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Preface


Fields of knowledge exist and advance because we find beauty and joy within them.


This volume attempts the dual task of providing a firm foundation for neuroimaging diagnosis and then illustrating the promise of things to come. It teaches the basics and then asks, “What’s next?” and “Why not more?”


For the first task, we have carefully selected material and tailored discussions to teach the “core knowledge” that is the foundation for future growth. In this endeavor, we have tried to balance brevity with thoroughness, for efficient learning.


The initial sections of the text present concisely the techniques used for neuroimaging and systems for analyzing the densities and signal intensities of the images made. Following sections address in detail the anatomic bases for the images with extensive correlations to fresh and formalin-fixed human brain tissue. In sequence, serial sections then review the pathology and imaging of cerebrovascular disease, trauma, tumors and cysts, infection and inflammation, aging and degeneration, toxic and metabolic diseases, hydrocephalus, and epilepsy. In each section, data are presented in parallel format for completeness and ease of review. Where appropriate, illustrative cases and sample reports conclude each chapter.


The authors specifically include clinical and pathologic data for each entity, so readers may see how the imaging features explain the presentation and evolution of the clinical cases. With this understanding, they may discuss cases with clinical colleagues more usefully and provide more informed care to their patients. Since the book illustrates how neuroradiology aids patient care and contributes to scientific endeavor in all sister specialties, it is appropriate for all trainees and practitioners in the allied neurosciences—radiologists and neuroradiologists, neurologists and neurosurgeons, psychiatrists and neuroscientists.


For the second task, the authors have deliberately chosen to include novel material that entices, stimulates, or frankly confounds. All of us entered neuroradiology precisely because of what we did not know. We found joy in the challenge of puzzles to solve and satisfaction in the greater understanding that followed their solution. Decades later, we know vastly more, but still delight most in the puzzles ahead and the new questions posed by yesterday’s solutions.


The authors and editors of this volume are all teachers, internationally recognized for their excellence in science and education. As teachers, we hope that this volume will help you to share in the beauty and joy we find in neuroradiology. We hope you may build upon the foundation we provide, accept the challenge of the unknown, and grow beyond us to advance the field into the future. We wish you—and your patients—every success.




THOMAS P. NAIDICH
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SECTION ONE


TECHNIQUES FOR IMAGING










CHAPTER 1 Static Anatomic Techniques




Jane J. Kim, Pratik Mukherjee





Computed tomography (CT) and magnetic resonance imaging (MRI) are the mainstays of anatomic neurologic imaging. CT was first introduced in the early 1970s and MRI in the early 1980s. Since then, CT and MRI have transformed medical diagnosis and proved essential in neuroimaging.






COMPUTED TOMOGRAPHY






Basic Concepts


CT relies on the differential attenuation of x-ray beams passing through tissues to produce an image. The patient lies on the CT table, with his or her long axis aligned along the longitudinal (z) axis of the scanner. The x-ray tube and detector, housed in a gantry, rotate 360 degrees around the patient so the x-ray beam strikes the patient in the transverse (x/y) axis. Conceptually, the slab of tissue imaged can be divided into many small volume elements (voxels), each with x, y, and z dimensions. The degree to which each of these voxels attenuates the x-ray beam is derived by analyzing the data from all the different angular projections, using a reconstruction method known as convolution-backprojection. The computed attenuation value of each voxel is then converted into a gray-scale value of Hounsfield units (HU) and displayed. The attenuation of distilled water at 0° Celsius and 1 bar of pressure is defined as 0 HU. The attenuation of air at the same standard pressure and temperature conditions is defined as −1000 HU.


The spatial resolution of the CT image depends in part on voxel size. Ideally, each voxel of data would be very small to provide high spatial resolution. Each voxel would also ideally be isotropic (having equal dimensions in all three planes) to provide for excellent image reconstructions in any arbitrary plane. It has been relatively easy to achieve high in-plane resolution (along the x/y axes), to the order of 0.5 to 0.7 mm.1 It has proved difficult to achieve high resolution in the longitudinal or z-plane, because longitudinal resolution is determined by the slice thickness. Use of thin submillimeter slices reduces the length of tissue that can be scanned in a reasonable time or increases the scan time for equal lengths of tissue imaged. Evolution of CT technology over the years can be seen in part as the pursuit of this isotropic resolution.









Conventional CT


In early-generation CT scanners, each CT slice was acquired by one 360-degree rotation of the gantry around the patient. The scan table was then advanced one slice thickness and the process was repeated to obtain the adjacent slice. Because the electrical cables were attached directly to the gantry, the gantry had to stop after each scan to “unwind” the cabling before advancing to obtain the next slice. This type of scanning, known as step-by-step or conventional scanning, is relatively time consuming and prone to respiratory misregistration. It has largely been replaced by spiral or helical CT, which uses slip ring technology to eliminate the cable problem.









Spiral CT


Spiral CT was developed in the early 1990s to improve scan speed and flexibility. In spiral CT, the x-ray tube and detectors rotate continuously about the patient while the scan table advances the patient continuously through the gantry. As a result, the x-ray beam traces a helical path through the patient and provides a “spiral” of image data. Because the patient is intentionally moved through the gantry during scanning, there is significant motion artifact. However, computational methods known as z-interpolation were specifically developed to manage the spiral dataset and to eliminate the motion artifact caused by patient translation. For any image position along the z-axis of the patient, z-interpolation re-forms the spiral data to fit on a single plane. The conventional convolution-backprojection algorithm for data analysis can then be applied.


Spiral CT does not depend on direct, one-to-one correspondence between scan position and image slice, so image slices can be reconstructed anywhere along the z-axis at different slice thicknesses and varying intervals. This flexibility is an important advantage of spiral CT over conventional CT. Overlapping slices can be acquired with no increase in radiation dose to the patient, resulting in high-quality multiplanar reconstructions. Because scan time is fast, spiral CT examinations can be performed in a single breath-hold to reduce respiratory misregistration and motion artifact, and injected contrast agents can be imaged more quickly over greater lengths of tissue to perform CT angiography (CTA).


One technical factor unique to spiral CT is pitch. Pitch is the ratio of table displacement per 360-degree gantry rotation to slice collimation or thickness (table speed × rotation time/slice collimation). A small pitch gives finer spatial resolution along the z-axis of the patient but covers less tissue in a given time and delivers a higher radiation dose to the patient. A large pitch reduces the radiation dose to the patient but also reduces spatial resolution in the z-axis.









Multislice Spiral CT


The next significant milestone in CT evolution was the introduction of scanners with multiple detector rows. In 1998, all major vendors introduced 4-slice CT scanners capable of acquiring up to four slices per gantry rotation. Instead of a single detector row, multiple detector rows were stacked in the gantry along the z-axis of the patient (Fig. 1-1). The time needed for the gantry to complete a 360-degree revolution (gantry rotation time) was also cut in half from 1 second to 0.5 second. For the same slice thickness, pitch, and scan time, a 4-slice CT scanner could image eight times the distance of a single-slice scanner. Alternatively, the 4-slice scanner could acquire four 1.25-mm slices in half the time that single-slice spiral CT acquired one 5-mm slice. Four-slice CT made higher z-axis resolution feasible for a reasonable anatomic length and scan time.





[image: image]

FIGURE 1-1 Single-slice versus multi-slice CT scanners. The four-slice scanner has multiple detector rows stacked along the z-axis of the patient.




Subsequently, 16-, 40-, and 64-slice scanners were introduced widely for clinical use, the latter in 2004. As a result, slices as thin as 0.5 mm can now be acquired very quickly and over long distances to provide submillimeter resolution in the z-axis, truly isotropic voxels, and isotropic resolution. The advantages of multi-slice CT over single-slice imaging can be summarized as better spatial resolution in the z-axis, faster imaging time, and longer anatomic coverage.









Imaging






Scanning Parameters


A number of parameters must be specified for a spiral CT scan. Slice collimation, or nominal slice thickness, is typically 5 mm for a standard head CT and between 0.625 and 1.25 mm for both CTA and thin-section facial bone CT. Pitch is typically between 1 and 2. A pitch less than 1 implies overlapping images and high radiation dose, whereas a pitch greater than 2 causes gaps in object sampling along the z-axis. Gantry rotation times range between 0.33 second and 1 second. Imaging of the brain is performed at approximately 120 kV and 200 to 400 mA for adults but uses reduced milliamperage for children.


Approximately 70 mL of nonionic contrast agent at a concentration of 300 to 350 mg of iodine per milliliter is administered for routine contrast-enhanced CT scans. If a contrast agent is to be administered intravenously for CTA, 70 to 100 mL of low/iso-osmolar nonionic contrast material with a concentration of 300 to 350 mg of iodine per milliliter is administered at an injection rate between 4 and 5 mL/s using a power injector.









Reconstruction Parameters


The data acquired during the scan are processed through convolution-backprojection algorithms to provide the CT images. Different algorithms or convolution kernels can be applied during convolution-backprojection to emphasize different tissues. Soft/smoothing or sharp/edge-enhancing algorithms will highlight different tissues such as soft tissue or bone, respectively.


Spiral CT slices can be reconstructed at different thicknesses. Images acquired at 1.25-mm collimation can be reconstructed at 2.5 mm, 3.75 mm, or 5.0 mm. However, slices cannot be reconstructed at thicknesses smaller than the original collimation. Slices can also be reconstructed with varying degrees of overlap, or reconstruction intervals. For a 1-mm thick slice, a reconstruction interval of 0.8 mm signifies 20% slice overlap, which is approximately the amount of overlap desired if slices are to be reformatted into other planes.


The CT data can be reprocessed in a number of useful ways. CT images obtained in the axial plane can be reformatted into coronal, sagittal, or oblique sections with multiplanar reformation (MPR), a two-dimensional (2D) technique that preserves all the data in the original source images. Maximum intensity projection (MIP) processing collects only the brightest voxels from a predefined volume and collapses this information onto a single slice. In this 2D technique, depth information is lost but attenuation data are retained. Shaded surface display (SSD) is a three-dimensional (3D) method for displaying the surfaces and shapes of objects, but with significant loss of attenuation information. Volume rendering (VR) is a superior 3D method to SSD and assigns color and opacity to each CT value.









Display Parameters


The field of view (FOV) refers to the size of the area imaged. The viewing matrix, composed of individual picture elements or pixels, is typically 512 × 512. The pixel size can be determined by dividing the FOV by matrix size. For example, pixel size for a 512 × 512 matrix and a 25-cm FOV is 0.49 × 0.49 mm. At 0.5-mm collimated slices, voxel size is 0.49 × 0.49 × 0.5 mm, which is nearly isotropic.









