). Consequently, 21% of their study population had a KPS score < 70, and 45% of patients suffered from extracranial metastases. In contrast, patients with active extracranial disease comprised only 37% of patients in the study of Patchell et al. and 32% of patients in the study of Vecht et al. Because low KPS scores and active extracranial disease are associated with poor survival, the differences between these trials suggest that the benefits of surgery may diminish in patients with more advanced disease as the systemic tumor burden predominates in the clinical course. Such differences also highlight the influence of study populations in altering the overall outcome of clinical trials.


On the basis of these three randomized controlled trials, a Cochrane meta-analysis concluded that for patients with good performance status (KPS score ≥ 70) and controlled systemic disease, surgical resection plus WBRT provides the best outcome for patients with single brain metastases.21 This same conclusion was also reached in recently published guidelines.22 The collective data suggest that the benefits of surgery extend not only to prolongation of overall survival but also to maintenance of functional independence and local disease control, by reducing deaths and disabilities from neurologic causes. For patients with lower performance status (KPS score < 70), the evidence is less clear, as the burden of the extracranial disease is likely to outweigh the influence of the cerebral pathology. However, when considering the implications of these data in clinical practice, it is important to note that the benefits of surgical resection are not limited to the outcome measures examined in these clinical trials, and the role of surgery in reversing neurologic symptoms and deficits by immediate decompression of local mass effects and prevention of death from brain herniation cannot be overemphasized. For example, a drowsy patient harboring a large posterior fossa single metastasis may be unjustly denied a life-saving operation should the decision to operate be based solely on performance status. Therefore, recommendation for surgery requires not only justification from sound literature-based evidence but also the exercise of good clinical judgment, with an ultimate goal of maximizing the clinical outcome of each individual patient.









Multiple Brain Metastases


The traditional treatment of multiple brain metastases is with WBRT, and the presence of multiple metastases has been considered in the past a contraindication to surgery, even when the tumors are surgically accessible.23–26 However, an increasing volume of literature in recent years has suggested that surgery may have a role in the treatment of multiple metastases for a defined patient population. In a retrospective analysis, Bindal et al. reported the outcome of 56 patients who underwent resection for multiple brain metastases. Patients were divided into those who had one or more lesions left unresected (group A, n = 30), and those who had undergone resection of all lesions (group B, n = 26).27 These patients were compared with a group of matched controls who had single metastases that were surgically resected (group C, n = 26). There was no difference in surgical mortality (3%, 4%, and 0% for groups A, B, and C, respectively) or morbidity (8%, 9%, and 8% for groups A, B, and C, respectively) regardless of treatment group. Most importantly, patients with multiple metastases who had all the lesions resected (group B) had a significantly longer survival (median, 14 months) than patients who had some lesions left unresected (group A; median, 6 months; p = 0.003). The survival time of patients who had all lesions removed (group B) was similar to that of patients with resected single metastases (group C; median, 14 months). It was concluded that removal of multiple metastatic lesions is as effective as resection of single metastases, with the important caveat that all lesions had to be removed.27


In support of the above findings, Iwadate and colleagues reported a median survival time of 9.2 months following resection of multiple brain metastases in 61 patients; this was similar to the survival time of 8.7 months following resection of a single brain metastasis in 77 contemporary patients.28 Predictors of shorter survival were age greater than 60 years, KPS score < 70, incomplete surgical resection, and the presence of extensive systemic cancer. Similarly, in a recent single surgeon retrospective series of 208 patients, resection of one or more symptomatic tumors in 76 patients harboring multiple brain metastases achieved a median survival time of 11 months.29 This outcome compared favorably with the median survival time of 8 months in the 132 patients with surgically resected single metastases.29


Based on these studies, patients with multiple metastases should not be excluded a priori from surgery. However, it should be noted that the definition of “multiple” in most reported studies was three to four tumors, and in practice, patients with more than four lesions are generally not considered good surgical candidates and are conventionally treated with WBRT alone. Nevertheless, with the advent of SRS, a multimodal treatment model that includes surgical resection for larger (>3 cm in maximal diameter) lesions and SRS for smaller lesions has made it more feasible to offer local treatment for even more than four lesions. For example, resection of one or two larger symptomatic lesions and providing SRS for two or three smaller (1–2 mm in maximal diameter) metastases is becoming an increasingly accepted approach.









Location


Resectability (i.e., whether a tumor can be removed with minimal morbidity) is dictated primarily by tumor location. With modern microneurosurgical techniques there are very few, if any, regions within the brain that are inaccessible to the neurosurgeon. However, accessibility and resectability are not the same. The most important features that determine resectability are whether the tumor is deep or superficial and whether the tumor is within or near “eloquent” brain. Stereotactic image-guided surgical techniques and skull base exposures have made previously unreachable tumors resectable. A variety of techniques help to preserve functionally important brain regions during resection. Nevertheless, lesions that are deeply located and within “eloquent areas” are inevitably associated with slightly higher surgical morbidity than those within noneloquent and superficial areas. In this context, Sawaya and colleagues studied 400 consecutive patients undergoing craniotomies for brain tumor resection.30 They found that major neurologic complications occurred in 13% of patients undergoing resection of tumors from “eloquent” brain regions, whereas the incidence was 5% and 3%, respectively, for patients undergoing resection of tumors located within “near-eloquent” and “noneloquent” brain regions. The potential morbidity (hence, recovery time) associated with surgical removal must therefore be weighed against the limited survival expectancy of this patient population. Patients with metastases to the brain stem, thalamus, and basal ganglia are generally not considered surgical candidates, except in rare circumstances. Treatment of lesions in these locations with noninvasive modality such as SRS may be warranted. However, it must be noted that significant morbidity could also develop with SRS when treating lesions near the eloquent brain or cranial nerves, and no study to date has convincingly showed that the morbidity of surgery is more than that of SRS in these circumstances.









Lesion Size


The size of the lesion is another factor that must be considered when choosing therapy. For lesions that are greater than 3 cm in maximum diameter, surgical resection is the primary option because surgery rapidly relieves the mass effect that commonly occurs with these larger, often symptomatic lesions. In contrast, SRS is generally not applicable for tumors >3 cm in diameter because SRS typically results in an unacceptably high radiation dose to the surrounding normal brain due to the limited degree of conformity that can be achieved for large volume tumors.31,32 However, for lesions <1 cm in maximum diameter, radiosurgery is often the ideal treatment because most of these tumors are asymptomatic, and localizing small lesions at surgery, even with MR imaging guidance, may be difficult, especially when deep in the brain.


The most difficult lesions for which to decide an optimal treatment are those between 1 and 3 cm in maximum diameter. For these lesions, either surgery or radiosurgery can be applied. Currently, there is limited evidence available demonstrating the superiority of one treatment over the other (see the following). For these patients, other factors such as the resectability, extent of the systemic disease, and the presence of comorbidities may influence the final decision.









Clinical Assessment


The status of the patient’s systemic disease (i.e., the extent of the primary tumor and of noncerebral metastases) is a critical consideration in the decision to resect a brain metastasis because advanced systemic disease is a major predictor of short-term survival, whereas limited systemic disease is associated with long survival in patients undergoing surgery for cerebral metastases (see previous).12,20,27,33–35 Indeed, after resection of a single brain metastasis, up to 70% of patients will succumb to their systemic disease and not to their brain disease.12 In this context, most patients with absent systemic disease are surgical candidates, whereas most patients with widely disseminated cancer are not. Decision making in patients with significant systemic cancer burden that is responding to therapy poses a challenge. One practical approach is to determine the expected survival time for the patient, excluding the presence of cerebral metastases. At many centers, patients who are expected to survive for more than 3-4 months are usually candidates for surgical resection.


In addition, the preoperative neurologic status should be considered, because patients with marked neurologic deficits have been shown to have a shorter median survival time than patients who are neurologically intact.35,36 However, as alluded to previously, it is important not to exclude patients from surgery on this basis alone, because there are many patients whose neurologic deficits improve following resection of the offending tumor. One way to determine the potential for recovery is to assess the response of the deficit to corticosteroid administration. Patients whose neurologic deficits are likely to improve after resection usually demonstrate an improvement after treatment with corticosteroids, whereas patients who will not improve postoperatively do not have such a response to corticosteroids. In general, a surgical patient should have an expected survival of at least 3 months, be able to withstand anesthesia, and have a KPS score ≥ 70 (Table 15-2). Patients who have major cardiac, pulmonary, renal, or hematologic diseases may be better suited for nonsurgical treatment.


