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Over the past two decades, there has been a dramatic evolution in the manner through which cranial base pathologies are approached and managed. The development of the endoscope, stereotactic navigation systems, and innovative surgical techniques has facilitated the transition from traditional open surgeries to minimally invasive endoscopic approaches. Not only does this expansion in practice translate into an exciting time for skull-base surgeons, but it also offers the promise of a more streamlined approach to comprehensive patient care, improved patient satisfaction and experience, and superior outcomes. The modern era of endoscopic skull-base surgery has also witnessed an unparalleled partnership between the specialties of otolaryngology and neurosurgery. Beyond even this core dyad, however, the complex nature of endoscopic skull-base surgery necessitates a cohesive multidisciplinary team consisting of otolaryngologists, neurosurgeons, ophthalmologists, endocrinologists, medical and radiation oncologists, and pathologists. Successful implementation of a skull-base program and management of these patients require a collaborative approach and valuable contributions from several medical and surgical disciplines.


Along this central theme of partnership, the articles in this unique issue of Otolaryngologic Clinics of North America are coauthored by tandems of experienced otolaryngologists and neurosurgeons who each bring their perspectives to bear on the foundational topics of 2-surgeon endoscopic skull-base surgery. Infused with the knowledge and wisdom of global thought leaders in the field, it was our mission to provide a conglomerate of articles that could serve as an authoritative resource to practitioners performing endoscopic skull-base procedures. The outcome is this insightful text, which explores key topics ranging from programmatic issues such as team-building and coordinated billing to clinical pearls on the management of internal carotid artery injury and nuances of complex skull-base reconstruction. We are immensely grateful to our distinguished colleagues and friends for their contributions to this important project—your time and dedication are very much appreciated.




The whole is greater than the sum of its parts.


—Aristotle















Building a Successful Endoscopic Skull Base and Pituitary Surgery Practice
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Building an endoscopic cranial base practice can be challenging and is predicated on the right team. Successful outcomes stem from an efficient and talented team that improves its skills experientially in a supportive environment. As with most new endeavors that are beyond the traditional approach, there is a great deal of up-front effort and investment required. This article explores some of the key building blocks necessary for a successful endoscopic cranial base and pituitary program and highlights some of the lessons learned during the authors’ journey at the Cleveland Clinic.

Keywords

Endoscopic skull base surgery; Cranial base surgery; Minimally invasive skull base surgery; Building a practice; 2-surgeon approach; Lessons learned

Key points



• Building an endoscopic cranial base practice can be challenging and is predicated on the right team of neurosurgeon and rhinologist.

• Requisites for a successful program include a dedicated multidisciplinary team of people and institutional and departmental support.

• Endoscopic cranial base programs can greatly enhance resident and fellow training by offering a broader surgical experience and perspective with the management of multiple disease entities and also allowing the acquisition of novel technical skills, such as bimanual endoscopic surgery through the nose.

• Successful outcomes stem from an attentive, efficient, and dedicated team that improves its skills experientially in a supportive environment.

• The advantages of endoscopic approaches to the skull base are becoming more established, and interest in offering an endoscopic skull base experience to patients in medical centers is growing.





Introduction

Endoscopic approaches to the skull base have become a central component in providing comprehensive care to patients with skull base pathologic conditions. Although early pioneers of endoscopic skull base surgery focused on establishing the feasibility and safety of these approaches,1–4 the challenge of contemporary skull base practices is not if but how to integrate endoscopic techniques into their paradigm of patient care. Setting up a multidisciplinary skull base practice that incorporates endoscopy, however, comes with greater challenges than those encountered by a single surgeon offering a new service. On the other hand, the increased options available to treat complex skull base pathology and the resultant benefit to patients provided by a team that successfully integrates both open and endoscopic skull base techniques far exceed the practice-building challenges that are initially faced. This article explores some of the key building blocks (the who, what, when, where, and how) necessary for a successful endoscopic cranial base and pituitary program and highlights some of the lessons learned during the authors’ journey at the Cleveland Clinic.

Who

The key ingredient to building a successful endoscopic skull base program, or any program for that matter, is the people. In the case of endoscopic skull base surgery, this relationship centers on the partnership between the otolaryngologist and the neurosurgeon. The team must have a unified vision of what a successful program looks like. At its foundation, the partners must have mutual respect for one another and understand how each person contributes to the team. A clear example of this team approach is demonstrated in the operating room (OR) during pituitary surgery. Traditionally, this surgery was performed in a sequential manner via a transseptal, transnasal, or sublabial approach, which was subsequently followed by microscopic resection of the tumor.5–7 These two roles were clearly defined and performed by each surgical team with minimal overlap. While the otolaryngologist opened and closed the surgical defect, the neurosurgeon resected the tumor. This procedure is in stark contrast to the way surgery is currently performed in a growing number of centers. Endoscopic skull base surgery involves constant overlap of the disciplines and frequent simultaneous 2-surgeon surgery using 3- and 4-handed techniques. This model only works with partners who are both committed to using a team approach.