Normal Appearance of Images


Attenuation is represented in Hounsfield units on a gray scale in which distilled water is set at 0 HU for standard temperature and pressure, and air is set at −1000 HU. Tissues such as bone, which attenuate the x-ray beam more than water, have positive HU values (approximately 1000 HU for bone) and appear very white. Tissues such as fat, which attenuate the x-ray beam less than water, have negative HU values and appear darker than water (−30 to −100 HU for fat).


The human eye can typically differentiate only 60 to 80 different levels of gray. In practice, therefore, the Hounsfield scale must be narrowed to illustrate specific structures of interest. This is achieved by selecting a gray-scale window of displayed Hounsfield units and arbitrarily making all structures above the chosen window white and all structures below the window black. The window width describes the range of Hounsfield values displayed as shades of gray. The window level gives the center value of that gray-scale window. A head CT is typically viewed at window width of 80 HU and window level of 40 HU, which means that 0 HU and 80 HU are the lower and upper limits of the window, respectively, with 40 HU in the center. This relatively narrow window width successfully displays the small differences in attenuation values of the brain. Figure 1-2 emphasizes the importance of choosing appropriate windows to properly display structures of interest and to detect clinically important pathologic processes.





[image: image]

FIGURE 1-2 Importance of window settings. A, Subdural hematomas can be easily missed with narrow window settings because hemorrhage may lie outside the window and appear as bright as adjacent bone. B, However, widening the window (width 150, level 80) shows a very small right frontal subdural hematoma (arrow). C, Normal brain window (width 80, level 40) shows very subtle loss of gray-white differentiation in the right motor cortex (arrow). D, The acute stroke is made more conspicuous (arrow) by narrowing the window (width 8, level 32) to emphasize the small attenuation difference between gray and white matter.











Artifacts


Common artifacts encountered in CT include patient motion, beam hardening, partial volume effects, and metallic object streak artifacts. Patient motion during scanning creates extensive blurring and misregistration of images. This can be partly mitigated by reducing scan times as much as possible. Beam hardening occurs because the energy profile of the x-ray beam changes as it passes through dense objects such as bone. The softer (lower energy) x-rays are absorbed and filtered out by the bone, leaving a beam composed of only harder (higher energy) x-rays. On head CT, beam hardening typically occurs in the posterior fossa between the petrous apices, causing dark horizontal lines across the brain stem and limiting the utility of CT for assessing pathologic processes in this area. Partial volume artifacts ensue when an imaging voxel contains different types of tissue. The attenuation value of the voxel is a numerical average of the attenuation of all the tissues contained within that voxel. If a portion of the voxel has a very high (or low) Hounsfield unit value, that portion may influence the net attenuation of the voxel disproportionately and obscure the presence of other tissues. Like beam hardening, partial volume effects are most troublesome in the posterior fossa, where they cause streaks or bands of light and dark. Reducing scan thickness produces smaller voxels and helps to reduce partial volume effects. Metallic objects such as aneurysm clips or dental hardware generate intense streak artifacts because their exceptionally high density causes beam hardening and partial volume artifacts. The streaks can completely obscure adjacent structures and prevent their evaluation. Figure 1-3 illustrates these typical artifacts.
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FIGURE 1-3 Common CT artifacts. A, Beam hardening is seen between the petrous apices, limiting evaluation of the pons. B, Aneurysm clip causes extensive metallic streak artifact. C, Partial volume artifact is seen as streaks throughout the posterior fossa on this 5-mm thick slice. D, Reducing slice thickness to 2.5 mm significantly reduces partial volume artifact.














Specific Uses


Brain CT is most useful in acute settings, especially emergency departments, because of its fast acquisition time, ready accessibility, and lower cost compared with MRI. As the first-line examination after trauma, CT is more sensitive than MRI for detecting skull fractures and radiopaque foreign bodies such as metal or glass.2 CT readily identifies acute subdural/epidural and parenchymal hematomas and hemorrhagic contusions and is superior to MRI for detecting acute subarachnoid hemorrhage.3 CT is particularly helpful for identifying calcification and assessing pathologic processes of bone, both of which may narrow a differential diagnosis. CT is indispensable for studying patients with cardiac pacemakers, defibrillators, intra-orbital metal, or other implants that contraindicate the use of MRI.


CT angiography (CTA) has become important in the initial evaluation of subarachnoid hemorrhage, achieving 90% to 93% sensitivity for detecting aneurysms according to meta-analyses of older studies.4,5 The faster scan times available with 16- and 64-slice scanners permit selective capture of the arterial phase of contrast opacification without venous contamination and provide images close to true angiograms. The fast, thinly collimated multi-slice acquisitions now permit CTA to be performed over long distances in short periods of time, so CTA can image the entire region from the base of the heart to the vertex of the skull to evaluate stroke patients for left atrial thrombi and potential occlusions in the cervical and intracranial circulations. Although digital subtraction angiography (DSA) remains the gold standard for angiography at present, the sensitivity and speed of CTA are constantly improving, so CTA will come to rival DSA in the near future.6









Analysis


In any acute setting, noncontrast head CT can be used to quickly assess for the three Hs—hemorrhage, herniation, and hydrocephalus—which may necessitate immediate neurosurgical intervention. Figure 1-4 illustrates the utility of CT in the acute setting, as well as its importance in the evaluation of bony lesions.
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FIGURE 1-4 Uses of CT. A, Extensive right parenchymal and subdural hematomas cause significant right-to-left midline shift, a neurosurgical emergency. B, Acute hydrocephalus with transependymal flow of CSF is seen as low attenuation of periventricular white matter. C, The sphenoid wing hyperostosis associated with this enhancing extra-axial mass is characteristic of meningioma. D, Fibrous dysplasia has a typical CT appearance as an expansile osseous lesion with ground-glass internal matrix.




A sample report is shown in Box 1-1.





BOX 1-1 Sample Report: CT and CT Angiography of the Head(Fig. 1-5)






PATIENT HISTORY


 A 53-year-old woman presented with subarachnoid hemorrhage.









COMPARISON STUDY


No study had been done.









TECHNIQUE


Contiguous axial 2.5-mm noncontrast images of the head were obtained from the vertex to the foramen magnum. After intravenous administration of 150 mL of Omnipaque-350, contiguous axial 0.625-mm images were obtained from the vertex to the upper neck. Maximum intensity projections were obtained in the coronal, axial, and sagittal planes. Finally, contiguous axial 2.5-mm postcontrast images of the head were obtained.









FINDINGS






Noncontrast CT of the Brain


A large 4.1 × 2.6 × 3.0-cm intraparenchymal hematoma is noted in the right insular region with surrounding vasogenic edema. There is mild associated right-to-left midline shift (0.3 cm) and trapping of the left lateral ventricle. Diffuse subarachnoid hemorrhage is seen throughout, including within the basilar cisterns and sylvian fissures bilaterally. Diffuse sulcal and cisternal effacement is compatible with extensive cerebral swelling.









CTA of the Intracranial Arteries


A 1 × 1 × 1.6-cm lobulated, saccular aneurysm is noted at the right middle cerebral artery (MCA) bifurcation, with surrounding hemorrhage indicating rupture. The aneurysm has a narrow neck measuring 0.3 cm and projects inferiorly. Two small 2-mm aneurysms are also seen arising from the anterior communicating artery (ACOM). The posterior circulation demonstrates codominant vertebral arteries. Normal bilateral posterior communicating arteries are present. Intracranial vessels are of normal caliber without narrowing to suggest vasospasm.









Postcontrast CT


The large right MCA bifurcation aneurysm is again demonstrated. There is no evidence of abnormal parenchymal or leptomeningeal enhancement. The dural venous sinuses are patent.












IMPRESSION


There is extensive right temporal intraparenchymal hematoma and diffuse subarachnoid hemorrhage associated with rupture of a large 1.6-cm saccular aneurysm at the right MCA bifurcation. This aneurysm has a narrow neck and projects inferiorly. Two additional small ACOM aneurysms are noted.


Also noted are associated mild right-to-left subfalcine herniation, trapping of the left lateral ventricle, and diffuse sulcal/cisternal effacement consistent with extensive cerebral swelling.
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FIGURE 1-5 CTA of ruptured right middle cerebral artery (MCA) bifurcation aneurysm. A, The 0.625-mm collimated axial source images obtained on a 64-slice scanner demonstrate the saccular right MCA aneurysm with adjacent intraparenchymal hematoma. Axial (B) and coronal (C) maximum intensity projections (20-mm thickness with interval of 5 mm and 75% overlap) show more of the aneurysm and adjacent vessels with each slice than the thin source images. A small anterior communicating artery aneurysm is seen on the axial image (arrow, B). Coronal (D) and sagittal (E) volume-rendered images are useful to evaluate the relationship of the MCA branches to the aneurysm.











Pitfalls and Limitations


Several important problems do limit the utility of CT. In patients with renal impairment, the use of iodinated intravenous contrast is limited by concerns about contrast-induced nephropathy, generally identified as an increase in serum creatinine concentration after administration of a contrast agent, without an alternative explanation. Although there are no uniform diagnostic criteria (because creatinine levels are not necessarily precise), the two most important risk factors for developing nephropathy are preexisting renal impairment and diabetes.7,8 Adequate hydration, acetylcysteine, and sodium bicarbonate may help prevent nephropathy in patients with borderline renal function.9,10


Radiologists are frequently asked what to do with patients who are “allergic” to shellfish or iodine. There is a mistaken assumption that iodine in each of these compounds confers cross-reactivity to iodinated contrast agents. However, there is little to no evidence to indicate that the iodine itself triggers adverse reactions to contrast, seafood, or topical povidone-iodine.11 In patients with a history of significant prior contrast reaction, premedication with histamine blockers and corticosteroids can be performed. Patients describing allergies to seafood should be questioned about the nature of the reaction but only insofar as a history of severe allergy to any food increases the risk of contrast reaction.


Pregnancy and lactation generate additional safety considerations for CT. The radiation dose to the fetus during the mother’s head CT has been estimated at 0 to 1 mGy and is from scattered radiation only. It is generally believed that the risk to the fetus of teratogenesis or childhood cancer is negligible at radiation dosages less than 50 mGy.12,13 Because the uterus lies outside the field of view and the radiation dose to the fetus is negligible, it is not clear that it is necessary to place lead shielding over the abdomen/pelvis. However, placing shielding may provide reassurance to the patient. Iodinated contrast material should be avoided if possible during pregnancy because of potential concern for fetal hypothyroidism. For lactating women, the traditional recommendation is to discontinue breast feeding for 12 to 24 hours after contrast agent administration and discard the milk.14









Current Research and Future Direction


CT scanners capable of up to 64-slice acquisitions are in common clinical use and afford submillimeter isotropic resolution, rapid scan times (<5 seconds for head CT), and good coverage (32 to 40 mm z-axis coverage with a single gantry rotation). Because the imaging parameters are now able to meet most clinical demands, it is not clear that increasing the number of slices acquired simultaneously is particularly useful or warranted. Instead, research has focused on meeting specific clinical needs, such as dynamic imaging for perfusion measurements and faster scan times for cardiac imaging.