Table 15-2 Considerations in Patient Selection for Surgical Removal of Brain Metastases






	Factor

	Requirement for Surgery






	Status of Systemic Disease

	 






	Control of primary cancer

	Expected survival >3 months






	General medical condition

	Able to withstand surgery/anesthesia






	Neurologic status

	KPS score ≥ 70






	Resectability

	 






	Accessibility

	Not brain stem, basal gangila, thalamus






	Size

	>1 cm in maximal diameter







KPS, Karnofsky Performance Scale.


To assist in treatment decision, several investigators have advocated dividing patients into prognostic categories based on clinical features as determined from prospective clinical trials. One of the most widely recognized predictive models was developed by Gaspar and colleagues, who identified three prognostic groups of patients with brain metastases based on a recursive partitioning analysis (RPA) of 1200 patients enrolled in three consecutive Radiation Therapy Oncology Group (RTOG) trials conducted between 1979 and 1993 that were originally designed to evaluate radiation fractionization paradigms and radiation sensitizers.37 The analysis identified three prognostic categories: class I included patients with a KPS score > 70, age <65 years, controlled primary cancer, and no extracranial metastases; class III was defined by patients with a KPS score < 70; and class II included all other patients. These RPA groups correlated with survival as the median survival time of class I, II, and III patients were 7.1 months, 4.2 months, and 2.3 months, respectively. Based on this analysis, it has been suggested that class I patients are good candidate for aggressive treatment including surgery whereas class III patients are not. Although in practice, these RPA classes have not been adopted into clinical use, they are commonly used as a research tool in designing, stratifying, and assessing treatment results of clinical trials. An understanding of this classification is, therefore, important in critically evaluating the current neuro-oncology literature.









Histologic Assessment


The type of primary cancer, particularly its relative radiosensitivity, is an important consideration in treatment decision making (Table 15-3). In this context, primary treatment with WBRT is strongly considered for patients with highly radiosensitive tumors, such as lymphoma, germ cell tumors, and small cell lung cancer. The most common types of tumors to metastasize to the brain, namely breast and non–small cell lung cancer, are intermediately sensitive to conventional fractionated radiotherapy, and surgery will have a role in many cases. For radioresistant tumors (e.g., melanoma, renal cell carcinoma, and sarcomas), surgical resection is often the treatment of choice. Although this categorization is useful for conventional fractionated radiotherapy, the same does not necessarily hold true for SRS, as melanoma, renal cell carcinoma, and sarcomas may respond well to radiosurgery. The reason behind this difference in response to WBRT and SRS is not entirely clear, but it has been postulated that SRS is tumoricidal because it affects tumor vasculature differently from WBRT.38


Table 15-3 Radiosensitivity of Brain Metastases to Conventional Fractionated Radiotherapy






	Highly Sensitive

	Intermediately Sensitive

	Poorly Sensitive






	Lymphoma

	Breast cancer

	Melanoma






	Germinoma

	Lung (non–small cell) cancer

	Renal cancer






	Lung (small cell) cancer

	Colon cancer

	Sarcoma







Data from JG Cairncross, JH Kim, JB Posner. Radiation therapy for brain metastases. Ann Neurol. 1980;7:529-541; and FF Lang, R Sawaya. Surgical management of cerebral metastases. Neurosurg Clin North Am. 1996;7:459-484.












Surgical Technique


Successful extirpation of cerebral metastases is based on good basic neurosurgical techniques in conjunction with technologies for tumor localization and functional brain mapping. A clear understanding of the surgical anatomy of these lesions results in safe and effective tumor removal.






Surgical Anatomy


Cerebral metastases consist of solid tumor without intervening brain tissue. Although there may be some infiltration of tumor cells into the surrounding brain, this is usually less than 5 mm deep.8 Typically, the mass of tumor cells is surrounded by a gliotic rim that separates the tumor from the surrounding edematous brain. The lesions commonly arise at the gray-white matter junction, where a reduction in blood vessel diameter causes the embolic tumor to become trapped.39


In the supratentorial space, metastases may be classified based on their relationship to adjacent sulci and gyri.39,40 Metastases may occur just under the cortex and fill a gyrus (subcortical), deep within a gyrus adjacent to a sulcus (subgyral), below a sulcus (subsulcal), deep within the hemispheric white matter (lobar), or within the ventricle (intraventricular).41 In the posterior fossa, cerebellar metastases can be categorized as occurring in either deep or hemispheric locations; hemispheric lesions can be considered as lateral or medial. A subset arises directly within the vermis. Knowledge of the relationship to the sulcus is particularly important because this may determine the appropriate surgical path to the tumor (see the following).


Another important aspect of the surgical anatomy is the location of blood vessels. “Arterialized” veins that drain the lesion are often evident on the brain surface, and surgeons must carefully consider the venous drainage when resecting the lesion. More importantly, the arterial supply to most metastases comes from vessels parasitized from branches of larger vessels that arise within the sulci.









Resection Methods


Careful planning and meticulous attention to detail are necessary to minimize surgical complications. The surgeon must devote appropriate attention to each stage of the operative procedure, including positioning, opening, tumor resection, and closure. The technique must result in complete removal of the lesion, with preservation of neurologic function and minimal disruption of the surrounding brain.









Positioning


After careful review of the preoperative imaging and correlation with known anatomic landmarks, it should be possible to identify and mark the location of the tumor as it projects onto the scalp and to tentatively define the incision prior to immobilization of the head and final positioning of the patient. This is a useful exercise not only as a check of the neuronavigation system (see the following) and to decrease total reliance on such devices but also to aid in proper placement of the head immobilizer and to determine the most appropriate position for the patient. Typically, patients are positioned with the guiding principle that the lesion should be at the top of the operative field. After selection of the most appropriate position for the patient, the head is rigidly fixed in a neurosurgical head-holder (e.g., the Mayfield 3-pin clamp) and then secured to the operating table. The tumor can then be marked out on the scalp using the neuronavigation system, if available. After the location of the tumor has been determined, a final appropriate skin incision is planned. The authors generally prefer linear skin incisions, where possible, because the risk of compromising the vascular supply to the scalp is decreased as compared with utilization of flaps.









Exposure and Operative Approach


Standard neurosurgical principles of preservation of blood supply and minimal injury to tissues guide the operation. Frameless stereotaxy is preferred because it allows for smaller cranial and dural openings with minimal exposure of normal brain and because it assists in determining the optimal trajectory to the tumor. However, unless intraoperative imaging with CT or MR (and, in some cases, ultrasound) is available, the system cannot be updated during the operative procedure.


Surgical approaches to a brain metastasis are based on its anatomic location.39 Supratentorial subcortical lesions are best resected by an incision in the apex of the sulcus and circumferential dissection of the tumor (transcortical approach) (Fig. 15-1). Removal of a cortical plug above the lesion improves exposure; this may be problematic when the lesion arises within eloquent cortex. In such a situation, a longitudinal incision dictated by local functional mapping performed with direct brain stimulation (see the following) may minimize injury to the surrounding brain.
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FIGURE 15-1 Surgical approaches to supratentorial metastases: trans-sylvian approach to a metastasis of the external capsule; transcortical and trans-sulcal approaches to a subcortical metastasis, which is shown filling the gyrus; transcallosal approach to an intraventricular tumor.


(Modified from Lang FF, Chang EL, Suki D, et al. Metastatic brain tumors. In: Winn HR, ed. Youmans Neurological Surgery, 5th ed. Philadelphia: WB Saunders;2004.)





Lesions in subgyral or subsulcal locations are best approached by splitting the sulcus leading to the lesion. Subgyral tumors are removed by making an incision in the side of the split sulcus, whereas subsulcal lesions are entered at the sulcal base (transsulcal approach) (see Fig. 15-1). Metastases located deep within the white matter, independent of a single sulcus or gyrus (lobar), may be approached either transcortically or trans-sulcally (see Fig. 15-1). Tumors in the subinsular cortex may be approached by splitting the sylvian fissure. Midline metastases are best approached by splitting the interhemispheric fissure; tumors may then be resected by further splitting or entering a deep gyrus (see Fig. 15-1). Intraventricular lesions may be approached transcallosally or transcortically (Fig. 15-2; see Fig. 15-1).
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FIGURE 15-2 Intraventricular metastatic renal cell carcinoma. Preoperative axial (A) and sagittal contrast-enhanced (B) MR images showing a metastasis in the atrium of the left lateral ventricle. The lesion was completely resected utilizing a transcortical approach through the superior parietal lobule (C and D).


(From Vecil GG, Lang FF. Surgical resection of metastatic intraventricular tumors. Neurosurg Clin North Am. 2003;14:593-606.)