Of course the skull base team extends far beyond the dyad of neurosurgeon and rhinologist (Fig. 1). Close interplay with many other specialty and hospital services, both on the outpatient and inpatient sides, is necessary. Additionally, the skull base neurosurgeon generally will initially evaluate referrals of primary intracranial pathology (pituitary tumors, meningiomas, chordomas, and so forth), whereas the skull base rhinologist will contribute referrals of primary sinonasal pathology (complex cerebrospinal fluid leaks, sinonasal tumors, and so forth). However, as the joint skull base practice develops, patients are often referred to a skull base surgeon, irrespective of their subspecialty (eg, sinonasal referrals to the neurosurgeon and pituitary tumors to the rhinologist); significant cross-pollination and a melding of practices begins to occur. As a result, close communication and interaction is required between both disciplines. This communication allows the team to more easily and effectively manage these patients. The benefits from the joint management of these patients transcend the typical limitations of each individual specialty.8 Both the skull base rhinologist and neurosurgeon should also strive to increase interaction and collaboration with other otolaryngologists, neurosurgeons, endocrinologists, ophthalmologists, radiation, and medical oncology in order to increase awareness and collaborate together in care of patients with skull base pathology.9


[image: image]
Fig. 1 Multidisciplinary network of specialists that support a robust endoscopic skull base program.



Other requirements for a successful program include institutional and departmental support and tireless multispecialty teamwork. The interplay between departments must happen seamlessly at all levels: from leadership to midlevel providers, from residents to schedulers, from OR support staff to nursing staff, from anesthesiologists to primary care providers, and even among billing staff. All personnel must understand the importance of the team approach. The authors advise spending time getting to know the other players on the team through a variety of face-to-face methods, including having trainees, nursing staff, and midlevel providers spend time in the neurosurgery and otolaryngology clinics, doing team-building exercises/retreats, having OR in-service educational sessions, and attending one another’s grand rounds. In fact, the authors think it is equally important to have joint appointments for the professional staff in one another’s departments to overtly show the intricate partnership that is being forged. This newly formed partnership may also become a model that could help foster other relationships between department members. A prime example has occurred at the Cleveland Clinic. The authors’ endoscopic neurosurgeon also works very closely with the lateral skull base surgeons, and their rhinologists are called on to manage anterior cranial fossa cerebrospinal fluid leaks endoscopically that occur in the setting of open approaches by other neurosurgeons.

What

Adequate planning and a thorough understanding of resource requirements and their allocation are critical because they will make the difference between a successful joint skull base practice and one that struggles. In the operating suite, an up-front investment in purchasing equipment is essential. The must-have instruments include full skull base endoscopic instrument sets, endoscopic drills, shavers, and stereotactic neuronavigation with ability to fuse MRI and computed tomography images. Often this initial capital investment is more obtainable if a detailed business plan that includes the benefits of an endoscopic skull base practice is presented to the hospital before the development of the center. Other equipment that is very useful (but not necessarily immediately necessary) includes ultrasonic aspirators and non–heat-generating, oscillating, cutting, and tissue removal instruments. In addition, a fully integrated endoscopic OR suite (Fig. 2), which connects audio, video, and medical equipment in a more efficient way using booms, is certainly nice to have but not a necessity. Multiple monitors and panels throughout the suite facilitate surgeon-to-surgeon and surgeon-to-surgical team member interactions in an ergonomic setting. Observer education can also be enhanced through multiple wall-mounted monitors (Fig. 3). With the use of high-definition and enhanced video processing technology, crisp visualization of the endoscopic image is further possible. Having a dedicated endoscopic OR suite with built-ins ensures all necessary equipment is always present and can greatly increase the efficiency of endoscopic skull base cases.


[image: image]
Fig. 2 Fully integrated endoscopic OR suite used for endoscopic skull base procedures at the Cleveland Clinic. Multiple monitors and panels throughout the suite facilitate surgeon-to-surgeon and surgeon-to-surgical team member interactions in an ergonomic setting. Wall-mounted high-definition monitors also enhance educational value to observers.



[image: image]
Fig. 3 Endoscopic OR setup used for skull base procedures. ENT, ears, nose, and throat; HD, high definition. (Courtesy of Ghaith Habboub, Cleveland, OH.)



Perhaps one of the most meaningful decisions that impacts the long-term relationship of the otolaryngologist and the neurosurgeon is how to approach billing and reimbursement. The authors think that the best manner in which value and respect for the tandem is exemplified is in the equitable sharing of the professional reimbursement for procedures performed together. Admittedly, splitting the professional component of the fees is more readily accomplished in a salaried (nonincentivized) model such as the one in place at the Cleveland Clinic. However, a nonequal split or a case-by-case split inevitably forces a clear but artificial delineation of surgical roles. By not splitting the fees equitably, there is a risk that one party will not be as invested and possibly even consider alternative ways to spend their valuable time generating more revenue. This result, of course, would be a major detractor for the program and could fundamentally undermine the team concept. To prevent this distraction, the authors share the professional component of their charges evenly (50/50) and use the 2-surgeon modifier for all of their codes, when permissible. Other tips that may be helpful include the coordinated submission of charges to the insurance company from both departments to avoid unnecessary denials, delays, or circumstances in which one bill is paid and the other is not. Furthermore, the charges are sent out on the same day, with the same codes and the same supporting paperwork. Additionally, close follow-up throughout the complete billing process is imperative and should fall under the auspices of both departments.

When

Logistical coordination and sharing of resources is essential to provide a seamless and efficient experience for patients with skull base pathologies. Coordination of operative days and sharing of OR block time between the otolaryngologist and neurosurgeon removes the uncertainty of surgical scheduling and allows for a higher volume of work to be performed more efficiently by staggering cases.


Other essential aspects that should be in place include having joint clinic days with referring specialists (eg, joint clinics between neurosurgery, otolaryngology, and endocrinology). This practice allows flexibility to add new patients in a same-day or timely manner, which is of special importance in settings where patients come from great distances for consultation. Priority is given to these patients so that they are not burdened by unnecessary scheduling obstacles and delayed treatment and to enhance the overall patient experience throughout the continuum of care.