Increasing the length of coverage along the z-axis may permit an entire organ to be imaged during a single gantry rotation, opening up the potential for dynamic perfusion imaging of individual organs. Ways of increasing the volume of coverage include using flat-panel detectors, manipulating the detector array, and increasing the number of detector rows. Indeed, 256- and 320-slice scanners have been developed and installed in limited capacity, providing 12 to 16 cm of z-axis coverage, although higher data load and cost burden are important considerations.


Dual-energy source CT is another promising area for future development. In this approach, two x-ray tubes and two detectors are housed in the same gantry and are used to deliver two x-ray beams at different voltages (e.g., 80 kV and 140 kV). Advantages of dual-source CT include much faster scan times and higher temporal resolution, which are invaluable for cardiac imaging. Dual-source scanning also has the potential to differentiate between specific tissues such as calcium and blood. This ability can be used to selectively depict a single tissue or selectively delete one tissue from the image. For example, one can accurately subtract bone from CTA images to clearly evaluate vessels at the skull base, an area that has traditionally been difficult to visualize.












MAGNETIC RESONANCE IMAGING


The U.S. Food and Drug Administration first cleared MRI for commercial use in 1984, and MRI has grown remarkably since that time. Most current MRI scanners have a magnetic field strength of 1.5 tesla (1.5 T), but units employing higher magnetic field strengths of 3 tesla (3 T) are coming into increasing use. Both the 1.5-T and newer magnets offer an unparalleled look at anatomic structures, with relative safety and freedom from the concerns about radiation dose that are inherent in CT.


MRI employs an astonishing array of sequences that are acquired by diverse means, are used for different purposes, and are designated by different acronyms by each manufacturer. Table 1-1 offers an overview of the major sequences commonly used in MRI (including their acronyms), which may be a useful reference during review of this chapter.




TABLE 1-1 

Overview of Major MRI Sequences


[image: image]








Basic Concepts






MR Signal Creation


Clinical MRI relies on the hydrogen nucleus. In their native state, the hydrogen nuclei exhibit random orientation and precess or rotate at varying rates. When an external magnetic field (B0) is applied, the hydrogen nuclei begin to precess at a resonance frequency (designated the Larmor frequency) that is proportional to the magnetic field strength. Additionally, the external magnetic field prompts the hydrogen nuclei to align and precess along the axis of the magnetic field, creating a net magnetization vector. By convention, the direction of B0 is designated the longitudinal or z-axis. The plane oriented perpendicular to the z-axis is designated the transverse or x/y-axis.


The precession of the hydrogen nuclei at the Larmor frequency creates a current, measured as the MR signal. This current cannot be detected in the z-axis; it can only be detected when its magnetization lies in the transverse plane. To measure the current, the net magnetization must be moved from the z-axis (where it cannot be measured) into the transverse x/y-axis (where it can be measured). To accomplish this, a radiofrequency (RF) pulse is applied to “flip” the net magnetization by a certain angle (the flip angle) into the transverse plane. Immediately after the RF pulse, nuclei in the transverse plane are in phase. They precess together at the same frequency and in the same direction, creating a signal known as the free induction decay (FID). However, the FID signal is rapidly lost as inhomogeneities in the magnetic field cause the nuclei to dephase and spin at different frequencies. The FID cannot be measured directly for imaging purposes. Instead, an echo of the FID—either a spin echo or gradient echo—must be produced by rephasing the nuclei. This is the basis for sequence design, as will be discussed later.









MR Signal Localization in 2D and 3D Imaging


To localize an echo within the body, one applies small magnetic fields called gradients that steadily increase in strength along a particular direction. Because of the gradients, a proton in one part of the body will feel a different magnetic field and will precess at a different Larmor frequency than a proton elsewhere. To localize protons within the body in all three orthogonal axes (x, y, and z), three different gradients are applied, designated the frequency-encoding, phase-encoding, and slice-selection gradients.


2D imaging acquires data from individual flat slices. In this technique, a specific RF pulse is used to excite a slice of tissue. The slice-selection gradient is turned on while the excitatory RF pulse is given, so that the only nuclei to respond will be those in the slice whose Larmor frequency matches that of the exciting RF pulse. The thickness of the slice that is excited depends largely on the strength of the slice-selection gradient: the stronger the slice-selection gradient, the thinner the excited slice. The frequency-encoding gradient is employed during detection or “readout” of the MR signal. The phase-encoding step, which is performed between slice selection and frequency-encoded readout, must be performed many times at different gradient strengths, making this one of the key determinants of the length of a scan. 2D imaging typically produces a series of slices that are not contiguous and greater than 1 mm in thickness.


In 3D imaging, the RF pulse and slice-selection gradient excite an entire volume of tissue along the z-axis, rather than a single thin slice. Phase encoding is performed in two directions, not just one as in 2D imaging, and is followed by the frequency-encoded readout. 3D imaging typically has a higher signal-to-noise ratio than 2D imaging because the MR signal is obtained from the entire volume of tissue rather than one slice. Therefore, the number of MR signals that forms each echo is much greater for 3D than for 2D imaging. 3D imaging also generates very thin slices (each <1 mm) that are contiguous with each other, permitting excellent multiplanar reconstructions. However, 3D imaging is slower than 2D imaging because it performs the relatively time-consuming process of phase encoding in two directions, not just one.









MR Image Creation


Generation of an actual image from an MR signal usually requires multiple excitations with an RF pulse to produce enough data for the image. The period between excitations is TR (time to repetition) while the period from excitation to echo readout is TE (time to echo).


The measured echoes from a particular slice are sampled and then encoded within k-space. k-space is a mathematical construct consisting of a blank grid or matrix onto which frequency and phase data can be mapped before their transformation into an MR image. In k-space, frequency information is typically mapped along the x-axis and phase information along the y-axis. In a conventional spin-echo sequence, one echo generates the data for a single line in k-space and corresponds to a single phase-encoding step. The center of k-space contains information about general form (low spatial resolution) at high image contrast. The periphery of k-space holds information about fine detail (high spatial resolution) at low image contrast. The data within k-space are rendered into an image by Fourier transformation, a computerized mathematical process of MR signal decoding that converts frequency information into the pixels of an image.









MR Hardware (Coils)


Radiofrequency antennas called coils are used to transmit the RF pulse and receive the MR signal. Separate coils can be used for transmission and reception, or the same coil can be used for both functions. MR coils may be constructed to have different regions of coverage: a volume coil is a circumferential structure that surrounds the body part completely, while a surface coil is typically flat or curved and placed on the skin surface overlying a specific region of interest. Volume coils both transmit and receive the MR signal. They encircle the body part completely, so they provide very uniform signal throughout the entire MR image. A typical volume coil used for neuroimaging is the birdcage head coil. Surface coils are generally receive-only coils, so a separate volume head or body coil is needed to transmit the RF pulse. Surface coils have very high signal-to-noise ratio, especially for superficial structures close to the coil. However, they have a reduced FOV and are more prone to inhomogeneity of signal across an MR image, with signal loss for deeper tissues. Phased-array coils are composite coils composed of multiple small surface coils arranged to form an array. These have been developed to try to increase the FOV while maintaining the high signal-to-noise ratio of surface coils. Imaging for Creutzfeldt-Jakob disease illustrates the importance of proper coil selection (Fig. 1-6).
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FIGURE 1-6 Importance of proper coil selection. Patients with prion disorders such as Creutzfeldt-Jakob disease (CJD) may have high signal in the cerebral cortex, as was the case for the patient in A, who had bright cortical signal, particularly in the left cerebral hemisphere (arrows). The patient in B did not have CJD but was imaged in a surface coil, with high signal in the paramedian frontal cortex bilaterally (arrows). This is an artifact from closer proximity of superficial tissues to the surface coil. Because of the potential for confusion with artifactually inhomogeneous signal, diagnosis of CJD may be easier with a volume coil, which encircles the entire head and provides better signal uniformity.














Imaging






Tissue Weighting


T1, T2, and proton density are the fundamental parameters of MRI and determine the contrast between tissues. After the excitatory RF pulse and tilting of the net magnetization into the transverse or x/y-plane, the transverse magnetization is lost at a rate determined by a particular tissue’s T2 relaxation time. Simultaneously, longitudinal magnetization along the z-axis is regained at a rate set by the tissue’s T1 relaxation time.


Fat has a shorter T1 than cerebrospinal fluid (CSF) and recovers its longitudinal magnetization quickly after an RF pulse. If the TR is short, fat recovers more of its longitudinal magnetization than CSF and produces a stronger MR signal. More longitudinal magnetization leads to more transverse magnetization and stronger signal with the next RF pulse. Making TR short emphasizes the differences in the T1 relaxation times of tissues, so tissues with short T1 such as fat, melanin, and protein produce high signal. MR sequences that emphasize tissue differences in T1 relaxation are designated T1-weighted (T1W).


Fat has a shorter T2 relaxation time than CSF and loses its transverse magnetization (T2 signal) more rapidly. Making TE long provides greater time for the transverse magnetization to decay and emphasizes differences in the T2 relaxation times of tissues. When TE is long, tissues with short T2 relaxation times (fat) show greater loss of T2 signal and appear dark whereas tissues with long T2 relaxation times (CSF) retain a larger portion of their T2 signal and appear bright. MR sequences that use long TE to emphasize tissue differences in T2 relaxation times are designated T2-weighted (T2W).


If the TR is long and the TE is short, neither the T1 nor T2 difference between fat and CSF is emphasized. Any difference in contrast observed between the two tissues is then due to differences in the proton densities of the tissues. Tissues with higher proton density supply greater signal than tissues with lower proton density. MRI sequences that use long TR and short TE to capture differences in tissue proton density are designated proton density–weighted (PDW) sequences.









Image Quality


In MRI, image quality depends on spatial resolution and the signal-to-noise ratio. Like CT, spatial resolution reflects voxel size. Pixel size influences in-plane or x/y-axis spatial resolution, whereas slice thickness determines z-axis spatial resolution. Therefore, spatial resolution can be improved by reducing voxel size through decreasing the FOV, increasing the matrix size, or obtaining thinner slices. However, reducing voxel size to improve spatial resolution tends to increase the relative noise in an image. Spatial resolution and signal-to-noise ratio are competing considerations.