Cerebellar tumors are best approached along the shortest transparenchymal route to the lesion. Superior hemispheric lesions are approached via the supracerebellar cistern and then incising the cerebellum at the closest point to the tumor. This requires a high suboccipital craniotomy with exposure of the transverse sinus. Lateral hemispheric lesions are approached directly from a posterior trajectory. Inferior cerebellar tumors require opening of the foramen magnum. Midline tumors can be resected after splitting the vermis.









Lesion Extirpation


Once the lesion is reached, resection is usually performed in a circumferential, en bloc fashion by dissection in the gliotic pseudocapsule surrounding the lesion (Fig. 15-3).Circumferential dissection is carried out in this gliotic plane without violating the wall of the tumor. Such an approach ensures gross-total resection (because tumor cells rarely infiltrate beyond the gliotic plane) and also reduces spillage of cells into the surrounding area. For lesions located directly in the eloquent brain (e.g., motor strip or speech centers), a longitudinal incision parallel to the orientation of the gyrus can be made and the tumor resected in an “inside-out,” piecemeal fashion, rather than en bloc. Piecemeal removal may also be preferred for very large lesions in difficult areas (e.g., within the ventricle).
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FIGURE 15-3 En bloc technique of metastasis resection. A metastasis filling a gyrus is pictured. The tumor is removed en bloc after dissection in the adjacent sulci and deep to the lesion through the base of the sulci. All but those vessels directly supplying the tumor are preserved.


(Modified from Hentschel SH, Lang FF. Current surgical management of glioblastoma. Cancer J. 2003;9:113-126.)





The importance of performing an en bloc resection has been highlighted in a retrospective study conducted by Suki et al., in which 260 patients with 1-2 posterior fossa metastases were analyzed based on the type of resection for the development of leptomeningeal disease (LMD, i.e., carcinomatous meningitis).42 Whereas only 6% of 123 patients who underwent en bloc resection developed LMD, 14% of 137 patients who had a piecemeal resection developed LMD. In a related study of 542 patients with supratentorial metastatic tumors from the same investigators, similar results were noted.43 Specifically, of 191 patients who underwent piecemeal resection, 9% developed LMD, whereas LMD developed in only 3% of 351 patients who had en bloc resections. These results remain significant even after controlling for other covariates including tumor volume, tumor type, extent of resection, and patient characteristics such as age, KPS score, and extracranial disease burden. Although these findings have yet to be confirmed in a prospective manner, it is prudent to conclude that en bloc resection should be performed whenever feasible.


When resecting cerebral metastases, particularly during en bloc resections, care must be taken also to preserve the main arteries that lie within sulci. Most metastases receive their blood supply from several small branches arising from the main vessel. It is critical to identify these branches and to individually coagulate and cut them. This step reduces bleeding during resection and ensures that the main artery is not damaged. Likewise, particular care should be taken to preserve all surface veins so that the drainage of the normal brain is not disrupted.









Technical Issues in Resecting Multiple Metastases


When resecting multiple brain metastases, special attention must be given to planning the operation. Resection of multiple metastases can be performed via one craniotomy that encompasses all the lesions or via multiple, separate craniotomies. The decision to perform multiple craniotomies is determined by the proximity of the lesions to each other: lesions that are some distance apart generally require separate craniotomies. When multiple craniotomies are required, it is usually possible to perform all the craniotomies simultaneously without having to redrape the patient. The patient may be placed in a neutral position and turned from side to side on the operating table so that the lesion that is being operated on is positioned at the top of the operative field. Linear skin incisions are particularly effective when performing multiple craniotomies, and they also reduce the risk of compromising the vascular supply to the scalp. To maximize efficiency, each step of the operation (i.e., skin incision, bone flap elevation, dural opening, tumor removal, hemostasis, and closure) is performed at each location before the next step is performed. This approach is preferred to removing one lesion at one site and closing that wound and then removing one lesion at another site, not only because it is more efficient, but also because it minimizes the time between hemostasis and patient awakening. Thus any untoward events (e.g., hematoma formation) do not go undetected while the patient is under anesthesia.









Surgical Adjuncts


Safe and effective resection of cerebral metastases requires accurate identification of the location of each lesion and the surgical corridor through which it can be resected. The ability to identify the lesion is enhanced by the use of computer-assisted image-guided stereotaxis, intraoperative ultrasonography, and (in some centers) intraoperative MR imaging. Other useful adjuncts include somatosensory evoked potentials (SSEPs) and intraoperative direct brain stimulation, both of which allow for identification of functional (eloquent) brain regions.









Ultrasound


Intraoperative ultrasound is a valuable adjunct available to the surgeon that provides a relatively low-cost method for visualizing tumors below the surface of the brain. Most brain metastases appear homogeneously hyperechogenic, although those with necrotic centers or cysts may be hypoechoic centrally (Fig. 15-4). Compared with other methods of localization, ultrasound has the advantage of real-time imaging; therefore, changes in the tumor, as well as brain shift, are readily identifiable as the resection proceeds. Ultrasound also allows for visualization of the adjacent sulci and other intracranial landmarks (e.g., the ventricle), thus assisting in selection of a corridor of approach to the tumor. Ultrasound can assist in the determination of the extent of tumor resection because gross-total resection corresponds to complete removal of the echogenic mass, in most cases. However, in cases of recurrent tumors after radiotherapy, radiation necrosis may obscure the boundaries of the lesion, making determination of the extent of resection more difficult.44
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FIGURE 15-4 Occipital lobe metastasis. The contrast-enhanced MR image (A) and the intraoperative ultrasound image (B) are shown. The central hypodensity on the ultrasound image represents necrosis within the tumor.











Stereotaxis


Advances in localization technology have allowed for the evolution of rigid frame-based stereotaxy into frameless systems. These “neuronavigation” devices allow neurosurgeons to navigate the brain based on the preoperative images. These systems are particularly useful for planning the skin incision and craniotomy and the initial trajectory to the lesion. However, they suffer from the inability to compensate for intraoperative changes such as brain shift unless they can be updated with intraoperative imaging (usually MR images or even ultrasonography).45 Thus the authors generally rely on ultrasound as the resection proceeds.









Intraoperative MR Imaging


The inability of neuronavigation systems to track intraoperative changes in real time has led to the development of intraoperative MR imaging systems. Surgery may be performed within the magnet itself or outside of it, necessitating that the patient be brought into the unit or that the unit be brought to the patient. The main uses of these systems are to update the neuronavigation system during the operation, to confirm the extent of tumor resection, and to rule out intracranial complications prior to leaving the operating room. The cost of current systems has precluded widespread application, particularly for well-demarcated lesions such as brain metastases.









Functional Mapping


When resecting metastases within eloquent areas of the brain, mapping the location of the critical functions is vital to safe tumor resection. Preoperative identification of sensory, motor, and language cortices is possible with functional MR imaging,46 and diffusion-tensor imaging allows for identification of important white matter tracts (e.g., internal capsule).47 These preoperative studies, however, are only a general guide, and precise localization of function usually requires verification during the surgical resection. Consequently, functional mapping methods have been used to precisely define eloquent brain regions intraoperatively.


Neurophysiologic techniques, such as SSEPs, can be utilized to identify the reversal of phase that occurs between the motor and sensory cortices. A strip electrode is placed on the cortical surface, and stimulation of median, ulnar, or posterior tibial nerves results in cortical potentials that are detected by the electrodes. A “reversal of phase” is seen when the electrode covers both the motor and the sensory cortex, because the motor potentials are typically positive, and sensory potentials are typically negative. This permits an intraoperative indirect identification of motor and sensory cortices. The technique has also been used to continuously monitor the potentials throughout the operative procedure so as to guide resections adjacent to the primary somatosensory cortex.48


Direct cortical electrical stimulation can be used to identify eloquent cortex and is particularly useful in the localization of language areas. The technique involves stimulation of the cerebral cortex at a frequency of 60 Hz for 1 millisecond with biphasic square wave pulses and a current of 1 to 15 mA (Fig. 15-5).49–51 Stimulation of the motor cortex elicits a motor response in the patient, thus resulting in an objective response, which is an advantage over the SSEP technique. Stimulation of subcortical motor pathways can also be performed in a similar manner; however, the results are somewhat less reliable than with cortical stimulation.52





[image: image]

FIGURE 15-5 Intraoperative photographs depicting removal of a metastasis from the motor area of the brain. A, The brain prior to resection demonstrating slightly clouded leptomeninges along with an enlarged gyrus. B, A bipolar cortical stimulator was used to electrically stimulate the cerebral cortex, and a motor response was elicited. C, The cortical stimulation resulted in hand movement in the area marked by the white label (Hst). The white arrowhead marks a sulcus overlying the tumor. D, The tumor has been completely resected and all vascular structures preserved utilizing a trans-sulcal approach through the sulcus identified in C. The patient experienced no permanent alteration of neurologic function.