Lastly, clinical care pathways are vital for successful implementation of skull base programs. They have become increasingly popular over the past few decades. The aim of these pathways is to enhance the quality of patient care by the implementation of protocols designed to easily guide patients through each stage of their care. Clinical care pathways are not only designed for increased patient safety and patient satisfaction but also allow for optimization of resources and a broader improvement of clinical outcomes. The authors have used these care paths to create a systematic approach to obtain preoperative medical clearance, preoperative imaging studies for neuronavigation, joint preoperative and education discussions (so as not to confuse patients by giving mixed opinions and expectations), and pre-established follow-up plans that include scheduling all postoperative visits preoperatively. Ultimately, appropriate planning and coordination of care makes this complex process translate into a streamlined patient experience, resulting in better care for individual patients and more efficient care delivery for the health system.10

How

Before establishing an endoscopic skull base program, it is imperative to obtain appropriate advanced training and exposure to contemporary endoscopic techniques. Although the pioneers of endoscopic skull base surgery had to break known barriers of surgery and explore unknown territories, it is no longer necessary or reasonable for current surgeons to repeat the mistakes of ignorance due to inadequate training. One option to gain fundamental exposure to endoscopic skull base surgery is to participate in an endoscopic skull base course that integrates cadaveric dissection. Many of these courses cover cross-disciplinary concepts in anatomy and surgical technique as well as encourage joint otolaryngology/neurosurgery team participation. They also allow experience with dealing with certain scenarios that may be unfamiliar to the surgeons (eg, dealing with emergencies such as pituitary apoplexy for the otolaryngologist or the workup and management of sinonasal pathology for the neurosurgeon). Participating as a team in one of the skull base courses is an excellent opportunity for the partners to work together in a safe environment and affords the opportunity to develop the joint vision and a shared operative philosophy. For more formal and extensive training, there are numerous clinical fellowships that incorporate endoscopic skull base surgery into their curriculum. These fellowships are available through the American Rhinologic Society11 and the North American Skull Base Society.12


When starting to do endoscopic skull base surgery, it is wise to progress in a stepwise manner, starting with less complicated cases initially and gradually progressing to more difficult cases. This manner allows the team to learn to work together and focus on foundational elements, such as OR set up, where to stand, how to move instruments within the nose in concert, and so forth, rather than being overly distracted by the complexity of the procedure itself. Snyderman and colleagues13 have categorized cases based on the level of difficulty and proposed a helpful stepwise approach to acquire the necessary skills to perform complex endoscopic skull base procedures.

Why

There are clear advantages of using the endoscopic approach to the skull base. Primary reasons include improved patient care and patient experience. In addition to enhanced visualization through illumination and angled views, endoscopic approaches have been shown to positively impact outcomes in a variety of pathologies.14–19 The team approach to skull base surgery allows each discipline to complement each other. A key example of the interplay between surgeons includes the endoscopic neurosurgeon offering expertise in the tumor removal, while the otolaryngologist creatively reconstructs the complex skull base defects while minimizing negative impact on nasal physiology.


A robust minimally invasive cranial base and pituitary surgery program can also greatly enhance academic training programs. Performing 2-surgeon tandem endoscopic cranial base and pituitary surgery provides a special environment for neurosurgery and otolaryngology trainees and is a unique opportunity for growth both intellectually and technically (Fig. 4). Each specialty contributes an otherwise foreign dimension of knowledge and perspective that would not have been learned had these procedures been completed in a separate traditional manner. The authors’ trainees have greatly benefitted from the cross-pollination of ideas between disciplines. Attending lectures and performing cadaver dissection courses together are also strongly encouraged. Examples of this intermingling include otolaryngology residents and fellows getting experience with the tumor resection and neurosurgery trainees learning the fundamentals of endoscopic surgery in the sinus cavities and how to raise nasoseptal flaps. Another novel skill set that trainees develop when operating in this manner is the unique ability to operate bimanually in the nose. Bimanual manipulation allows for greater control and manipulation of tissue. Bimanual endoscopic surgery skills traditionally have not been a skill set that is garnered during otolaryngology residency training or even rhinology fellowships. However, the authors have gained an appreciation for the utilization of this technique and now use the 2-surgeon bimanual approach for a variety of operations, even when they are not working with their neurosurgeon, and have recently published on the advantages of this approach for non–skull base procedures including endoscopic orbital surgery.20


[image: image]
Fig. 4 Intraoperative view of the surgeon tandem using the multi-handed technique for endoscopic skull base surgery.



Expanding scientific publications, increasing patient word of mouth via electronic social outlets, and organized marketing campaigns from several large centers continue to highlight the advantages of endoscopic over traditional approaches to the skull base. The reputational and financial advantages of performing these complex operations have made it onto the radar screens of departmental and institutional leaders alike. The endoscopic approach to the cranial base will continue to proliferate and change the way we treat many patients in the years to come.

Summary

Endoscopic skull base programs are valuable assets in the management of patients with complex neurologic and sinonasal pathologies. Not only do they allow contributions from 2 disciplines but they can also result in a more streamlined approach to comprehensive patient care, improved patient satisfaction, and improved outcomes. As with most new endeavors that are beyond the traditional approach, there is a great deal of up-front effort and investment required. A collaborative environment and understanding of required resources are essential to the development of a successful program.
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The anatomy of the skull base is complex with multiple neurovascular structures in a small space. Understanding all of the intricate relationships begins with understanding the anatomy of the sphenoid bone. The cavernous sinus contains the carotid artery and some of its branches; cranial nerves III, IV, VI, and V1; and transmits venous blood from multiple sources. The anterior skull base extends to the frontal sinus and is important to understand for sinus surgery and sinonasal malignancies. The clivus protects the brainstem and posterior cranial fossa. A thorough appreciation of the anatomy of these various areas allows for endoscopic endonasal approaches to the skull base.