The sampling bandwidth refers to the rate at which an echo is sampled. A high bandwidth samples an echo quickly but requires a stronger frequency-encoding gradient and results in a greater range of frequencies. A low bandwidth takes longer to sample an echo but has a smaller range of frequencies and includes less sampling of noise. High bandwidths reduce acquisition time, so there is less opportunity for image degradation from signal decay. Low bandwidths prolong acquisition time but improve the signal-to-noise ratio.









Basic MRI Sequences


Spin echo and gradient echo are the only two basic sequences in MRI; all other sequences are variations of one of these two sequences. To create either a spin echo or gradient echo after the FID, a specific pulse sequence must be designed. A pulse sequence diagram illustrates the series and timing of requisite events, including application of the RF pulse and various gradients, to produce the sampled echo.






Spin Echo


The spin-echo (SE) sequence is created by following the 90-degree excitatory pulse with a 180-degree refocusing pulse at time TE/2. After the 90-degree RF pulse, transverse magnetization (FID) is quickly lost because of (1) macroscopic magnetic field inhomogeneities due to factors such as adjacent ferromagnetic objects, nonuniformities in the B0 magnetic field, and tissue interfaces and (2) microscopic magnetic interactions among spinning nuclei. The loss of magnetization due to both microscopic and macroscopic factors is termed T2* relaxation. Signal loss due only to microscopic nuclear interactions is “true” T2 decay and occurs more slowly than T2* decay.


The 180-degree refocusing pulse is able to rephase nuclei that have begun precessing at different frequencies and can prevent the signal loss that is due to macroscopic factors. However, it cannot prevent the signal loss that is due to random, microscopic nuclear interactions, that is, T2 decay. The spin echo that results from the rephasing effects of the 180-degree pulse is still susceptible to T2 decay and therefore SE sequences with long TE are said to be T2 weighted (not T2* weighted).


Figure 1-7A illustrates the pulse sequence diagram for the SE technique.
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FIGURE 1-7 Pulse sequence diagrams. A, Spin echo: Following the 90-degree excitation pulse, which occurs at the same time as the slice-selection gradient, the free induction decay (FID) quickly disappears. The 180-degree refocusing pulse given at time TE/2 rephases the spins to create the spin echo that is read out at time TE with application of the frequency-encoding gradient. The phase-encoding step must be performed many times at different gradient strengths so is pictured with multiple lines denoting different gradient amplitudes. B, Gradient echo: Following the RF pulse (with flip angle α < 90 degrees), the FID is rapidly lost. No 180-degree refocusing pulse is given; instead, opposing lobes of the frequency-encoding gradient are used to first dephase then rephase the spins, creating an echo at time TE. The negative (dephasing) lobe of the frequency-encoding gradient is shown below baseline, while the positive (rephasing) lobe is shown above baseline. C, Inversion recovery and FLAIR: A 180-degree pulse is given at the beginning of the sequence, which flips the net magnetization vector into the −z-axis. Tissues recover longitudinal magnetization according to their T1 properties and CSF, with long T1, regains magnetization more slowly than other tissues. The 90-degree excitatory pulse at time TI is given at the null point for CSF, when there is no longitudinal magnetization for CSF. However, other tissues have recovered longitudinal magnetization, which is flipped into the transverse plane with the excitatory pulse to generate the MR signal. FLAIR is performed on a spin-echo sequence.











Gradient Recalled Echo


If the 180-degree refocusing pulse is not given, an echo of the FID can still be produced by using gradients of opposite polarity (equal strength, opposite direction) to first dephase and then rephase the spins. Opposite-polarity lobes of the frequency-encoding gradient are used to bring spins together in phase and produce a gradient echo at time TE. Because they do not use a 180-degree refocusing pulse, gradient-recalled echo (GRE) images are prone to signal loss from both macroscopic and microscopic factors (T2* decay). Depending on various sequence parameters, GRE sequences can be T1W or T2*W, but typically not T2W (see later for exceptions). Figure 1-7B illustrates the components of a GRE sequence.


Unlike SE, GRE sequences use small flip angles that are less than 90 degrees. These flip angles do not eliminate the longitudinal magnetization completely. Some longitudinal magnetization remains, so it recovers more completely before the next pulse. This permits use of a shorter TR and helps achieve faster scan time. In GRE sequences, the tissue weighting depends on TR, TE, and the value of the flip angle: larger flip angles accentuate differences in the T1 relaxation time, because more longitudinal magnetization must recover to produce the image. Larger flip angles therefore produce T1W images.


“Spoiling” or “refocusing” transverse magnetization provides another means of tissue weighting. To reduce scan times, GRE sequences frequently use very short TR (shorter than the T2 relaxation times of many tissues), so that the transverse magnetization does not have time to decay completely before the next excitatory pulse. In this situation, there is both residual transverse magnetization and recovered longitudinal magnetization just before the next RF pulse. If the residual transverse magnetization is “spoiled” or destroyed, only the longitudinal magnetization is left for the next RF pulse, resulting in T1W images. Spoiling of transverse magnetization is achieved by use of spoiler gradients or RF spoiling, a discussion of which is beyond the scope of this chapter. These T1W GRE sequences are known as spoiled or incoherent GRE sequences.


Alternatively, unspoiled or coherent GRE imaging preserves the transverse magnetization that accumulates between RF pulses in short TR sequences. The subsequent RF pulse rotates residual transverse magnetization into the longitudinal plane while flipping recovered longitudinal magnetization into the transverse plane. Over time and with successive RF pulses, there is an intricate mixing of transverse and longitudinal components known as steady-state free precession. Unlike spoiled GRE sequences, signal intensity in unspoiled sequences depends not only on the amount of longitudinal magnetization that has recovered but also on the amount of transverse magnetization that remains. Because recovery of longitudinal magnetization is determined by T1 and decay of transverse magnetization by T2, these sequences reflect a mixture of T1W and T2W imaging. Note that if TR is sufficiently long to allow complete decay of transverse magnetization and leave only longitudinal magnetization, the unspoiled/coherent sequence becomes T1 weighted much like a spoiled/incoherent GRE.


Another consequence of preserving residual transverse magnetization in unspoiled GRE imaging is the generation of a spin echo with the next excitatory RF pulse. The excitatory pulse behaves like a refocusing pulse on residual transverse magnetization and is conceptually similar to, although less effective than, the 180-degree refocusing pulse used in SE imaging. The residual transverse magnetization that was becoming dephased is suddenly refocused and generates an SE in addition to the usual FID that is created immediately after an RF pulse. Depending on sequence design, either the FID or SE can be favored to achieve more T2* or T2 weighting, respectively. Balanced GRE sequences are constructed so that all gradients are balanced and the FID and SE signals coincide, achieving a complex mix of T1 and T2 weighting.












Inversion Recovery Imaging


Inversion recovery (IR) imaging applies a preparatory pulse just before an SE or GRE sequence to emphasize T1 contrast or to eliminate signal from undesired tissues such as CSF or fat. A 180-degree inversion pulse is first given to flip the initial net magnetization vector from the +z axis to the −z axis. Nuclei recover longitudinal magnetization from −z to +z according to their T1 properties. If an excitatory 90-degree pulse is given during relaxation (at inversion time TI), nuclei with shorter T1 will have recovered more longitudinal magnetization and thus produce greater transverse magnetization and MR signal. This creates T1 weighting.


As nuclei recover longitudinal magnetization from −z to +z after the 180-degree inversion pulse, they pass through a null point at which the net magnetization vector is zero. A 90-degree excitatory pulse given at this time for CSF (or fat) would have very little effect on and generate no MR signal from CSF (or fat). In this manner, specific tissues can be made dark on imaging. STIR (short tau inversion recovery) is the name of the sequence used for fat elimination. Because fat has a relatively short T1, STIR sequences typically employ inversion times of approximately 150 to 175 ms at 1.5T. FLAIR (fluid-attenuated inversion recovery) is the name of the sequence used for CSF suppression. Because water has a long T1, FLAIR sequences typically employ inversion times ranging from 1800 to 2400 ms at 1.5 T.15 Figure 1-7C illustrates a typical IR sequence.


The concept of tissue contrast is more complex than simple T1 or T2 weighting for FLAIR. Although FLAIR sequences have long TE and are T2 weighted so that fluid other than CSF is bright, an element of T1 weighting is also present. The 180-degree inversion pulse introduces T1 weighting, because the degree to which tissues recover longitudinal magnetization before the excitation pulse is given depends on their T1 properties.









Fast Imaging Techniques


The main drawback of conventional SE imaging is its long imaging time. Long imaging time results because each excitatory RF pulse generates a single echo that fills only a single line of k-space, corresponding to a single phase-encoding step. The SE technique does not considerably lengthen the time required for obtaining T1W images, because T1W sequences use short TR and short TE. However, the SE technique significantly lengthens the time required for obtaining T2W images, because T2W sequences employ long TR and long TE. Rapid acquisition with refocused echo (RARE) sequences were developed to reduce imaging time. Commercially, these are known as fast spin-echo (FSE) or turbo spin-echo (TSE) sequences. In this approach, each 90-degree RF pulse is followed by multiple 180-degree refocusing pulses (not just one) to generate more spin echoes and fill multiple lines of k-space per excitation pulse. The number of echoes generated after each excitatory pulse is termed the echo train length (ETL) and corresponds to the number of phase encoding steps acquired in a single TR. Therefore, FSE or TSE reduces the scan time to 1/ETL of the time required for standard SE imaging.


k-space demonstrates a certain symmetry and redundancy of information that allows an image to be derived from a portion of the complete dataset. If enough echoes are collected to fill one-half of k-space after a single 90-degree excitatory pulse (designated a “shot”), the data in the other half of k-space can be inferred based on the known symmetry of k-space.16 The technique used to produce images from a half-set of data is known as single-shot RARE (or commercially as half-Fourier acquisition single-shot turbo spin-echo [HASTE] or single-shot fast spin-echo [SSFSE]).


A similar rapid imaging technique using gradient echoes is designated echoplanar imaging (EPI). In EPI, the single excitatory pulse or shot is followed by a long stream of gradient echoes generated by rapidly switching gradients. The multiple gradient echoes fill all of k-space after a single shot.17 EPI is one of the fastest MR sequences available, so it is used for diffusion-weighted imaging (DWI). Because DWI characterizes the microscopic movement or diffusion of water molecules through tissue, corruption by bulk macroscopic motion due to long scan time cannot be permitted.