Although motor mapping can be performed with patients under general anesthesia, language mapping requires an awake patient. The authors’ current method of awake craniotomy employs intubation with a laryngeal mask and short-duration anesthetics, along with a local anesthetic scalp block prior to placement of the three-point head fixator.53 The muscle (if exposed) and dura are carefully infiltrated with local anesthetic. Once the craniotomy is completed, the patient is awakened, and the laryngeal mask is removed. Cortical stimulation with mapping of speech may then commence. Speech areas are usually defined as sites where electrical stimulation elicits speech arrest. In addition, patients can freely converse during the resection of the tumor in order to avoid loss of function as the resection proceeds. Once the resection is completed, the laryngeal mask may be replaced and the patient anesthetized, if required; or a short-acting sedative, along with a narcotic, may be given during the closure. This awake method allows for the safe removal of the tumor from eloquent brain and provides the patient with maximal comfort.












Outcomes after Surgical Resection






Surgical Mortality


Most studies define surgical mortality as death that occurs within 30 days of operation, although some of the earlier surgeons used shorter intervals.54–56 Other series include deaths after 30 days if the patient did not leave the hospital.34,57 Surgical mortality has decreased dramatically since the earliest reports. For example, Cushing found that the mortality after resection of brain metastases was quite high (38%).57 In contrast, over the last two decades, using modern techniques, surgical mortalities of 3% or less have often been reported (Table 15-4). In fact, some of the more recent series report no mortality after surgery for brain metastases.33,44,58,59 In the randomized trial of Patchell and colleagues,12 the 30-day operative mortality and the 30-day postradiotherapy mortality were both 4%. In a comprehensive analysis of 400 craniotomies for all types of brain tumors, the overall 30-day mortality for patients with cerebral metastases was 2% (4/194), with the cause of death being sepsis in two patients and progressive leptomeningeal carcinomatosis in two others.30




Table 15-4 Results of Surgical Resection of Single Brain Metastases, Including Mortality and Morbidity
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Surgical Morbidity


Postoperative morbidity after surgery for brain metastases includes those related to neurologic changes and those related to non-neurologic problems (e.g., postoperative hematoma, wound infection, deep venous thrombosis, pneumonia, and pulmonary embolism). Some studies separate these two aspects of morbidity,27,29,33,35 others consider them together,12,20,24 a few report only neurologic morbidity,36,54,60–62 and many do not report morbidity at all (see Table 15-4).26,34,55,56,63,64


One of the most comprehensive analyses of postoperative complications for brain metastases was conducted by Sawaya and colleagues.30 This series from a large tertiary cancer center reviewed the complications that occurred after 194 craniotomies for brain metastases performed using all the modern technologies described above. Importantly, complications were categorized as either neurologic (directly producing neurologic compromise), regional (at the surgical site), or systemic (more generalized medical problems). Complications were considered to be minor (not life threatening and not prolonging the length of the hospital stay) when they resolved within a few days to 30 days without surgical intervention. They were considered to be major when they persisted for more than 30 days (reducing the quality of life) or required aggressive treatment because of their life-threatening nature. The rates of major neurologic, regional, and systemic complications were 6%, 3%, and 6%, respectively. In a critical analysis of factors contributing to complications, the authors reported that the most important variable affecting the frequency of neurologic complications was the relationship of the tumor to functional (eloquent) brain. Specifically, tumors located within or near eloquent brain had more neurologic complications than did those in noneloquent areas. Nevertheless, the risk of major neurologic complications, even when the lesion was within eloquent areas, was low (13%). Based on their extensive data, the authors used a statistical model to predict the risk of major complications from any source. They found that patients who were relatively young (age 40 years), with a KPS score of 100 and a metastasis in noneloquent brain, had a 5% risk of a major complication, whereas, at the opposite extreme, for a relatively old patient (age 65 years) with a low KPS score (of 50) and a tumor in eloquent brain, this risk rose to 23%.









Recurrence


Recurrence is fairly easily measured after resection because surgery typically removes the entire gadolinium contrast-enhancing tumor mass (as visualized by MR imaging) and causes regression of the secondary brain edema. Thus, reappearance of a contrast-enhancing mass and edema on an MR image can be determined, although minimal postoperative contrast enhancement may be present for up to 3 months after surgery. In addition, one must distinguish between recurrence at the surgical site (i.e., local recurrence) and the development of new lesions in the brain at sites outside the initial resection site (i.e., distant recurrence). These events represent two distinct biologic processes. Local recurrence represents regrowth of microscopic residual disease after surgery, whereas distant recurrence is believed to arise from hematogenous dissemination of tumor cells to the brain from the primary site. When evaluating rates of local and distant tumor recurrence, it is important to know whether the patients received adjunctive WBRT. In the prospective study by Patchell and colleagues of patients with single brain metastases who were then randomized either to receive or not to receive WBRT after surgery,65 the local recurrence rate after surgery alone was 46% (21 of 46 patients), whereas the distant recurrence rate was 37% (17 of 46 patients). This high rate of local recurrence is not consistent with the results of other studies, which suggest recurrence rates of 10% to 15%.66 Table 15-5 lists the local and distant recurrence rates in recent surgical series of brain metastases.




Table 15-5 Local and Distant Recurrence following Resection of Single Brain Metastasis
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Survival


Most series from the modern neurosurgical era that include metastases with different tumor histologies indicate a median patient survival time of 11 months and a 1-year survival rate of 53% (see Table 15-4). Kelly and colleagues39 reported a 1-year survival rate of 63% using computer-assisted stereotactic craniotomy. Studies from a large tertiary cancer center reported a median survival time of 14 months, with a 1-year survival rate of 50% for patients with single brain metastases.27,33 Similar median (14 months) and 1-year (55%) survival values were observed in patients with multiple metastases in whom all the lesions were removed.27 In most studies, variables associated with poor survival are the presence of multiple metastases, extensive and progressive systemic cancer, and a poor KPS score.












Role of Stereotactic Radiosurgery


Stereotactic radiosurgery in the form of gamma knife or linear accelerator methods delivers a single large dose of focused radiation, with rapid falloff in the surrounding tissue through cross-firing from many directions, to destroy lesions localized by stereotaxy. A major advantage of this technique over conventional surgery is that it can treat surgically inaccessible tumors, especially where eloquent brain would be transgressed during surgery to reach the lesion. Many brain metastases that in the past could only be treated with WBRT can now be directly targeted by SRS. Other advantages compared with surgery are that SRS is less costly, less invasive (requiring only placement of a stereotactic head frame under local anesthesia), requires shorter hospital stays because only a single fraction of radiation is given, and can be offered to patients who cannot tolerate surgery. Based on early retrospective reports, SRS has been shown to be effective in treating cerebral metastases, with local control rates ranging from 85% to 95% and a patient median survival time of 7 to 13 months.63–65 These results compare favorably with a local recurrence rate of 10% to 15% reported after surgical resection.66 Nevertheless, SRS has several important limitations compared with surgery. First, due to aforementioned dosing limitations, treatment is restricted to small lesions, usually to those not exceeding 3 cm in maximum diameter (volume <10–12 cm3).28,29 Second, no histologic verification of the metastatic nature of the lesion can be obtained with SRS, which is important considering that 5% to 11% of patients with systemic cancer are found to have nonmetastatic brain lesions (e.g., primary brain tumors or abscesses).8,12,13 Third, because SRS does not have the immediate effect of tumor extirpation, patients may have to remain on high steroid doses for longer intervals, and the mass effects of tumors (e.g., neurologic deficits and raised intracranial pressure) are not immediately relieved.


To define the role of SRS in the management of cerebral metastases, several randomized controlled trials have been conducted in recent years. In order to determine the benefits of adding SRS to standard WBRT, Kondziolka et al. randomized 27 patients with two to four cerebral metastases (≤2.5 cm) to receiving either WBRT alone or WBRT plus SRS.67 They found that the addition of SRS (16 Gy) to the standard 30 Gy WBRT dose significantly prolonged the median time to local control failure from 6 months to 36 months (p = 0.0005). However, the median survival time of patients receiving WBRT plus SRS (11 months) was not found to be significantly longer than in those having WBRT alone (7.5 months, p = 0.22). Notably, the power of this study was grossly limited by its small sample size.