Keywords

Endoscopic endonasal; Skull base; Cranial base; Anatomy; Pituitary; Cavernous; Sella

Key points



• The sphenoid bone is at the center of the skull base and understanding its anatomy from multiple perspectives is important to understanding endonasal approaches.

• Within the sphenoid sinus, the lateral opticocarotid recess is a key landmark for identifying the locations of the parasellar carotid artery and optic nerve.

• The tuberculum sella is the anterior and superior limit of the sella. Limited removal of the tuberculum during pituitary surgery helps avoid CSF leak, while complete removal allows for access to the suprasellar space.

• The major neurovascular structures of the cavernous sinus are located in the lateral compartment and lateral wall.

• The clivus can be divided into thirds. The upper third corresponds to the dorsum sella, the middle third is in the sphenoid sinus below the sella, and the lower third behind the nasopharynx.





Introduction

The nasal cavity has been used as a corridor to access the midline skull base since the turn of the twentieth century. The transsphenoidal route to the pituitary was initially explored in the 1890s because of the high mortality associated with early transcranial approaches. Although the transsphenoidal approach showed some promise, it fell largely out of favor as neurosurgeons became increasingly proficient with transcranial approaches. It was not until the 1960s when Gerard Guiot was able to publish excellent results with the transsphenoidal approach that it began to regain popularity. He was also the first to report trying to use an endoscope in transsphenoidal surgery, but he abandoned it because of poor visualization compared with the microscope.1


It was also in the 1960s that Harold Hopkins introduced his rod-lens system, greatly improving on the prior 100 years of endoscopy. Combined with cameras and evolving video technology, endoscopy took a big step forward in the medical field. Otolaryngologists began using the rod-lens in the nasal cavity and endoscopic sinus surgery was born. Simultaneously, neurosurgeons began using these new endoscopes as adjuncts to their microscopic resections. These two parallel developments finally came together in the 1990s when the first multidisciplinary endoscopic skull base teams were formed.2


Endoscopic endonasal surgery has now become an invaluable alternate means of accessing and treating pathology of the skull base. It offers a direct route for accessing the anterior, middle, and posterior cranial fossa. It has been shown to be safe and effective, but requires a detailed understanding of the intricate anatomy to be successful. This article reviews the anatomy of the midline skull base from the frontal sinus to the clivus, with special attention to the endonasal perspective.

Sphenoid bone

The sphenoid bone sits at the center of the skull base, and knowing its anatomy is central to understanding endonasal approaches. The sphenoid bone has been described as resembling a bat with its wings outstretched (Fig. 1). It consists of a central body, which is cuboidal in shape and houses the sphenoid sinus at its center. The sella turcica is located superiorly and the upper clivus posteriorly. The lesser wings extend from the superolateral aspect of the body and the greater wings from the inferior aspect of the body. The superior orbital fissure is the space between the greater and lesser wings. The paired pterygoid processes and pterygoid plates project downward from the body on either side.
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Fig. 1 (A) Sphenoid bone, anterior view. (B) Sphenoid bone, posterior view. Ant. Clin., anterior clinoid; Chiasm., chiasmatic; For., foramen; Gr., greater; Less., lesser; Post. Clin., posterior clinoid; Sup. Orbit., superior orbital; Tuber., tuberculum.



The lesser wings extend laterally to form part of the floor of the anterior cranial fossa. The inferior surfaces of the lesser wings form the posterior roof of the orbits. Medially the lesser wings join with the planum sphenoidale, which forms the roof of the sphenoid sinus. The planum articulates anteriorly with the cribriform plate. At the posteromedial ends of the lesser wings are the anterior clinoid processes and the optic canals. The optic canals are separated from the superomedial aspect of the superior orbital fissure by a piece of bone known as the optic strut. The optic strut extends from the body of the sphenoid to the base of the anterior clinoid. Between the two optic foramina is a shallow depression known as the chiasmatic groove or prechiasmatic sulcus. This groove is bounded by the planum sphenoidale anteriorly and tuberculum sella posteriorly.3 At the junction of the prechiasmatic sulcus and planum sphenoidale is a bony ridge known as the limbus of the sphenoid.


When viewed from above, the center of the sphenoid body contains the sella turcica, a saddle shaped depression that houses the pituitary gland. It is bound anteriorly by the tuberculum sella and posteriorly by the dorsum sella. The dorsum sella also makes up the upper clivus. The posterior clinoid processes project from the superolateral aspects of the dorsum sella. On either side of the sella are the cavernous sinuses and the carotid arteries. The medial wall of the cavernous sinus marks the lateral boundary of the sella.3,4


In addition to the paired anterior and posterior clinoids, there is also a pair of middle clinoids. The middle clinoid is a variable length piece of bone that extends from the superolateral aspect of the sella toward the apex of the anterior clinoid. Its length can vary from being nonexistent to attaching to the anterior clinoid to form a complete osseous ring known as the caroticoclinoidal ring. The most common finding is a short segment of bone that does not extend all the way to the anterior clinoid. It is located at the inner bend of the anterior genu of the parasellar carotid as it loops around this middle clinoid. It is an important endonasal landmark because it marks the level of the roof of the cavernous sinus and the transition point between the cavernous and paraclinoidal segments of the internal carotid artery (ICA).5