Figure 1-8 summarizes the differences between single- and multiple-echo techniques. All multiple-echo techniques are subject to image contrast blurring, because transverse magnetization decays over the course of the long echo train. This T1, T2, or T2* blurring increases with the ETL and reaches its extreme in the single-shot techniques (HASTE, SSFSE, and EPI).
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FIGURE 1-8 Comparison of single- and multiple-echo techniques, following a single excitatory pulse. A, An axial level in the brain is determined by the slice-selection gradient at the time of RF excitation. B, In conventional spin echo, a single 180° refocusing pulse after the excitatory pulse produces a spin echo that fills a single line of k-space (shaded in green). The sequence must be repeated, with phase encoding performed at a different amplitude, to generate another spin echo that fills a different line of k-space. C, In fast or turbo spin-echo, each excitatory pulse is followed by n number of 180 refocusing pulses (five in our case) that generate n echoes to fill n lines of k-space. The echo train length is 5 and scan time is 1/5 (1/ETL) of the conventional spin-echo sequence. Phase encoding is performed at a different amplitude for each echo, to fill a different line of k-space. D, In single-shot echoplanar imaging, the excitatory pulse is followed by rapid gradient switching that generates a long stream of gradient echoes, enough to fill all of k-space after a single pulse.











Normal Appearance of Images


On T1W images of the normal adult brain, white matter is of slightly higher signal intensity than gray matter. However, the unmyelinated or partially myelinated white matter of infants younger than 2 years is hypointense to gray matter. Fat is bright and CSF is dark on T1W images, as previously discussed.


On T2W images of the normal adult brain, white matter is hypointense to gray matter. The unmyelinated or partially myelinated white matter of infants younger than 2 years is hyperintense to gray matter on T2W images. Fat is dark and CSF is bright on SE T2W images. However, fat may appear bright on FSE or TSE T2W images owing to a decrease in a phenomenon known as J-coupling. Any pathologic process increasing tissue water content will be readily seen on T2W sequences as bright signal.









Artifacts


Some of the common MRI artifacts are discussed here. Artifacts associated with specific MRI sequences are explained later in the chapter.


Wraparound/aliasing occurs when the body part imaged is larger than the FOV, causing “wraparound” of the data outside the FOV. This occurs along the phase-encoding direction(s) and can be eliminated by enlarging the FOV or by increasing the number of phase-encoding steps. Truncation or Gibbs’ ringing artifact occurs because of undersampling or truncation of high-frequency data. It appears as alternating light and dark bands at high/low signal tissue interfaces, characteristically at the brain/skull interface and in the spine on sagittal images, where it can simulate a syrinx. Truncation artifact can be reduced by decreasing interface contrast (such as by using fat suppression) or by increasing matrix size. Motion/ghost artifacts typically occur in the phase-encoding direction, because time-consuming phase-encoding steps allow more time for motion to disrupt the MR signal and create artifact. Both patient and physiologic motion (such as CSF or blood pulsation) can cause artifact that may appear as blurred areas or as “ghosts” (discrete lines or objects). Motion artifact can be reduced by using fast imaging techniques or applying presaturation pulses to minimize signal from moving or pulsating structures. If the artifact obscures a structure of interest, swapping the phase- and frequency-encoding directions can redirect the artifact away from that specific structure.


Chemical-shift artifact occurs in the frequency-encoding direction. Frequency encoding spatially localizes the MR signal on the basis of frequency, and differences in frequency are automatically equated to differences in signal origin. The magnetic field experienced by a proton is influenced by the precise chemical environment in which it resides. Electron clouds of adjacent chemical groups may partially “shield” a proton from the applied gradient field, so that the proton experiences a slightly different magnetic field than its neighbor and responds by precessing at a slightly different frequency from its neighbor. The difference in precessional frequency caused by the different chemical environment is designated “chemical shift.” Within the same voxel, the protons in fat and water precess at slightly different Larmor frequencies (chemical shift), because they experience different magnetic fields due to differential shielding by their electron clouds. Bright and dark signal at the fat/water interface results from mismapping of fat and water protons in the same voxel during frequency encoding and is known as chemical-shift artifact. Chemical-shift artifact can be reduced by suppressing signal from fat, by switching frequency- and phase-encoding directions to minimize disruption to a specific area, or by increasing the sampling bandwidth. Increasing the bandwidth increases the range of sampled frequencies and decreases the relative importance or conspicuity of the chemical shift difference. However, increasing the bandwidth will reduce the signal-to-noise ratio.


Susceptibility is a property of different materials that describes their interaction with a magnetic field. Certain materials, such as iron-containing hemorrhage or gadolinium-based contrast, weakly increase the local magnetic field and are known as paramagnetic. Superparamagnetic or ferromagnetic materials such as iron and various metal alloys more strongly increase and distort the local magnetic field, causing signal dropout and a warped appearance of the nearby tissues. GRE sequences are more prone to susceptibility artifact because they do not use a 180-degree refocusing pulse and signal dephases rapidly due to field inhomogeneities. Susceptibility artifact can be decreased by using SE rather than GRE technique (especially FSE or TSE with long ETLs), by using short TE (decreasing the time for dephasing to occur), and by increasing the sampling bandwidth (faster acquisition, decreasing the time for dephasing to occur). Alternatively, susceptibility artifact may be used to advantage to identify very small and otherwise easily overlooked foci of hemorrhage, such as those found with trauma, amyloid angiopathy, and cavernous malformations. These effects form the basis of susceptibility imaging and are especially prominent at higher field strengths.


Figure 1-9 illustrates several commonly encountered artifacts.
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FIGURE 1-9 MR artifacts. A, Wraparound or aliasing caused by small field of view. B, Typical location of pulsation artifact from the dural venous sinuses in the phase-encoding direction (left/right). C, Lipoma in the left sylvian fissure causes chemical-shift artifact in the frequency-encoding direction (anterior/posterior). D, Susceptibility from patient’s dental braces causes marked signal loss and distortion on this conventional SE sequence. E, Fast/turbo spin-echo sequence in the same patient as D shows dramatic reduction of artifact. The multiple 180-degree refocusing pulses used for fast/turbo spin-echo imaging make it less vulnerable to magnetic field inhomogeneities than conventional SE imaging.














Specific Uses


MRI is the workhorse of neuroimaging for the adult brain and can be used to evaluate intracranial tumors, infection or inflammation, demyelinating processes, degenerative disease, ischemic injury, and developmental anomalies. Very small anatomic structures such as the sella turcica and cranial nerves can be depicted more precisely with MRI than CT. The following section highlights specific uses of MRI techniques for clinical neuroimaging.









Analysis






Spin Echo and Fast/Turbo Spin Echo


SE has traditionally been considered the mainstay of neuroimaging. T2-weighted SE or FSE/TSE highlights pathologic processes because of its sensitivity to fluid and changes in tissue cellularity. Appearance on T1W imaging can be helpful for identifying substances such as fat, melanin, and proteinaceous material, because they all appear bright. Hemorrhage has a variable appearance on T1W and T2W images depending on the age of the hematoma.


Gadolinium-based contrast material can be administered intravenously to highlight pathology. Gadolinium is a paramagnetic metal that, by itself, is toxic to the human body so must be tightly chelated to another substance such as diethylenetriaminepentaacetic acid (DTPA) before use. Gadolinium shortens T1 relaxation times, causing increased signal on T1W images wherever the blood-brain barrier has been breached and contrast material is able to enter (e.g., by a tumor).









Gradient Echo


The lack of a 180-degree refocusing pulse and the specific vulnerability to T2* decay can be exploited to detect intracranial hemorrhage. Paramagnetic blood products create local magnetic field inhomogeneities, cause adjacent spinning nuclei to dephase, and induce a striking, characteristic signal loss on GRE sequences (Fig. 1-10). In contrast, blood can be more difficult to detect on SE sequences, which are less sensitive to susceptibility effects due to the 180-degree refocusing pulse. FSE and TSE sequences are even less sensitive to hemorrhage than SE because they employ multiple refocusing pulses.
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FIGURE 1-10 Detecting hemorrhage with GRE sequences. A, Coronal refocused or coherent GRE (T2*W) shows numerous foci of susceptibility in this patient with familial multiple cavernous malformations. B, These lesions are much more difficult to appreciate on the coronal FLAIR, which is typically an FSE/TSE sequence and is less sensitive to hemorrhage because of multiple refocusing pulses.




The faster imaging time of GRE is particularly useful in scanning uncooperative patients or in 3D imaging, which requires longer scan times than 2D. In particular, 3D spoiled GRE sequences provide T1W images and excellent anatomic detail. 3D GRE sequences are useful for evaluating subtle cortical abnormalities in seizure patients or for characterizing tumor extension in conjunction with gadolinium-based contrast.









Fluid-Attenuated Inversion Recovery


FLAIR is typically a T2-weighted FSE/TSE sequence that uses an inversion pulse to eliminate the signal from CSF. It is useful for highlighting lesions that lie close to ventricles or sulci and are not as conspicuous on T2W sequences, such as plaques of multiple sclerosis or small infarcts abutting the cortex.18,19 Suppression of CSF signal allows for distinction between epidermoid cysts (bright) and arachnoid cysts (dark). Because FLAIR sequences normally suppress the signal of CSF within the sulci, failure of suppression of sulcal signal on FLAIR sequences suggests leptomeningeal disease with replacement of normal CSF by blood (subarachnoid hemorrhage), pus (meningitis), or tumor (leptomeningeal carcinomatosis). Because supplemental oxygen, especially at high concentrations, can artifactually create bright signal within the cisterns and sulci by reducing the T1 relaxation time of CSF, no diagnosis of cisternal abnormality on FLAIR images should be made before determining whether the patient was receiving oxygen during the MRI examination.


FLAIR imaging is also limited in evaluation of the posterior fossa because of CSF flow artifacts in the basilar cisterns and third/fourth ventricles. Unsuppressed CSF can flow into these narrow areas very rapidly, after the 180-degree inversion pulse but before signal sampling, creating bright FLAIR signal. 3D FLAIR is not as susceptible to CSF flow artifact as 2D FLAIR because the inversion pulse is applied to the entire volume imaged and not just a single slice. Figure 1-11 illustrates some important features of FLAIR.
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FIGURE 1-11 Uses and artifacts of FLAIR. A, Axial FLAIR image in a patient with tuberculous meningitis shows high T2 signal within the subarachnoid space, particularly in the right parietal lobe, consistent with pus. B, Similar high T2 signal within the subarachnoid space is observed on axial FLAIR in this patient requiring general anesthesia for sedation, consistent with high flow oxygen artifact. This high FLAIR signal in the subarachnoid space will disappear within minutes after cessation of oxygen supplementation. C, High T2 signal around the cerebral aqueduct is typical of FLAIR artifact caused by incomplete CSF suppression.