In another prospective study, Andrews et al. addressed the same question, comparing the treatment outcome of WBRT with or without an SRS boost.68 In this multicenter study carried out under the auspices of the RTOG, 333 patients with one to three brain metastases (≤4 cm in maximal diameter) were randomized to receive either WBRT alone or WBRT plus SRS. In the primary analysis of all 333 patients, there was no difference in survival between the patients who received WBRT plus SRS and those who received WBRT alone (6.5 months for WBRT plus SRS vs. 5.7 months for WBRT alone, p = 0.14). However, when analyzing the data in terms of secondary outcomes, patients treated with the combined approach were more likely to have stable or improved performance status (43% for WBRT plus SRS vs. 27% for WBRT alone, p = 0.03) and decreased steroid use at the 6-month follow-up evaluation. Most importantly, in a subset analysis that included only patients with single metastases (n = 186), there was a small but significant improvement in median survival time in the WBRT plus SRS group (6.5 months) when compared with the WBRT alone group (4.9 months, p = 0.04). This study represents the first large-scale randomized trial of SRS as an adjuvant to WBRT and has provided vital data in support of the positive impact of SRS in the treatment of single, small brain metastases.


The minimally invasive nature of SRS has led to the important question of whether SRS should replace surgery as the primary treatment of brain metastases, particularly single metastases. To date there is only one published randomized trial69 that has attempted to compare SRS with conventional surgery in treatment efficacy. Specifically, Muacevic et al. conducted a multicenter randomized clinical trial in which patients with small (<3 cm maximal diameter) single metastases, good performance status (KPS score ≥ 70), and stable systemic disease were randomized to receive either SRS or conventional surgery plus WBRT. This study was initially designed to recruit 240 patients in order to achieve enough statistical power to detect a 15% difference in 1-year survival. However due to poor patient accrual, the study was aborted, and only 64 patients were randomized in this trial. The results showed that the median survival time was 9.5 months in the surgery plus WBRT group and 10.3 months in the SRS group, the difference between which did not reach statistical significance (p = 0.8). Although the investigators concluded that the results supported SRS and surgery as being essentially equivalent treatments, because the study was aborted before the accrual goal was reached, it did not have the power to demonstrate equivalence. Because of this weakness, the validity of the statistical evaluation is questionable, and the claim for equivalence based on the negative comparisons was unsound.70


In a separate effort to address the same question, the group at The University of Texas MD Anderson Cancer Center (MD Anderson) has also undertaken a prospective randomized trial comparing SRS with conventional surgery, but preliminary results have only been reported in abstract form.71 In this clinical trial, patients >16 years old, with newly diagnosed, single brain metastases, and receive a KPS score > 70were randomly assigned to receive conventional surgery or SRS. Similar to the trial of Muacevic et al., this MD Anderson trial also suffered from poor accrual. However, in the MD Anderson trial eligible patients who refused randomization were allowed to choose their treatment and were then followed identically to patients who accepted randomization. Thus this trial included both randomized and nonrandomized arms. Outcome measures were local recurrence, distant recurrence, and overall survival. Fifty-nine patients were entered in the randomized arm (30 received surgery and 29 received SRS), and 155 patients were entered in the nonrandomized arm (89 chose surgery and 66 chose SRS). In the preliminary analysis, treatment with SRS had a statistically significant increased risk of local recurrence compared with surgery in both the randomized and nonrandomized arms of the trial. Based on multivariate analyses which took into account the randomized and nonrandomized populations, and adjusted for confounding covariates (age, gender, WBRT, primary tumor type, extent of disease, tumor volume and location, KPS score, and RPA class) and randomization effects, SRS was associated with a nearly threefold increased risk of local recurrence compared with surgery. For overall survival, the smaller randomized trial showed no difference between surgery and SRS, but there was a significant advantage of surgery over SRS in the larger nonrandomized arm. As a measure of baseline heterogeneity, there was no difference in distant recurrence rates between the groups in both the randomized and nonrandomized arms of the trial, suggesting that the patients in the SRS group and the surgery group were similar in both arms of the trial. Therefore, in this prospective trial characterized by the inclusion of randomized and nonrandomized arms, conventional surgery appeared to provide a significant advantage over SRS in terms of local recurrence and suggests that surgery may also provide an advantage in terms of overall survival. On the basis of these data, the investigators recommended that surgery should be the treatment of choice for brain metastases that are amenable to either treatment. SRS, on the other hand, can be adopted as the primary modality for treatment of small (<1 cm) lesions, especially if they are multiple, surgically inaccessible, and located deep within the brain. Patients with multiple medical comorbidities who cannot tolerate conventional surgery are also candidates for SRS.


Another consideration in deciphering the role of SRS compared with surgery in the management of brain metastases is that local tumor control rates after SRS fall sharply when the maximum diameter of the tumor exceeds 1 to 1.5 cm, as demonstrated in two retrospective series.72,73 Consequently, it has been argued that the upper size limit of a 3-cm maximal diameter may be too high for adequate SRS treatment,74 and it has been suggested that a lower threshold (e.g., 2–2.5 cm maximal diameter) may be more appropriate as the upper limit for applying SRS. More careful studies of the issue of tumor size and the efficacy of radiosurgery are needed.









Role of Whole-Brain Radiation Therapy


Whole-brain radiation therapy has traditionally been considered the standard treatment for patients with cerebral metastases, particularly multiple brain metastases. Based on the results of multiple RTOG trials conducted in the 1970s and 1980s, it is established that patient survival is prolonged from 1 to 2 months with supportive care alone to 3-6 months with a standard regime of 30 Gy delivered in 10 fractions.62,75,76


After surgery or SRS, adjuvant WBRT is often recommended on a routine basis in an effort to eradicate residual cancer cells at the resection site and to eliminate microscopic foci at distant sites within the brain.22 However, the benefit of this practice has been questioned in recent years as improvement in systemic cancer treatment has resulted in more patients surviving long enough to be exposed to the debilitating neurocognitive side effects of WBRT. This has particularly become an issue for patients with good KPS scores as these patients are most affected by radiation-induced neurocognitive sequelae emerging 6 to 12 months post treatment, which may critically outweigh the intended therapeutic benefits of WBRT.77 Several authors have, therefore, suggested that WBRT should be withheld, especially for radioresistant tumors such as melanoma and renal cell carcinoma, and only be considered when local treatment fails.78,79


In order to clarify whether routine adjuvant WBRT is of benefit after surgical resection of single brain metastases, Patchell and colleagues randomized 95 patients with single metastases to WBRT or observation after conventional surgery.65 The patients who received WBRT showed a significant reduction in tumor recurrence, both at the site of the surgery and at distant sites in the brain, compared with the observation group. Specifically, whereas the overall recurrence rate was 70% in the observation group, it was only 18% in the adjuvant WBRT group (p < 0.001). However, this decrease in recurrence in the WBRT group did not translate into a statistically significant improvement in survival, as the median survival time of the adjuvant WBRT group was 12 months and that of the observation group was 10.8 months (p = 0.39). However, it must be noted that the trial was not sufficiently powered to detect a difference in survival between the groups. In addition, 61% of the patients in the observation group eventually crossed over to the WBRT group and received salvage WBRT for recurrence. Therefore, the lack of a significant difference in overall survival between the groups must be interpreted with caution. Also, because neurocognitive function was not assessed, the functional effects of routine adjuvant WBRT were not addressed in this study.


In a related study, Aoyama and coworkers from the Japanese Radiation Oncology Study Group investigated the impact of withholding adjuvant WBRT following SRS.80 In this randomized trial, patients with one to four cerebral metastases were randomized to either WBRT or observation after SRS. Similar to the study by Patchell et al.,65 in this study of 132 patients, the rate of local tumor control at 1 year was superior in the WBRT group (88.7%) compared with the observation group (72.5%). However, the median survival times were similar in both groups (7.5 months in the WBRT group vs. 8 months in the observation group, p = 0.42), with only 16% of patients in the observation group crossing over to receive salvage WBRT. Of patients who survived for more than 12 months, functional assessment was performed using KPS scores. The rate of functional status preservation (KPS score ≥ 70) was not significantly different at 1 year between the two groups (33.9% in the adjuvant WBRT group vs. 26.9% in the observation group). Nevertheless, it should be noted that the KPS score is a measure primarily of physical functions, not of cognitive functions and the preservation in KPS score cannot be interpreted as preservation of neurocognitive abilities, such as learning and verbal skills.


In a recently reported prospective randomized trial, Chang et al. investigated the neurocognitive effects of WBRT based on serial examinations of cognitive functions across several domains using validated assessment tools.81 In this trial, patients with one to three newly diagnosed brain metastases were randomized to receive either SRS plus WBRT (n = 28) or SRS alone (n = 30). Patients were evaluated before treatment and then monthly afterwards. By 4 months, patients receiving WBRT suffered a significantly greater decline in memory and learning ability compared with patients receiving SRS alone. These results, obtained from an interim analysis, were so significant that the study was terminated before the targeted enrollment of 90 patients was reached. Interestingly, although the 1-year local tumor control rate was lower in patients in the observation group (67%) when compared with the WBRT group (100%, p = 0.012), the overall median survival time in the observation group (15.2 months) was superior to that of the WBRT group (5.7 months, p = 0.003). As a secondary finding, such a marked difference in survival between the two groups is difficult to account for post hoc, but as suggested by the authors, significant differences in the use of salvage and systemic therapies between the two groups, which were not stratified and controlled a priori, may play a role.