The roof of the sella is formed by the diaphragma sella, a dural structure that extends from the tuberculum sella to the dorsum sella. It is continuous laterally with the roof of the cavernous sinus. In the center of the diaphragma is an opening known as the pituitary aperture, which transmits the pituitary stalk. This opening is variable in size and thickness. The arachnoid layer is located just above the diaphragma and so typically there is no cerebrospinal fluid (CSF) within the sella.3,6

Sphenoid sinus

The sphenoid sinus varies considerably in size, shape, pneumatization, and septation. The degree of pneumatization varies with age, with most pneumatization occurring in adolescence. There are three types of pneumatization patterns in adults: conchal, presellar, and sellar. The conchal type has little to no pneumatization. The presellar type has some pneumatization but does not extend beyond the plane of the tuberculum sella. The sellar type is the most common and the cavity extends beyond the floor of the sella and often into the clivus creating a depression called the clival recess (Fig. 2A).
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Fig. 2 (A) Sphenoid sinus. Note how the base of the middle clinoid sits at the inner aspect of the genu of the paraclinoidal segment of the carotid. (B) Sphenoid sinus with most of the bone removed. The tuberculum has been removed revealing the superior intercavernous sinus. Note the dural fold that corresponds to the bony limbus of the sphenoid, demarcating the transition from chiasmatic groove to planum sphenoidale. Cav., cavernous; CG, chiasmatic groove; OCR, opticocarotid recess; Op., optic; Sup. Intercav., superior intercavernous.



With greater pneumatization, the major sphenoid landmarks become more apparent (see Fig. 2). In the center of the sphenoid sinus is the sella turcica, which is a bulge into the sinus when viewed from below. Beneath the sella is the middle clivus and in most cases the clival recess. On either side of the clival recess is the bone that covers the vertical paraclival segment of ICA. As the carotid artery courses superiorly and enters the cavernous sinus, it turns and runs in a horizontal plane anteriorly before turning again and looping back on itself to go posteriorly. This loop occurs around the previously mentioned middle clinoid. This anterior genu of the carotid, which corresponds with the paraclinoidal segment, is the most superficial when viewed from the sphenoid sinus, and it often forms a prominence in the lateral sinus wall on either side of the sella.


Above the prominence of the carotid runs the optic nerve prominence as it courses from the cisternal segment to the optic canal (see Fig. 2). Just lateral and between the carotid and optic nerve there is often a depression known as the opticocarotid recess (OCR). The OCR is the result of pneumatization of the previously described optic strut. With extensive pneumatization, the OCR can be quite prominent. In addition to helping identify the location of the carotid artery and optic nerve, it also demarcates the level at which the optic nerve enters the true optic canal and becomes most susceptible to injury. Also, there can be dehiscence of the bone overlying the carotid artery or the optic nerve and these should be noted before any surgery involving the sphenoid sinus.

Pituitary gland

The human pituitary gland is composed of two embryologically, anatomically, and functionally distinct parts. There is an anterior lobe or adenohypophysis, and a smaller posterior lobe or neurohypophysis. The anterior lobe develops from an invagination of oral ectoderm known as Rathke's pouch. It is a glandular structure that is responsible for the production and release of growth hormone, prolactin, adrenocorticotropic hormone, thyroid-stimulating hormone, luteinizing hormone, and follicle-stimulating hormone.7


In contrast, the posterior lobe develops as a direct extension of neural ectoderm from the floor of the third ventricle. It is a projection of unmyelinated axons and specialized glial cells called pituicytes from the hypothalamus. It is not a glandular structure like the anterior gland, but rather stores and releases oxytocin and vasopressin, which is produced by hypothalamic cell bodies.7 Grossly it is often distinguishable from the anterior gland by its lighter color.3


The anterior gland receives its blood supply from the superior hypophyseal arteries. They arise from the medial aspect of the supraclinoidal segment of the carotid artery approximately 5 mm distal to the ophthalmic artery (Fig. 3A). Each superior hypophyseal artery typically gives off three branches: one to the optic nerve (recurrent branch), one to the undersurface of the optic chiasm and upper infundibulum (anastomotic branch), and one to the lower infundibulum and diaphragm (descending branch). The branch to the upper infundibulum anastomoses with the branch from the contralateral superior hypophyseal artery to form a capillary network. A portal venous system drains the capillary plexus of the superior hypophyseal arteries, which delivers blood to the anterior gland.7,8 This allows the delivery of hypothalamic prohormones to the adenohypophysis. The posterior gland has been thought to receive most of its blood supply from the inferior hypophyseal arteries. The inferior hypophyseal artery is a branch of the meningohypophyseal trunk, which is the first branch of the internal carotid within the cavernous sinus (Fig. 3B). Recent evidence, however, has shown that sacrifice of both inferior hypophyseal arteries does not cause posterior pituitary dysfunction (ie, diabetes insipidus), suggesting alternative vascular supply by the superior hypophyseal arterial system.9 Venous drainage from the anterior and posterior gland comes together and drains into the cavernous sinus.
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Fig. 3 (A) Roof of sella and suprasellar space with ophthalmic artery and superior hypophyseal artery shown. (B) Dural layers of the sella and cavernous sinus. The two layers of the sella separate laterally to form the cavernous sinus. The inferior hypophyseal artery is seen coming from the posterior aspect of the cavernous sinus. Inf. Hypoph. Art., inferior hypophyseal artery; Ophth. Art., ophthalmic artery; Pit., pituitary; Sup. Hypoph. Art., superior hypophyseal artery.