Fat Saturation


Frequency-selective fat saturation (FS) is an alternative technique to STIR for eliminating signal from fat. FS exploits the chemical shift between protons in fat and those in water to reduce or remove the signal from the fat. In FS, a 90-degree saturation pulse specifically tuned to the Larmor frequency of fat is given to flip only the magnetization of fat into the transverse plane. This signal is then eliminated by a spoiler gradient. FS is clinically useful for diagnosing lipomas or dermoid cysts. Good FS requires that the main magnetic field be exactly uniform throughout. Field inconsistencies can make fat or water protons precess at slightly different frequencies from their Larmor frequency, making the saturation pulse less effective (Fig. 1-12). Field inhomogeneities are especially pronounced along the periphery of the patient (farther from the isocenter of the magnet) and at air/tissue and bone/tissue interfaces, including the skull base and sinuses.
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FIGURE 1-12 Uses and pitfalls of fat saturation. A, Axial unenhanced T1W image demonstrates a large lesion mostly in the region of the left lateral ventricle, with high signal layering nondependently in the frontal horns of both lateral ventricles as well as within the sulci bilaterally. The intrinsic T1 shortening is suspicious for fat-containing dermoid with rupture into the ventricular system and subarachnoid space. B, Loss of signal within the lesion, ventricles, and sulci after fat saturation confirms this diagnosis. C, Axial T1W post-gadolinium image with fat saturation demonstrates abnormal high signal within the right retrobulbar fat, which is of concern for enhancement. D, However, inspection of more caudal images shows there is extensive susceptibility from dental hardware. This creates magnetic field inhomogeneities, leading to failure of fat saturation in the right orbit that should not be mistaken for enhancement.











Diffusion-Weighted Imaging


DWI is a way to display the molecular motion or diffusion of water protons within tissue.20 To achieve diffusion weighting, paired diffusion gradients of equal magnitude are added to an SE (T2W) echoplanar sequence. The first diffusion gradient is applied before the refocusing pulse, and the second gradient is applied after the refocusing pulse. If there is motion of water protons (diffusion is not restricted), the diffusion gradients cause dynamic dephasing of the moving nuclei that cannot be rephased, resulting in loss of MR signal that is proportional to the rate of water motion. This phenomenon is distinct from the static dephasing that can be rephased by the 180-degree refocusing pulse.


In the brain, diffusion of water varies in all directions (anisotropic) rather than occurring to the same degree in all directions (isotropic), because diffusion occurs more easily parallel to axon bundles rather than perpendicular to them. Because of anisotropy, diffusion is measured in multiple different orientations, for example, the x, y, and z gradient directions, and the results are combined into one “isotropic” image (Fig. 1-13).
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FIGURE 1-13 The anisotropic nature of diffusion requires that diffusion be assessed in multiple directions (A to C) and then the images combined to yield an isotropic map (D). Signal loss is appreciated when diffusion occurs along the direction of the gradient. We can see that diffusion gradients were applied along the transverse (x, A), anterior/posterior (y, B) and craniocaudad (z, C) directions, as diffusion occurs along fibers of the splenium of the corpus callosum (arrow, A), frontoparietal white matter (arrow, B) and corticospinal tract (arrow, C).




MR signal intensity on DWI depends in part on the strength of the diffusion weighting, that is, the b value. When b = 0 s/mm2, there is no diffusion weighting so the image displays only the effects of T2 weighting. As b is raised to 1000 s/mm2, diffusion weighting increases and signal from CSF (which has unrestricted diffusion) decreases. However, T2 weighting does not disappear entirely, even at high b values, so the T2 signal may still appear within the image (T2 shine-through artifact) and make it difficult to determine whether the bright signal seen on DWI represents restricted diffusion, T2 prolongation (T2 shine-through), or both in some proportion.


This difficulty is resolved by use of an apparent diffusion coefficient (ADC) map, which the computer derives mathematically by comparing the diffusion-weighted images obtained at two different b values (e.g., b = 0 s/mm2 and b = 1000 s/mm2). The ADC is a measure of the rate of diffusion, and the ADC map is a “pure diffusion map” free of T2 shine-through effects. On the ADC map, pixel intensity corresponds directly to the ADC value itself, so areas with high ADC (rapid diffusion) such as CSF will be bright, whereas areas with low ADC (slow diffusion) will be dark. Note that the signal intensities displayed on an ADC map are the inverse of what is seen on a diffusion-weighted image: areas of restricted diffusion will appear bright on DWI but dark on the ADC map.


Acute cerebral infarction (Fig. 1-14) is the most commonly encountered pathologic process to reduce diffusion (bright on DWI and dark on ADC), with MRI findings seen as early as 30 minutes after onset of ischemia.21 Reduced diffusion can also be seen in pyogenic abscesses, epidermoid masses, herpes encephalitis, Creutzfeldt-Jakob disease, and tumors with high cellular density such as lymphoma. Limitations of DWI include susceptibility to field inhomogeneities, particularly at tissue/air interfaces, leading to signal dropout and image distortion near the skull base and posterior fossa.
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FIGURE 1-14 A, Axial T1W SE image shows hyperintensity in the splenium of the corpus callosum, compatible with hemorrhage. B, Axial FLAIR image shows signal loss within the hemorrhage, as well as bright signal in the sulci posteriorly suggestive of subarachnoid hemorrhage. Increased signal is seen in the caudate body and along the body of the corpus callosum, with subtly increased signal in the right posteromedial parietal and occipital lobes. C, Axial DWI more dramatically demonstrates high signal in the right posterior parietal lobe, caudate body, and corpus callosum; this may reflect reduced diffusion due to acute infarction. DWI is prone to susceptibility effects, seen as signal loss within the hemorrhage. D, ADC map shows reduced diffusion in the right posterior cerebral artery territory and in the corpus callosum, consistent with acute infarction.




An interesting application of DWI is diffusion tensor imaging (DTI), which assesses diffusion in at least six different directions. This yields a more complete set of diffusivity information that can be used to deduce axonal fiber orientation and thereby create 3D maps of white matter tracts in the brain.









Time of Flight MR Angiography


To visualize the intracranial vasculature, time of flight (TOF) imaging is most commonly used. TOF imaging provides an “MR angiogram” (MRA) of the circle of Willis by (1) minimizing signal from stationary background tissues and (2) maximizing signal from flowing blood.


GRE sequences with a rapid succession of RF pulses and very short TR are used. If the TR is shorter than the T1 of background tissue, the rapid RF pulses prevent the tissue spins from regaining their normal full longitudinal magnetization. Because the longitudinal magnetization is reduced to a minimum, the next RF pulse produces less transverse magnetization and the background tissue appears dark. In this state, the background tissue is described as saturated. Blood situated outside the imaging slice, however, is relatively unaffected by the successive RF pulses, retains its longitudinal magnetization, and remains unsaturated. When the unsaturated spins of the blood flow into the imaging plane with intact longitudinal magnetization, they generate a bright MR signal known as flow-related enhancement.


TOF MRA can be performed by both 2D and 3D techniques. 2D TOF MRA has higher sensitivity to slow blood flow than does 3D imaging, because 2D TOF imaging excites individual thin slices while 3D imaging excites entire slabs of tissue simultaneously. Because blood must travel a longer distance through a thicker slab with 3D imaging than with 2D imaging, the blood experiences some saturation effects from successive RF pulses and loses some signal. The signal loss is particularly pronounced for 3D imaging of slowly moving blood. For that reason, 3D TOF MRA may fail to display vessels with slow flow. However, 3D TOF MRA achieves thinner, contiguous imaging sections and much higher spatial resolution than does 2D TOF MRA. 3D TOF MRA is also less prone to signal loss from turbulent blood flow within an area of stenosis, so 3D TOF MRA is less likely to overestimate the severity of a stenosis. Cervical MRA for the carotid and vertebral arteries in the neck is typically performed with 2D TOF because it is more sensitive for detecting slow flow within an area of stenosis. Intracranial MRA of the circle of Willis is typically performed with 3D TOF imaging because it provides better spatial resolution and depiction of small distal cerebral arteries (Fig. 1-15A).
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FIGURE 1-15 Intracranial and cervical MRA. A, 3-D TOF MRA of the circle of Willis shows a tangle of vessels with enlarged right middle cerebral and lenticulostriate artery branches, consistent with arteriovenous malformation and hemorrhage. B, Gadolinium-enhanced cervical MRA in a different patient shows focal lobular irregularity (arrow) of the left internal carotid artery (cervicopetrous junction), which is of concern for injury, such as dissection with pseudoaneurysm. C, Given the concern for dissection, axial unenhanced T1W fat-saturated sequence was obtained that shows crescentic high signal in the left internal carotid artery (arrow) consistent with methemoglobin in an intramural hematoma due to acute arterial dissection.











Contrast-Enhanced MR Angiography


Contrast-enhanced MRA is often used for evaluation of cervical vessels (see Fig. 1-15B, C). A large coronal field of view can be employed to image the vessels from their origins at the aorta to their vascular territories within the brain in a fraction of the time required for conventional axial plane TOF MRA. Contrast-enhanced MRA also suffers less signal loss secondary to slow or turbulent flow.












Pitfalls and Limitations


Use of MRI is limited in several important situations. The magnetic field can induce voltages or currents in electrically conductive materials (wires, leads, implants), which may result in heating. Patients with medical implants or devices made of ferromagnetic materials, such as certain aneurysm clips, may be at risk of object displacement or heating. MRI should not be performed unless the specific type of implant or device can be documented to be MR compatible. Information regarding MR compatibility and safety testing of thousands of specific objects may be found online at www.MRIsafety.com. Cardiac pacemakers and defibrillators are considered a contraindication to MRI. Patients with such implants should be studied by MRI only after specific evaluation of risks and benefits and after consideration of alternative means of obtaining the data needed for care. Such studies should be performed only on a case-by-base basis and only if sufficient radiology and cardiology expertise is available.22


MRI can be performed at any stage of pregnancy, following thoughtful consideration of risks and benefits by appropriate attending radiologists, obstetricians, and perinatologists. Gadolinium-based contrast agents may be administered on a case-by-case basis but should not be given routinely in pregnancy, because their risks to the fetus are not known.22,23 (Because gadolinium-based contrast agents can enter the amniotic fluid, there is theoretical potential for dissociation of the toxic gadolinium from its chelating compound and concern for fetal injury.) Again, any decision to administer a gadolinium-based contrast agent should be preceded by careful analysis of the risks and benefits by the team of attending physicians.