Taken together, these randomized trials have provided corroborative evidence that although adjuvant WBRT reduces the risk of tumor recurrence, this benefit may not translate into improvements in survival or functional status. Conversely, the strategy of omitting adjuvant WBRT and applying salvage therapy when recurrence occurs appears not only effective in maintaining overall survival but also significantly avoids the deleterious neurocognitive side effects of WBRT.


Given that adjuvant WBRT reduces recurrence but is not innocuous, it has become increasingly desirable to define subsets of patients who are at higher risk of experiencing early local or distant recurrence after surgical resection or SRS and who would, therefore, potentially benefit from adjuvant WBRT, despite the potential risk for developing neurocognitive dysfunction in the long term. To this end, McPherson et al.82 analyzed the outcomes of 358 patients with single brain metastases originating from a wide range of primary sites, all of whom were treated with microsurgical resection without or with the standard dose adjuvant WBRT. In a multivariate analysis, it was found that tumors >3 cm in maximal diameter that did not receive adjuvant WBRT had a significantly increased risk of recurring locally (HR = 3.14, CI 1.02–9.69, p = 0.05). Additionally, patients whose primary disease was progressing and who did not receive WBRT had a significantly increased risk of distant recurrence (HR = 2.16, CI 1.01–4.66, p = 0.05). There was no effect of WBRT based on tumor type. Based on this retrospective report, it has been suggested that after surgical resection of a single metastasis, adjuvant WBRT may be most beneficial in patients in whom the resected metastasis was large (>3 cm) or in whom the systemic disease is active. Conversely, adjuvant WBRT may be withheld in patients whose resected metastasis was small and in whom the systemic disease is controlled.


As a substitute for adjuvant WBRT after resection of a single metastasis, it has been suggested that SRS can be applied to the tumor resection cavity in order to decrease the chance for local tumor recurrence following surgery, while avoiding the adverse effects of WBRT.83,84 Supported by the observation in melanoma brain metastases that the presence of intratumoral hemorrhage was associated with increased recurrence,85 the role of treating the resection cavity with SRS has been particularly advocated in tumors that have hemorrhaged, as it is hypothesized that during hemorrhage the normally defined tumor–brain interface characteristic of cerebral metastases are inevitably violated, resulting in widely dispersed micrometastases that are not amenable to surgical resection alone. Despite the theoretical appeal of this approach, the current data supporting postresection SRS are limited to few small retrospective series.83,84 Although favorable local disease control rates (>94%) have been reported, further validation from clinical trials is required. In light of this, a randomized controlled trial was opened at MD Anderson in August 2009 to evaluate the efficacy of postoperative SRS treatment the resection bed in reducing the risk of local tumor recurrence. This trial, expected to be completed in 2014, will provide important data to clarify the proper use of this adjunctive treatment.
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study n  Therapy WERT T ORR() (mo) PFS Mortality

High-dose MTX-based chemotherapy with radiation

Abrey 2000 52 MIX35gim?multiagent yes  yes 94 60 NA  Neurotoxicity:25% overall 83%in patients aged
>60 years receiving WBRT

O'Brien 2000 46 MTXIgmisingleagent yes  yes 45 33 17 Neurotoxicity: 14%

Ferreri 2001 13 MIX3g/m?multiagent yes no 92 25+ NA  Neurotoxicity:15%

DeAngelis202 102 MIX25g/m?multiagent yes  yes 94 36+ 24 Neurotoxicity:15%

Poormans2003 52 MIX3g/mmultiagent  yes  yes 81 46 NA  Nonneurologic TRM: 10%

Omura 2005 17 MTX1g/m?multiagent yes yes 8 32 18  Neurotoxicity:20%

High-dose MTX-based chemotherapy without radiation

Schlegel 2001 20 MIXSghmimuliagent no  yes T 54 205 Neurotoxicity:5%

Pels 2003 65 MTX5g/m?multiagent no  yes 71 50 21 Neurotoxicity:3%

Baichelor2003 25 MIXSgimisingleagent no  no 74 22 128 Neurotoxicity:0%

High-dosed MTX-based chemotherapy without radiation in the elderly

Abrey 2000 22 MIX35gimimuliagent no  yes NA 33 10 Nomneurologic TRM:0%
Neurotoxicity:5%

Pels 2003 32 MIXSghm?mulagent no  yes 56 34 15 NonneurologicTRM:13%

HoangXuan2003 50 MTX1ghm?mulfagent no  yes 48 14 10 Nonneurologic TRM:2%
Neurotoicity: 2%

‘Omura 2007 23 MIX3ghmmuliagent no  no 55 35 8  NonneurologicTRM:4%

Merhaus2009 30 MIX3g/mimuliagent no  no 70 154 59 Nonneurologic TRM:7%

Neurotoxicity:0% in MTX only 100% in 2 patients
unable to tolerate MTX receiving WBRT

I intrathecal; mo,months; MTX, metholrexate; ORR, overal esponse rate; S, overallsurvival; PFS, progression.free survival TRM, reatment.related mortalty; WERT,
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Location Type of Monitoring Immediate Deficits Permanent Deficits

Rolandic (nondominant) 'MEP, EEG, ECOG, DES Motor (48 patients,65.7%) Motor (2 patients, 2.7%)

73 patients (Motor mapping)

Rolandic (dominant)

15 patients

Small lesions* MEREEG, ECoG, DES Motor (7 patients, 100%) Motor (no patients,0%)

7 patients (all asleep) (Motor mapping)

Medium to large lesions MEP, EEG, ECaG, DES Motor (8 patients, 100%) Motor (no patients, 0%)

8 patients (all awake) (Motor and language mapping) ~ Language (6 patients, 75%) Language (no patients, 0%)

SMA (nondominant) MEP, EEG, ECoG, DES Motor (25 patients,75.7%) Motor (no patients,0%)

33 patients (Motor mapping)

SMA (dominant) MEP, EEG, ECaG Motor (36 patients, 87.8%) Motor (I patient, 24%)

41 patients (all awake) (Motorand language mapping) ~ Language (36 patients,878%)  Language (2 patients,48%)

Frontal (nondominant) MEP, EEG, ECoG Motor (no patients,0%) Motor (no patients, 0%)

32 patients (Monitoring)

Frontal (dominant) MEP, EEG, ECaG, DES Motor (30 patients, 30.0%) Motor (no patients, 0%)

100 patients (all awake) (Motorand language mapping) ~ Language (72 patients, 720%)  Language (2 patients,2.0%)

Temporal (dominant) MEP, EEG, ECaG, DES Motor (2 patients, 1.7%) Motor (no patients, 0%)
(Motor and language mapping) ~ Language (94 patients,81.7%)  Language (2 patients, L7%)

Parietal (nondominant) MEP, EEG, ECoG, DES Motor (3 patients, 21 4%) Motor (no patients, 0%)

14 patients (10 awake for involve-  (Motor mapping;visuospatial Visuospatial (2 patients, 14.2%)  Visuospatial (no patients,0%)

‘ment of second branch of SLF)  mapping in awakened)

Parietal (dominant) MEP, EEG, ECaG, DES Motor (4 patients, 22.2%) Motor (no patients, 0%)

18 patients (all awake) (Motor language and visuospatial Language (9 patients,50%) Language (I patient,55%)
‘mapping) Visuospatial (2 patients, 11.1%) ~ Visuospatial (no patients,0%)

Paralimbic (nondominant) MEP, EEG, ECoG, DES Motor (6 patients, 20.7%) Motor (1 patient, 34%)

29 patients (Motor mapping)

Paralimbic (dominant) MEP, EEG, ECoG, DES Motor (2 patients, 9%) Motor (1 patient, 3%)

33 patients (all awake) (Motorand language mapping) ~ Language (21 patients,636%)  Language (no patients, 0%)

Notes: Patients are divided according to tumor location.The type of monitoring used and the occurrence of immediate (within | week) and permanent (afer 3 months)
defics ae reported. For each location the number of paients reated and the number of awake patients are reported. For immediate and permanent defict,he num-
ber and the relative percentage of patiens are lso indicated.Overall mortality was 0.4% (2 patiens) (1 case of pulmonary embolia and 1 case of nfectio).