Most of the pituitary gland is covered by two layers of dura: an outer periosteal layer and inner meningeal layer. These two layers separate laterally to form part of the cavernous sinus (see Fig. 3B). Anteriorly, the outer periosteal layer continues laterally to form the anterior sphenoidal wall of the cavernous sinus, and the inner meningeal layer stays attached to the gland and turns posteriorly toward the dorsum sella to form the medial wall of the cavernous sinus.9 This medial wall also serves as the lateral wall of the sella. It is commonly compressed and occasionally even invaded by pituitary tumors. Also, the presence of two dural layers in the sellar region is the basis for the presence of intercavernous venous connections, which can exist anywhere along the anterior, posterior, or inferior aspects of the gland.

Cavernous sinus

The cavernous sinus is a venous lake that communicates with multiple venous tributaries and spaces: basilar plexus; superior and inferior petrosal sinuses; superior and inferior ophthalmic veins; veins of foramen rotundum, foramen spinosum, foramen ovale, and the foramen of Vesalius; deep middle cerebral vein; superficial sylvian vein; and the contralateral cavernous sinus via intercavernous connections. In addition to transmitting venous blood, it contains multiple neurovascular structures.4


The cavernous sinus is surrounded by five walls of dura. The anterior and medial walls as described previously; posterior wall which faces the posterior cranial fossa; the roof, which is continuous with the diaphragma sella; and the lateral wall. The lateral and medial walls come together inferiorly at the second division of the trigeminal nerve (V2) to mark the inferior limit of the cavernous sinus. The lateral wall of the cavernous sinus is a continuation of the outer periosteal dural layer of the middle fossa. It is tightly adherent to the inner meningeal layer of dura that covers the temporal lobe. Both dural layers come together at the level of the anterior petroclinoidal fold, which marks the transition from the lateral wall to the roof of the cavernous sinus. The meningeal layer goes on to form the outer layer of the roof of the cavernous sinus and diaphragma sella. Inferiorly, the periosteal layer of the middle fossa continues against the sphenoid bone to become the posterior wall of the cavernous sinus and floor of the sella.4,9


Within the cavernous sinus is the cavernous carotid artery and its branches (Fig. 4A). The cavernous carotid has three segments and two genua: posterior vertical segment, posterior genu, horizontal segment, anterior genu, and anterior vertical segment or paraclinoidal segment.4,9 The cavernous carotid has two main branches (Fig. 4B). The meningohypophyseal trunk is the first branch of the cavernous carotid and comes off the posterior aspect of the posterior genu. It has three branches: the inferior hypophyseal artery, which supplies the posterior pituitary gland; the tentorial artery (artery of Bernasconi-Cassinari), which supplies the tentorium, oculomotor nerve, and trochlear nerve; and the dorsal meningeal artery, which supplies the upper clivus and abducens nerve.3,4
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Fig. 4 (A) Sphenoid sinus with all bone and dura removed from planum to middle clivus. The different divisions of the carotid are seen. (B) Cavernous sinus exposed. The inferior hypophyseal artery is seen coming from the posterior aspect of the posterior genu as a branch of the meningohypophyseal trunk. The inferolateral trunk is seen coming off the middle of the horizontal segment. The oculomotor triangle and lateral wall of the cavernous sinus is seen. Art., artery; Cav. Seg., cavernous segment of ICA; Clin. Seg., clinoidal segment of ICA; CN, cranial nerve; Inf. Hypoph. Art., inferior hypophyseal artery; Paraclival Seg., paraclival segment of ICA; Post., posterior.



The second branch of the intracavernous carotid is the inferolateral trunk, or artery of the inferior cavernous sinus. It typically originates on the lateral or inferior surface of the middle third of the horizontal segment, approximately 5 to 8 mm distal to the meningohypophyseal trunk (see Fig. 4B). On rare occasions it has been described as originating from the meningohypophyseal trunk. It passes superior to the abducens nerve then turns downward between abducens and ophthalmic division of trigeminal nerve (V1) to supply the inferolateral wall and V1 and V2.3,4


The nerves of the cavernous sinus are the oculomotor, trochlear, V1, abducens nerve, and sympathetic plexus around the carotid. The abducens nerve and sympathetic plexus are the only of these that course entirely within the cavernous sinus. The abducens nerve leaves the pontomedullary junction and pierces the clival dura as it courses upward toward the cavernous sinus. It travels through Dorello's canal to enter the cavernous sinus through the posterior wall. It passes lateral to the cavernous carotid and goes through the lateral compartment medial to V1 to reach the superior orbital fissure.3,4


The remaining nerves run within the lateral wall of the cavernous sinus. The oculomotor nerve exits the midbrain and passes between the superior cerebellar artery and posterior cerebral artery as it travels anteriorly. It then enters the posterior roof of the cavernous sinus in an area called the oculomotor triangle. This triangle is defined by three dural folds: the previously mentioned anterior petroclinoidal fold, which extends from anterior clinoid to the petrous apex; the posterior petroclinoidal fold, which extends from posterior clinoid to the petrous apex; and the interclinoidal fold, which runs between the anterior and posterior clinoids. The oculomotor nerve runs parallel and just lateral to the interclinoidal fold.3,4,9 A small cuff of arachnoid lined dura accompanies the oculomotor nerve as it enters the oculomotor triangle to create a variable sized CSF-filled space known as the oculomotor cistern. This cistern typically ends at the anterior roof of the cavernous sinus, also known as the clinoidal triangle. This is where the oculomotor nerve becomes incorporated into the lateral cavernous sinus wall, running under the anterior clinoid and lateral to the paraclinoidal ICA on its way to the superior orbital fissure.10