Much has been recently written about nephrogenic systemic fibrosis and its association with gadolinium-based contrast agents in patients with severe renal disease. Nephrogenic systemic fibrosis refers to tissue fibrosis with skin thickening and hardening, as well as fibrosis of other body parts, including the heart, lung, and skeletal muscles. It has been observed to occur after administration of a gadolinium-based contrast agent in 3% to 5% of patients with severe renal disease.24,25 Although most published cases have been reported in patients who received gadodiamide (Omniscan, GE Healthcare), NSF has been associated with other gadolinium chelates such as gadopentetate dimeglumine (Magnevist, Bayer Schering) and gadoversetamide (OptiMARK, Mallinckrodt).24 The most recent 2007 MR safety guidelines put forth by the American College of Radiology recommend that patients with chronic renal disease and glomerular filtration rates less than 60 mL/min/1.73 m2 not receive a gadolinium-based contrast agent unless the benefits of contrast enhancement clearly exceed the risks. In those cases, the lowest possible dose necessary should be used and hemodialysis should be performed immediately after the scan (if the patient is already on dialysis). Patients with a glomerular filtration rate greater than 60 mL/min/1.73 m2 need no special treatment, although gadodiamide should not be given to patients with any level of renal disease.22,26









Current Research and Future Direction


MRI at 1.5 T is the current clinical standard, although there has been an increasing shift to 3-T imaging for clinical use in the past few years. Systems at field strengths of 7 T and higher are now under investigation, although currently only used for research. The primary appeal of 3-T over 1.5-T imaging lies in its better signal-to-noise ratio. Field strength and MR signal are linearly related, with twice the MR signal at 3 T as 1.5 T for the same scan time. Figure 1-16 illustrates the utility of imaging at higher field strength.





[image: image]

FIGURE 1-16 Imaging at 3 T. A 29-year-old man with epilepsy was reported to have “abnormal FLAIR signal in the right parietal lobe” on prior outside MRI and presented for further workup. A, Imaging at 3 T demonstrates T2 prolongation in the right parietal lobe on axial FLAIR. B, Axial T1W spoiled GRE shows that the abnormal T2 signal corresponds to a focal area of cortical thickening and blurring. This is suggestive of a cortical dysplasia that, although subtle, can be better delineated at 3 T owing to its superior signal-to-noise ratio. The FLAIR and spoiled GRE sequences were 3D acquisitions to ensure thin, contiguous slices for detection of subtle abnormalities in this seizure patient.




Higher field strengths prolong T1 recovery times but leave T2 relatively unaffected. This allows for higher-quality TOF MRA images at 3 T compared with 1.5 T, because the background is better suppressed at 3 T (less recovery of longitudinal magnetization) while inflowing, unsaturated blood has higher signal at 3 T (double the signal of 1.5 T). Longer T1 recovery times do result in poor tissue contrast between gray and white matter on T1-weighted SE or FSE/TSE sequences performed at 3 T if the same TR is used, but this can be avoided by using inversion-prepared sequences for T1 weighting. Higher field strengths also have greater chemical shift effects, allowing for more effective fat suppression but suffering from more chemical shift artifacts if a greater bandwidth is not used. Susceptibility effects increase with field strength, so sequence parameters must be optimized to decrease artifact. Figure 1-17 compares susceptibility effects at 3 T versus 7 T.
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FIGURE 1-17 Susceptibility effects at higher field strengths. A, A 3-T GRE sequence demonstrates two scattered foci of susceptibility near the gray-white junction (white arrows) compatible with hemorrhagic shear injury. B, A 7-T GRE sequence has markedly improved signal-to-noise ratio and more susceptibility artifact, better demonstrating shear injury (white arrows) as well as a deep venous anomaly that is difficult to appreciate at 3 T (black arrow, A, B).




One of the chief concerns with high field imaging is the greater specific absorption rate (SAR), which is the energy absorbed by tissue after an RF pulse, potentially leading to tissue heating. SAR quadruples when field strength is doubled from 3 T to 1.5 T. SAR also increases with greater flip angles and more RF pulses during a given TR, so SAR is particularly high for FSE/TSE sequences where multiple 180-degree pulses are given. Modifications to limit SAR include decreasing the flip angle or refocusing pulse (although this also decreases MR signal). The synergistic and tandem development of parallel imaging techniques, which reduce scan time and limit energy exposure, has greatly facilitated imaging at 3 T.


In parallel imaging, k-space is undersampled by decreasing the number of phase-encoding steps. This reduces scan time. However, the resultant loss of spatial information is recovered by taking advantage of the redundant spatial information provided by the phased-array coils used for parallel imaging. Because signal strength varies according to distance from the receiver coil, spatial information afforded by differences in signal strength at the receiver coil can be used to complete the dataset for the MR image. Undersampling k-space reduces the FOV, which produces severe aliasing in the MR image. However, mathematical models have been developed to correct for aliasing and produce a proper image; the two most commonly used techniques are sensitivity encoding (SENSE) and variants of the original simultaneous acquisition of spatial harmonics (SMASH) parallel imaging technique, such as generalized autocalibrating partially parallel acquisitions (GRAPPA).27,28


With these techniques, and newer developments to follow, MRI should remain the primary tool for neuroimaging for the foreseeable future.
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CHAPTER 2 Dynamic Functional and Physiological Techniques
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PHYSICAL PRINCIPLES






Diffusion-Weighted Imaging


Diffusion is defined as the process of random molecular thermal motion occurring at a microscopic scale. Diffusion of water in biologic systems, particularly within the brain, is affected not only by the complex interaction between the intracellular and extracellular compartments but also by the cytoarchitecture of the microstructures and permeability barriers. Diffusion of water molecules through the magnetic field gradient produces intravoxel dephasing and a loss of signal intensity. Because this microscopic diffusional motion is so small, a large gradient strength and/or duration is needed to produce observable signal loss from diffusion. By utilizing bipolar pulsed gradient methods, microscopic diffusional motion is detected by change in the magnitude of moving spins due to phase dispersion. To detect this highly sensitive motion, ultrafast imaging, such as the echoplanar imaging (EPI) technique, is needed to acquire a sufficient number of images in the range of milliseconds to produce meaningful information.1


The apparent diffusion coefficient (ADC) characterizes the rate of diffusional motion (given in millimeters squared per second). The ADC takes into consideration the heterogeneous environment of brain cytoarchitecture and factors other than diffusion, such as temperature, perfusion, and metabolic rates that can affect the measurement of microscopic thermal motion. High ADC implies relatively unrestricted water motion. Low ADC indicates restricted diffusional motion, as seen in acute cerebral ischemia. The diffusion sensitivity parameter, b value, is related to duration, strength, and time interval between the diffusion-sensitizing gradients. A typical b value used in clinical imaging is in the range of 900 to 1000 s/mm2. The higher the b value, the more sensitive the diffusion imaging is for obtaining greater contrast and detecting areas of restricted water motion.2


Anisotropic diffusion is defined as having different diffusional motion in different directions, as is the case in normal myelinated white matter tracts in the brain. Diffusion of water molecules is far less restricted along the parallel plane of the axonal fibers than in perpendicular directions. White matter anisotropy can be demonstrated by comparing diffusion-weighted images with bipolar gradients placed in three orthogonal directions. By combining the information from the three orthogonal data sets, an orientation-independent image is created without the artifact from normal white matter anisotropy.3


EPI is currently the most widely used MRI technique for clinical application of diffusion-weighted imaging (DWI) for the diagnosis of acute stroke and other brain disorders such as abscess, epidermoid, traumatic shearing injury, or necrotic encephalitis. EPI is the fastest available MRI method. It allows the entire set of echoes needed to form an image to be collected within a single acquisition period of 25 to 100 ms.4 The data are obtained by forming a train of gradient echoes by repeated reversal of a large gradient capable of very rapid polarity inversion to complete k-space filling after a single radiofrequency pulse. Each gradient echo is phase encoded separately by a very brief blipped gradient or a weak constant phase-encoding gradient. Although the long echo train renders the images sensitive to chemical shift and magnetic susceptibility artifacts, EPI virtually eliminates motion artifact. The chemical shift artifact is overcome by routine use of lipid suppression, whereas the magnetic susceptibility artifact is manifested prominently at air/bone/tissue interfaces such as those at the skull base, paranasal sinuses, orbits, and petrous temporal bone.5–7









Perfusion-Weighted MRI


Currently available perfusion-weighted imaging methods in clinical practice consist of arterial spin labeling (ASL), dynamic contrast-enhanced (DCE) MRI, and dynamic susceptibility-weighted contrast-enhanced (DSC) MRI. All three methods provide some type of a quantitative measurement of cerebral hemodynamic variables, such as cerebral blood flow (CBF), cerebral blood volume (CBV), and capillary permeability. Unlike DCE or DSC MRI, ASL is unique in that it does not require administration of exogenous contrast agent and uses tagged arterial blood spin as a source of endogenous contrast agent to measure CBF. A recent study has shown a promising role of ASL-derived CBF measurement as a complementary hemodynamic variable to more widely used DSC-derived CBV measurements in patients with glioblastoma multiforme.8 DCE MRI proposes to quantify the steady-state exchange of MRI contrast agent, gadolinium (Gd-DTPA), between the intravascular and the interstitial tissue compartment and has emerged as a promising method for diagnosis and prognosis of glioblastoma multiforme.9,10 Ktrans, also known as a volume transfer constant, is the most widely used quantitative DCE MRI variable and reflects the rate of transfer of Gd-DTPA across the endothelial membrane. Ktrans reflects the leakiness of tumor vasculature and has been used to grade gliomas.11,12 Several recently published reports suggest that Ktrans is capable of detecting the direct vascular effect of antiangiogenic therapy and thus is a promising candidate as a quantitative, clinically valid, endpoint for clinical trials.13,14 Whereas DCE MRI measures Gd-DTPA in a steady-state, DSC MRI exploits the first-pass transit of Gd-DTPA within the intravascular compartment. Its most widely used hemodynamic variable, CBV, proposes to measure bulk vessel density.15 DSC-derived CBV measurements have been extensively used to grade gliomas,16,17 evaluate tumor vasculature,18,19 differentiate recurrent tumor from treatment effect,20 and assess prognosis of patients with glioma.21 Other hemodynamic variables derived from DSC MRI such as the peak height and the percentage of signal recovery have shown their roles in further characterizing spatial heterogeneity of tumor vasculature22 and in differentiating glioblastoma multiforme and single brain metastasis by virtue of fundamental difference in leakiness of tumor vessels between the two tumor types.23






Arterial Spin Labeling (ASL)


ASL is a noninvasive MRI method that provides quantitative measurements of CBF without the use of an exogenous contrast agent such as gadolinium. ASL images are based on differential sensitization of hydrogen spins to the effect of inflowing blood spins when the spins are in a different magnetic state to that of the static tissue. ASL images are acquired by magnetically labeling blood flowing into the slices of interest. Blood flowing into the imaging slice exchanges with tissue water, altering the tissue magnetization. A perfusion-weighted image can be generated by the subtraction of an image in which inflowing spins have been labeled from an image in which spin labeling has not been performed. Quantitative perfusion maps can be calculated if other parameters (such as tissue T1 and the efficiency of spin labeling) also are measured. The postprocessing of ASL image data typically involves several steps: subtraction of alternating tag and control image pairs, motion correction, segmentation of the anatomic T1-weighted (T1W) image, and voxel-wise computation of absolute CBF maps. The subtraction of magnetically “tagged” blood and control images (no tag) provides the perfusion-weighted signal intensity. Because the increase in signal intensity of label over control is on the order of only 1% to 2%, many repetitions of the control and label pairs are acquired during several minutes to provide the required signal to noise. The computation of absolute perfusion requires that the perfusion-weighted image be scaled by the mean signal intensity of the blood. This value is difficult to obtain, so the Mo (equilibrium) value of the white matter is used as a surrogate. A segmentation step is performed on the anatomic T1W images into gray and white matter, which is then applied to the Mo image from the perfusion data. The resulting absolute perfusion maps can be colorized with use of a standard scale.