SLF, superior longitudinals fasciculus; SMA,supplementary molor area.

*Stmalllesions are defined those thatinvolved only the cortcospinal tract,as defined by DT FT images.In these cases,only a motor mapping In sleeping patients was
sertimed. The pidicntis swalsshed in all eases i which the dominant BEF i ivolved,
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TUMOR SIZE

Tumor Type Patient No. Decreased (%) Unchanged (%) Increased (%) Endocrine Remission (%)
Nonsecretory o0e 66 27 7 nla

Acromegaly o0as 2 6 2 53

Prolactinomas 23280 16 1 1 2%

Cushings 6700 8 u 6 53

Nelson's 215 55 1 9 2

*Numbers of patients available [or imaging evaluation.
Kumbsien of Bitients svallshie for enioesiacioate evalaskion:
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Technique  Aim Modality Rationale Indication
‘ EEG Monitoring of basal  Bilateral recording,four bipolar  Monitoring of brain areas not covered by Each case undergoing
brain activity leads ECoG and of contralateral hemisphere,  cortical stimulation
seizure surveillance at beginning and end  (MEP, DES)
of surgerymonitoring oflevel of anesthesia
ECoG Subdural stip/grid electrodes  Detection of:afterischarges,lectrical/  Each case undergoing
of cortical activily  adjacent to craniolomy site  clinical sezures related fo simulafion, cortical smulation (MER
epileptogenic foci DES),epilepsy surgery
MG Monitoring/mapping  Subdermal hookedineedle  High sensitvity and specificity in detecting ~ Each case undergoing
of motoractivity  electrodes, extensive insertion subclinical responses to MEP/DESallows cortical and subcortical
in several contra- and ipsi use of lower stimulation intensity electrical stimulation, MEP
lateral muscles from face to foot
MEP Realime continuous ~ Train-offive technique, Complementary o direct bipolar Identification of central
‘monitoring of motor cortical srip elecirodes (never stimulation,allows confinuous monitor-  sulcus and monitoring
activity ranscranial) ing of motor pathways when DESsnot ~ of motor pathways
performed, can detect impending brain
ischemia
DES Mapping of cortical  Direct electrical bipolar Allows direct idenification of cortical  Accurate and reliable
andsubcortical  stimulation and subcortical functional areas testing of motor language,
functions and cognifive unctions
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Objective Response _Median Overall

Cancer (Histology) Chemotherapy Regimen No. of Pt Rate (%) survival (Months)
Non-smallcell lung cancer Temozolomide + cisplatin + WBRT!"S 50 16 5
Gefitinib!™® i3 23 99
Gefitinib's! a 97 5
Vinorelbine, gemcitabine, carboplatin!™ 2 5 82
Cisplatin + vinorelbinel”® 3 27 6
Cisplatin + etoposidels® 2 30 8
Smallcell lung cancer Teniposide™ 80 3 29
Topotecan!® 30 3 36
Breast cancer Topotecan'! 2 23 63
Fatupilone!®2 45 19 -
CMF (or CAR)' 2 59 58
Cisplatin + etoposidels® 56 3 8
Various chemotherapy regimens (CFR 100 50 NR
CRPMV,MVECA) &0
Capecitabine and temozolomide!s? 2 18 3
Melanoma Temozolomide + thalidomide + WBRT!* 39 6 1
Temozolomide + docetaxel 0 2 a1
Temozolomide + cisplatin!4® 9 2 a1

CA,cyclophosphamide-adriamycin; CAF, cyclophasphamide.adriamycin-luorouracil: CFRcydophosphamide S luorouracil prednisone; CMF cyclophospharide-
methotrexate Sluorouracil; MY, methotrexate-incristine; MVP, methotrexate-vincrisine predisone; NR, ot reported, WBRT, wholebrain radiotherapy:
Source: Modified from Ranjan T. Abrey LE. Current management of metastatic brain disease, Neurotherapeutics. 2009:6(3):598.603.
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Study. No. Local Recurrence Distant Recurrence Both Latency (Median)

Patchell etal. (1990)12 2 20% 20% 12% 15 months (1)

Bindal et al. (1993)2" 26 16% 27% 8% 25% at 6 months

Wronsk et al. (1995)% 21 2.8% 366% 3% NiA

Bindal et al. (1996)° 62 13% 2% 5% NA

Pieper etal.(1997)*" 6 17% 16% NA 15 months

Muacevic et al. (1399 52 25%at 1 year 10% at 1 year NIA NA

Wronsk et al. (1999)% ) 493% Overall 3.6 months

Schoggl et al. (2000 6 167% 152% NIA 39 months (1)
37months (d)

O'Neill et al. (2002)°! T 18% 18% 54% NIA

McPherson etal. (2010)22 358 19% u% NIA 111 months ()
87 months (d)

Overall 1030 2% 26% 5% 9.7 months

[ Tocal:d. distnk secuminee: NIA. nict avalibile:





OEBPS/OEBPS/images/B9781416068396100127_f12-02ab-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100127_f12-05ab-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100139_f13-05ab-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100139_f13-08ab-9781416068396.jpg
Biopsy needle,

Superior
Sagital  Bregma sagtal sivus
suture Corpus callosum

Inferior sagital
sinus

Tentorial
incisure

Lateral ventricle,
anterior horn’

Hippocampus
Tentorial incisure.






OEBPS/OEBPS/images/B9781416068396102606_fm06-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100024_f02-06-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100139_f13-02ab-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100036_f03-02-9781416068396.jpg





OEBPS/OEBPS/images/B978141606839610005X_f05-22ac-9781416068396.jpg





OEBPS/OEBPS/images/B978141606839610005X_f05-11af-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100048_f04-07-9781416068396.jpg
Right anterior tibial
i A
]"hI\Mv"\’w‘«“wN/\ V\,«\
Baseline. i
" L et anterir tbial
"M‘h"m}h‘hhpww“m

Fight anteior il
[T
Closing |, Leftanteror il
e e
10ms topv |
/Dwave
Pozele D%-\./DC‘?_\
Duvave i
,ow






OEBPS/OEBPS/images/B9781416068396100115_f11-03-9781416068396.jpg
“ergen





OEBPS/OEBPS/images/B9781416068396102606_fm08-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100152_f15-02ad-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396102606_fm03-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100097_f09-05ac-9781416068396.jpg





OEBPS/OEBPS/images/B978141606839610005X_f05-03ad-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100127_f12-01-9781416068396.jpg
HISTOGENESIS OF PCNSL

o (—
‘ Early. ‘ Late. ' Early | Late I
(Ccoio H

PCNSL

iffuse large B cell ymphoma





OEBPS/OEBPS/images/B9781416068396102886_fm02-9781416068396.jpg
Working together to grow
libraries in developing countries

swnelsevicr.com | wwnbookaid.org | wwwsabre.org

ELSEVIER  POOK, Sabre Foundation





OEBPS/OEBPS/images/B9781416068396100097_f09-03-9781416068396.jpg
Axial A Axial A






OEBPS/OEBPS/images/B9781416068396100012_f01-04-9781416068396.jpg
Procedures NOT True team

definedlor  otvaion  behaviors  Production Programs
Sided muliles,  varication, low, rurses tacung© prossurs. "ok
intmal posion, kg an nal e oy

special equipment ek

Wrong patient,
procedure, or
sito

1 per 30,000
that will
suffer event

Pationts and Siructured  Providers' Team Working  Org. pririty Sociopoliical Patients with

procedures approach or  knowedge, cross-checking condilons, of safety procedure

atrisk  process  skils,  muliplecues - staffing, done
attenion, workioad

iclaien





OEBPS/OEBPS/images/B9781416068396100024_f02-07-9781416068396.jpg





OEBPS/OEBPS/images/B9781416068396100140_t0010.jpg
Percentage 5-Year
WHo  ofAllCNs Overall  Recommended
Tumor Type Grade  Tumors Location of Tumor Imaging Characteristics Survival Treatment
Pilocytic 1 21% Vermis = hemispheres  Well circumscribed, contrast 85%-100% GTR
astrocytoma enhancing;often with cystic
formation and mural nodule
Medulloblastoma IV 15% Hemispheres >vermis  Variable definition, variable 64%-84%  GTR plus craniospi-
enhancement; may have cystic ‘nal XRT with poste-
or necrotic foci ior fossa boost
Cetebellarlipo- 1 NA Hemispheres >vermis  Minimal heterogeneous NA GIR
neurocytoma enhancement; mottled areas
of hyperintensity
Hemangio- 1 o8 Hemispheres >vermis  Intense enhancement,flow >50%  GTRwith close
blastoma voids;solid or cystic with follow-up and
‘mural nodule Screening forVHL.
LhermitteDuclos 1 NA Hemispheres CT—low density with NA GTR with screen-
oceasional calcifications; MR— ing for Cowden
“tiger stripe” nonenhancing syndrome