The trochlear nerve also enters the oculomotor triangle posterolateral to the oculomotor nerve at the junction of the anterior and posterior petroclinoidal folds. It travels in the lateral wall of the cavernous sinus below the oculomotor nerve toward the superior orbital fissure. The ophthalmic nerve (V1) travels inferior to the trochlear nerve in the lateral cavernous sinus wall and also enters the superior orbital fissure. These neural relationships divide the lateral cavernous sinus wall into two triangles: the supratrochlear triangle between the oculomotor and trochlear nerves; and the infratrochlear triangle, or Parkinson triangle, between the trochlear and trigeminal nerves.4


The carotid artery divides the cavernous sinus into multiple (venous) compartments: superior, inferior, posterior, and lateral. These compartments can be selectively occupied by invasive adenomas. The superior compartment (Fig. 5A) is located between the horizontal cavernous segment of the ICA and the inner aspect of the roof of the cavernous sinus. There are three distinguishable structures in this compartment: the undersurface of the paraclinoidal ICA medially and anteriorly, the dura of the oculomotor triangle that covers the inferior aspect of oculomotor nerve laterally and posteriorly, and the interclinoidal ligament.


[image: image]
Fig. 5 (A) Cavernous sinus, superior compartment. (B) Cavernous sinus, inferior and lateral compartments. (C) Cavernous sinus, posterior compartment. Ant., anterior; Clin. ICA, clinoidal segment of ICA; Horiz., horizontal; Lam. Pap., lamina papyracea; Symp., sympathetic.



The inferior compartment (Fig. 5B) lies below the horizontal cavernous carotid and anterior to the posterior vertical carotid. It contains the abducens nerve as it travels just lateral and below the horizontal cavernous carotid. It also contains the sympathetic plexus that sits around the carotid just medial to the abducens nerve. The anterior wall of this compartment corresponds to the anterior or sphenoidal wall of the cavernous sinus.


The posterior compartment (Fig. 5C) is located behind the posterior vertical ICA and posterior genu. The abducens nerve enters the cavernous sinus at the inferior aspect of this compartment after passing under the petrosphenoidal Gruber's ligament and runs behind the posterior vertical carotid. Finally, the lateral compartment (see Figs. 4B and 5B) is located lateral to the horizontal carotid and anterior genu. All of the cranial nerves are located in this compartment as they travel toward the superior orbital fissure.

Suprasellar space

The suprasellar space extends from the diaphragma inferiorly to the floor of the third ventricle superiorly. Access to the suprasellar space is obtained by removing the tuberculum sella, prechiasmatic sulcus, and posterior planum sphenoidale. The suprasellar space is divided into the infrachiasmatic, suprachiasmatic, and retrochiasmatic areas.


Within the infrachiasmatic space is found the inferior surface of the optic chiasm and the infundibulum in the midline (see Fig. 3A; Fig. 6A). The infundibulum is covered by the suprasellar cistern arachnoid anteriorly and by the membrane of Lillequist posteriorly. The optic nerves course anterolaterally from the chiasm to enter the optic canal. The ophthalmic artery is the first branch of the supraclinoidal carotid above the distal dural ring. It arises from the ventral surface of the carotid to enter the optic canal where it travels inferior to the optic nerve. The superior hypophyseal artery arises just distal to the ophthalmic artery on the medial aspect of the supraclinoidal carotid. The same arachnoid membrane that covers the infundibulum anteriorly also surrounds the superior hypophyseal artery branches. Tuberculum sellae meningiomas that extend into this area displaces the infundibulum and superior hypophyseal arteries posteriorly.


[image: image]
Fig. 6 (A) Infrachiasmatic and suprachiasmatic suprasellar spaces. (B) Suprachiasmatic suprasellar space. A1, first (horizontal) segment of anterior cerebral artery; A2, second (vertical) segment of anterior cerebral artery; ACom, anterior communicating artery; Olf., olfactory; Rec. Art. Heub., recurrent artery of Heubner; Vent., ventricle.



The suprachiasmatic space extends above the optic chiasm (see Fig. 6). The posterior aspect of each olfactory tract is found here as they divide to become the olfactory striae just above each optic nerve. The A1 segment of the anterior cerebral artery runs from the carotid bifurcation to the midline just above the optic chiasm. It anastomoses to its counterpart here via the anterior communicating artery. From here, the A2 segments arise and enter the interhemispheric fissure. There are two important arterial branches in the suprachiasmatic space. One is the recurrent artery of Heubner, which travels from the midline to the anterior perforated substance. The other is the fronto-orbital artery, which is the first cortical branch of the A2 segment and is often involved with tumors in this area. Planum meningiomas typically occupy this anatomic region and displace the optic chiasm and associated vascular structures posteriorly and/or inferiorly.


The retrochiasmatic, or retroinfundibular, space extends from the infundibulum anteroinferiorly to the posterior perforated substance and cerebral peduncles posteriorly. It is bounded by the floor of the third ventricle superiorly. The Lillequist membrane provides access to the interpeduncular cistern where the basilar apex is visible posteriorly. The posterior communicating arteries run in the lateral recess of the interpeduncular cistern along with the oculomotor nerves, which is seen traveling between the superior cerebellar artery and posterior cerebral artery. Craniopharyngiomas often occupy this anatomic space.11

Anterior cranial base

The anterior two-thirds of the anterior cranial base is composed of the ethmoid and frontal bones, and the posterior one-third is formed by the planum sphenoidale (Fig. 7A). The ethmoid bone consists of the cribriform plate and crista galli in the midline; the ethmoid roofs (fovea ethmoidalis) superiorly; and the lamina papyracea laterally, which separates the ethmoid sinuses from the orbit. The perpendicular plate of the ethmoid joins the vomer to become the bony septum.12


[image: image]
Fig. 7 (A) Bones of the anterior skull base. (B) Anterior skull base exposed from frontal sinus to sella. Ant. Eth. Art., anterior ethmoid artery; Gr., greater; Lam. Pap., lamina papyracea; Post. Eth. Art., posterior ethmoid artery; Sup. Orb., superior orbital.



Once the ethmoid roof is completely exposed, one should be able to see from the planum sphenoidale to the frontal sinus (Fig. 7B). Two major arteries can be seen coursing across the ethmoid roof. The posterior ethmoid artery is found at the junction of the planum sphenoidale and the cribriform plate. The anterior ethmoid artery is found at the posterior aspect of the frontal recess, posterior to any supraorbital ethmoid air cell. The posterior ethmoid artery is typically within bone and runs almost directly from lateral to medial. The anterior ethmoid artery is more variable and is sometimes found in a bony mesentery because of pneumatization of the ethmoid roof around it. It also tends to run obliquely across the skull base from posterolateral to anteromedial. It is important to identify these vessels and avoid transecting them too close to the orbit to avoid having them retract into the orbit resulting in a retrobulbar hemorrhage.


The cribriform plate transmits the olfactory filae through small bony channels. These filae have dural invaginations that follow them into the cribriform, which makes this area very susceptible to iatrogenic and spontaneous CSF leaks. The bone of the ethmoid roof also tends to be quite thin and is a common location for iatrogenic CSF leaks.


Once the dura of the anterior cranial base has been opened, the olfactory bulbs and olfactory tracts are seen. The fronto-orbital branches of the anterior cerebral arteries should be visible medially. They provide vascular supply to the olfactory tracts and cortical surface. Superiorly the gyri recti are found medially and the orbital gyri laterally. The frontopolar arteries run within the interhemispheric fissure. The falx cerebri is located in this fissure and attaches to the crista galli, separating the left and right hemispheres. The height of the falx decreases posteriorly, which is important to note because the falx must be divided to remove the anterior skull base dura in a craniofacial resection procedure.

Clivus

The clivus can be divided into thirds (Fig. 8A). The upper third or “sellar” clivus is made up of the dorsum sella and posterior clinoids down to approximately the level of the floor of the sella. Dorello's canal is located at the transition point between upper and middle clivus, just a few millimeters below the floor of the sella. The middle third or “sphenoidal” clivus extends from the floor of the sella to the choana. The lower third or “nasopharyngeal” clivus extends from there down to foramen magnum and corresponds to the nasopharynx. Although the upper two-thirds of the clivus is considered part of the sphenoid bone, the lower third is considered part of the occipital bone.


[image: image]
Fig. 8 (A) Divisions of the clivus. (B) Ventral pons after middle clivus removed and dura opened. (C) Ventral medulla after lower clivus removed and dura opened. AICA, anterior inferior cerebellar artery; Ant. Spinal Art., anterior spinal artery; Eust., Eustachian; PCA, posterior cerebral artery; PCom, posterior communicating artery; PICA, posterior inferior cerebellar artery; SCA, superior cerebellar artery; Vert. Art, vertebral artery.



The middle clivus is the tallest of the three segments. It is bounded laterally by the vertical paraclival carotid arteries, petroclival fissure, and foramen lacerum. Foramen lacerum and the choana are at approximately the same level and so foramen lacerum also serves as a landmark to define the transition between middle and lower clivus. A middle transclival approach provides access to the prepontine cistern (Fig. 8B). Here is found the basilar trunk, anterior inferior cerebellar artery, abducens nerve, and the ventral surface of the pons. Exposing and gently lateralizing the paraclival carotid can allow access to the petrous apex, free edge of the tentorium, trochlear nerve, and posterior root of the trigeminal nerve. The facial nerve, vestibulocochlear nerve, and internal acoustic canal are not accessible from an endonasal approach unless the paraclival carotid is sacrificed.


The inferior clivus is covered by the pharyngobasilar fascia, longus capitis muscles, and rectus capitis muscles. Once these are detached, one can gain exposure of the foramen magnum, anterior ring of C1, occipital condyles, atlanto-occipital joint, the apical ligament, and the tectorial membrane. An inferior transclival approach provides access to the premedullary cistern and its contents: vertebral arteries, vertebrobasilar junction, posterior inferior cerebellar artery, anterior spinal arteries, hypoglossal canal and nerves, lower cranial nerves, and ventral medulla (Fig. 8C). Laterally, access to the jugular foramen is limited by the Eustachian tubes, and requires Eustachian tube transection and/or mobilization to reach.13

Summary

Technologic advances have greatly improved the ability to access the ventral skull base. The endonasal route has been expanded to allow access to the anterior, middle, and posterior cranial fossas. Understanding of the complex anatomy of the skull base has also greatly expanded. A detailed understanding of the various anatomic relationships provides one with the ability to determine the safest and most effective approach to lesions of the ventral skull base. It allows one to minimize morbidity, maximize patient safety, and continue advancing endoscopic endonasal surgery.
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The pituitary gland functions prominently in the control of most endocrine systems in the body. Diverse processes such as metabolism, growth, reproduction, and water balance are tightly regulated by the pituitary in conjunction with the hypothalamus and various downstream endocrine organs. Benign tumors of the pituitary gland are the primary cause of pituitary pathology and can result in inappropriate secretion of pituitary hormones or loss of pituitary function. First-line management of clinically significant tumors often involves surgical resection. Understanding of normal pituitary physiology and basic testing strategies to assess for pituitary dysfunction should be familiar to any skull base surgeon.
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