“The exact Sear survival rate s unkniown. atiens with sporadic hemangioblastoma have excellent progrosis postresection; however those with VHL have significant
morbidity and eaty mortalty associated wilh ther systemic disease.
GTR gross total resection: XRT radiation therapy: N/A. data not available:VHL Von-Hippel Lindau.
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Patients/  Prescription Dose ~Imaging Follow-up  Tumor  Survival Factors Assodated with

Tumorsn  (MeanRange)  Mean (Range)  Control  (Mean) Prolonged Survival

Shuto etal. 69314 B-30%8Gy 71 (3-39) months 828%  95months  Low number of metastases

Q06 e! High KPS
High RPA class

Muacevicetal. 85876 21Gy NS 9% Illmonths KPS>70

004)158 RPA dlass

Sheehan et al. 6946 16(12520)Gy NS %%  I5months  Younger patientage

uz)® High KPS
2 months from primary to brain metastases
Higher marginal dose
Higher maximal dose
Higher treatment isodose

Hoshi etal. 23 B5E)Cy  125(02-8) Q% I25months KPS=80

0027 months Treated by GK more than once
Obtained complete/partia response GK

Goyal etal. 20066 187-24)0y NS 9%  10months  None

@000y
UVA (2008)150 6540 21(1824)Gy  10(3-54)months 97 Smonths  None
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 Author Pt# Path SAR  HQS  Mob  Mort 1K PxRelations Weeks

‘ Young et al ! 2 GBM. 14 52% 1% 2% K260~ SAR 2vs9
I>12m~SAR 165185
Saleman® 0 MG ki U3 Age <40~ SAR 57vs.36
Ammirati etal % 55 64%Cm3s 36 u 16% 64% 5% K-T0-SAR 485v5.19
Grade - SAR 61v5.20
Extresect—SAR  512vs.233
Harsh et al 1% 49 GBM. £ 10 8% 5% 5% Age-SAR
K270~ HQS
Harsh et al.1% 21 AL 8355 8388 3% K3 10%  Age—HQS
Grade - SAR
Berger etal 7 56 GBM. K270~ SAR 0.7vs.365
K270 SQE 366vs.84

Age<6)-SQE  35.1v.94
I>12m-SAR  150vs.d8
95v5.224
Berger etal ¥ 1" A 11> 12m- SQE
Kayel®2 50 GBM 16% 0% Age—SAR
Grade -~ SAR
11~ SAR
Age~ HQS
Grade - HQS
11~ HQ8
Barkeret al§7 % GBM 3 18 2% 0% 2% K-SAR
Path pathology: p, patient; GBM,globlastoma multforme: AA anaplasic astrocytoma; SAR. survivalafter reoperation; HQS;high-quality survival (K70 morb morbiity

mort, mortalty: K. increased performance (Karnoisky) score: Px relations,sttisically significant relationship I interoperativ interval; ext resect extent of esection;
SO il Gl
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Patients/  Prescription Dose  Imaging Follow- Survival Factors Assodiated with
Tumors n (Mean) up (Mean/Range) Tumor Control  (Mean) Prolonged Survival
Mathieu etal. 2008)St  244/754 18 (10-22) Gy 81(03-1143) 862 5.3months  Solitary metastasis
‘months Small lesion (<8 cr¥)
‘Absence of active systemic
disease
Non-cerebellar lesions
Christopoulouetal. ~ 20/105  253(15-30)Gy NS 61 5.7 months  Decreased numbers
(2006)% 4 Interval from primary to brain
metastases
Radbilletal. 2004 51/188  173(10-2D)CGy NS 81s 6.1 months RPA class |
Solitary metastasis
Noncerebellarlesions
Seleketal 20M4)% 103153 18(I0-2)Cy NS 49%atlyear  67months HighSIR
o et al. 2002)57 12232 20(14-24)Gy  68months o 70 months  Total tumor volume <3 cm®
Inactive systemic disease
UVA (2008)1% o130 20(18-24)Gy 9 (T8 months 81 104 Solitary metastasis
months  Absence of visceral metastases

“Based on the last image followup.
HOA. scminive dstBlomine. mEaale SIN scire Mutes e sdlosurseny
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Patients/  Prescription Dose  Imaging Follow-up Factors Associated with

Tumorsn  (MeanRange)  (MeanRange)  Tumor Control Survival (Mean) Prolonged Survival
 Firlik et a. (2000)19 3058 12-20Cy 9 (1-31) months 93% 13 months Solitary metastasis
Small lesion (<4 cm)
Amendolaetal. G000)%  GR/518  15-24 Gy NS o  78months NS
Lederman etal.(2001)!5  60/246  12-25 Gy NS 8%  75months Solitary metastasis
(1 fraction) ‘Absence of visceral
6Gy (4 hactions) diseases
Algurcketal Q07 4981 1B(1420)Gy NS T8%atlyear 9months  HighKPS
48% at 2 years High SR
Postmenopausal status
Pusitve estrogen receptor
UVA (2008152 86/166  18(1624)Gy 10 (3-54) months 8% 13months igh KPS
High SR
Patient age >60 years

“Based on the lastimage followsip.
5715 had fractionated radiosurgery (4 X 600c Gy).
KIS Ksoiiky Derkamaance score STt Seoee e i radicautgets
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Patients/  PrescriptionDose  Imaging Follow-up ~ Tumor  Survival
tumorsn  Mean (Range) (MeanRange)  Control (Mean)

Sheehan etals (2002)!®  274/627  16(11-225) Gy NS &% Tmonths
Absence of active systemic disease
4Interval from primary to brain
‘metastases

Jawaharetal? (2000)® 4491 154 (11-22) Gy 183 months 73%  45months Controlled primary disease
‘Good response o radiasurgery

Sheehan etals (2005)'% 2747 16 (13-20) Gy NS 81%  18months Higher KPS
Smaller tumor volume
4Interval from primary to brain
metastases

UVAD (2008)1%2 2671903 19 (3-25) Gy 129 months 9%  Mmonths  Higher KPS
Control of lung primary

“Non-small celllung carcinoma only.

»Small and non—smallcel lung carcinoma.
Smallcelllung carcinoma only.

KPS Kamnisiey peskorimance sceie: i not slaled,
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Hormone  TUMOR VOLUME CHANGE (%) New Visual

U Peripheral Remission Hormone  Complication
Author Year Patientn (Vonths) Dose(Gy) (%)  Decreased Unchanged Increased Defidt (%) %)
Mauerman etal ¥ 2007 23 2050 25 2 545 364 92 4 4
Vogest!™ M6 9 6un 153 167 a4 “a 12 NR NR
Pollock and w2 1 i 2 % 8 18 9 27

Young®

“Mean imaging ollow-up/mean endocine follow-up.
Linac ndiosurgery.

Tumor under coniral,

FAU follow-up: NR. not reported.
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24-Hour UFC.
Patient FU Peripheral  Nomaliza-

Author Year  No. (Months) Dose(Gy) tion (%)
Jagannathan etall® 2007 90 413 2 5
Costinettietal™ 2007 40 547 205 425
Kobayashietal’™ 2002 20 636 287 35
Hoybyeetal!® 2000 18 204 60-100¢ 8
Levy etal® 1991 6 MR NR 8

ACTH,adrenocortcotropic hormone; FU follow-up; NR, ot reported; UFC, urine free cortisol.
+Visualfeld defect or CN 3, .6 pals

>ACTH <50 pg/m; cortsol <10 mg/dl.

Wiisiige oF tiasiinal Aoais:
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]
NR
8

NR
NR
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15

NR
NR

£5°8°7

New Visual

Homone  Complication
Increased Defidt(%) (%)

2 56
15 0
NR NR
] 0
NR NR
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TUMOR VOLUME CHANGE (%) New Visual

Patient  FU Peripheral Homone Hormone  Complication
Author Year No. (Months) Dose(Gy) Remission Decreased Unchanged Increased Deficit (%) (%)
Pourtianetall® 2006 28 58 186 2 6 2 1 3 7

Choi etal.50 200 2 425 285 2 50 50 0 0 0

Pan etal 11 200 128 3 315 2 578 06 16 NR 0
Landoltand Lomax!® 2000 20 29 2 25 NR NR NR NR 5
Mokry etal 182 1999 21 a1 1 21 NR NR NR NR NR
Levy etal = 1 20 12 NR & R NR NR NR NR

F/U.follow-up: NR. not reported.