Dynamic Contrast-Enhanced MRI (DCE MRI)


DCE MRI is a T1W, contrast-enhanced, gradient-echo imaging technique that can assess tumor perfusion, microvascular vessel wall permeability, and extravascular-extracellular volume fraction. It involves acquisition of serial images through the brain before, during, and after the injection of Gd-DTPA to evaluate the signal enhancement changes between intravascular and interstitial compartments. Either 2D or 3D gradient-echo sequences such as fast low angle shot (FLASH) or spoiled gradient-recalled at steady state (SPGR) techniques can be used for DCE MRI, but 3D volumetric methods provide better slice coverage with higher signal-to-noise ratio. DCE MRI exploits the equilibrium phase of Gd-DTPA in biologic tissues to maximize the evaluation of the Gd-DTPA extraction factors and compartmental equilibrium conditions. The signal intensity time curve of DCE MRI in the equilibrium method will rely on the local microvessel density, regional blood flow, microvessel permeability of Gd-DTPA, and size and physiochemical nature of the extracellular space accessible for Gd-DTPA.









Dynamic Susceptibility-Weighted MRI (DSC MRI)


DSC MRI is a fast, contrast-enhanced, EPI-based technique that exploits the first-pass effect of intravenous contrast agent within the intravascular compartment of the cerebrovascular system. When a paramagnetic agent such as Gd-DTPA passes through the cerebrovascular system, it produces T2* signal loss due to its local magnetic susceptibility. By exploiting the intravascular compartmentalization of Gd-DTPA and the resultant susceptibility effect, an indirect measure of bulk vessel density and hence CBV can be derived from the susceptibility signal intensity time curve. The passage of Gd-DTPA causes changes in both T2 and T2* so that both spin-echo and gradient-echo EPI sequences provide robust measurements of CBV. Gradient-echo sequences are, however, much more sensitive. When a paramagnetic contrast agent such as Gd-DTPA passes through the cerebrovascular system it induces differences in local magnetic susceptibility between vessels and the surrounding tissue. Although the vascular space is a small fraction of the total tissue blood volume (4%-5%), this compartmentalization of contrast agent causes targeted paramagnetism within the intravascular spins as well as the surrounding spins within a given voxel. Thus, both intravascular and extravascular spins experience a reduction of T2* that leads to a large transient signal loss of approximately 25% in normal white matter with a standard dose of contrast (0.1 mmol/kg). T2W spin-echo images are less sensitive and require double or even quadruple contrast agent doses to give substantial signal changes during the bolus passage. On the other hand, gradient-echo sequences are more prone to magnetic susceptibility artifacts. Asymmetric spin-echo EPI sequences provide a potentially useful compromise between gradient-echo and spin-echo EPI. In asymmetric spin-echo EPI sequences the echo center is displaced from the Hahn echo time, giving a mixture of T2 and T2* weighting. The degree of asymmetry can be adjusted to trade off sensitivity against susceptibility to artifacts.20,21 Thus, when imaging lesions near brain/bone/air interfaces, such as the temporal or inferior frontal lobes where these artifacts are more pronounced, spin-echo sequences may be preferable. However, artifacts in gradient-echo images can be overcome to a large extent by reducing the slice thickness.22 Although this reduces signal-to-noise ratio, we have found that this technique still provides diagnostic images. A second advantage of spin-echo sequences is that simulations and phantom experiments suggest spin-echo images will only be sensitive to contrast agent within the capillaries whereas gradient-echo sequences will be sensitive to contrast in both capillaries and larger vessels.23 Although contamination by venous signals in gradient-echo images will potentially cause overestimates of CBV, it is relatively easy to identify the location of veins and make measurements of CBV in regions of interest that avoid them.












Proton MR Spectroscopy (MRS)


Magnetic resonance spectroscopy (MRS), the physical principle of which has been around since the 1940s, provides a measure of biochemical changes in the brain.24 A small change in the Larmor resonance frequency of a nucleus (i.e., chemical shift) generated by circulating electrons surrounding the nuclei interacting with the main magnetic field can be measured and displayed as spectral format to detect alterations in chemical composition of brain.25 The most common nuclei that are used are 1H (proton), 23Na (sodium), and 31P (phosphorus). Proton spectroscopy (1H MRS) is easier to perform and provides much higher signal-to-noise ratio than either sodium or phosphorus. For the scope of this textbook, only proton spectroscopy will be discussed.


1H MRS can be performed within 10 to 15 minutes and can be added on to conventional MRI protocols. It can be used to serially monitor biochemical changes in tumors, stroke, epilepsy, metabolic disorders, infections, and neurodegenerative diseases. In the brain, several metabolites can be measured using 1H MRS (Table 2-1). Each metabolite appears at a specific parts per million (ppm), and each reflects specific cellular and biochemical processes. In normal brain, different regions can have different chemical composition and hence variable amounts of each metabolite. Normal gray matter tends to have higher levels of choline than does white matter. N-acetyl-aspartate (NAA) is a neuronal marker and decreases with any process that compromises neuronal integrity. It can be markedly elevated in Canavan disease, a rare genetic leukodystrophy in which there is lack of an enzyme aspartoacylase, leading to abnormal accumulation of NAA. Choline is elevated in any disease that results in cellular membrane turnover, such as tumor or inflammatory process. Creatine reflects a measure of energetics in the brain. Lactate provides a measure of anaerobic metabolism and hypoxic condition. Lipid reflects an end product of tissue destruction and necrosis.26 Myoinositol is considered to be an astrocyte marker and can be elevated in Alzheimer’s disease.27


TABLE 2-1 Proton MRS Metabolites






	Parts Per Million

	Metabolite

	Biologic Correlate






	0.9–1.4

	Lipids

	Tissue necrosis or destruction






	1.3

	Lactate

	Anaerobic glycolysis






	2.0

	
N-acetyl-aspartate (NAA)

	Neuronal marker






	2.2–2.4

	Glutamine/GABA

	Neurotransmitter






	3.0

	Creatine

	Energy metabolism






	3.2

	Choline

	Cell membrane turnover






	3.5

	Myoinositol

	Glial/astrocyte marker

















IMAGING






Parameters/Protocol


Table 2-2 lists the most widely accepted imaging parameters/protocol for DWI, three types of perfusion-weighted imaging, and proton MRS.




TABLE 2-2 

MRI Parameters for 1.5-T Scanner


[image: image]




Several different types of DWI protocol can be used in clinical practice, but the most widely accepted and clinically used method is based on spin-echo EPI technique.


For the three different types of perfusion-weighted MR imaging, each requires specific imaging parameters, as listed in Table 2-2.


Proton MR spectroscopic (1H MRS) imaging methods vary depending on the spatial coverage (single vs. multiple voxel), thickness (2D vs. 3D), and echo times (short, medium, and long) used.









Normal Appearance of Images by Technique






Diffusion-Weighted Imaging


In normal brain, there should not be any areas of reduced diffusion on DWI. The cerebrospinal fluid (CSF) within the ventricles has the lowest signal because the protons in CSF have the least restriction of motion, and normal white matter with highly organized axonal tracts such as the corpus callosum has the highest signal, as shown in Figure 2-1.
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FIGURE 2-1 Serial axial diffusion-weighted images through a normal brain show relative increase in water diffusion within the ventricle compared with the brain parenchyma.











Perfusion-Weighted Imaging






Arterial Spin Labeling


In normal adult brain the cerebral blood flow to gray matter is approximately two to three times greater than that of white matter. In normal pediatric brain there is usually an increased signal-to-noise ratio as well as globally elevated absolute CBF when compared with adults. This globally increased signal intensity within normal pediatric brain has been attributed to higher baseline CBF, faster mean transit time, increased baseline magnetization values in gray and white matter, and increased T1 values in blood and tissue. ASL images of normal adult brain are shown in Figure 2-2.
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FIGURE 2-2 Serial axial arterial spin labeling images through a normal brain show greater cerebral blood flow to the gray matter compared with the white matter.











Dynamic Contrast-Enhanced MRI


In normal brain with intact blood-brain barrier, the degree of leakage across the blood vessel is negligible. Therefore, DCE MRI of normal brain shows minimal enhancement, hence leakage of gadolinium contrast agent, whereas blood vessels are intensely enhancing. DCE images of normal adult brain are shown in Figure 2-3.
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FIGURE 2-3 Serial axial images of dynamic contrast-enhanced MRI of a normal brain show prominent enhancement of the vessels. Because normal brain parenchyma has an intact blood-brain barrier there is no leakage of contrast agent, and hence, minimal contrast enhancement.











Dynamic Susceptibility-Weighted MRI


The normal appearance of DSC MRI through the brain resembles that of ASL images in that the gray matter, both superficial and deep, tends to have higher cerebral blood volume than does white matter. DSC images of normal adult brain are shown in Figure 2-4.
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FIGURE 2-4 Serial axial images of dynamic susceptibility-weighted MRI through multiple levels before (A), during (B), and after (C) the bolus injection of intravenous contrast agent show T2* shortening within the vessels and choroid plexus and minimal changes within the normal brain parenchyma.














Proton MR Spectroscopy


The spectroscopic appearance of normal brain can vary depending on the location where the spectroscopic information was obtained. For example, the deep gray matter and cerebellum tend to have higher levels of choline when compared with normal white matter. This may be, in part, related to higher metabolic demands in these regions, but the exact etiology remains unknown. Figure 2-5 shows single-voxel and 2D 1H MRS images of normal brain. Figure 2-6 shows 3D multivoxel 1H MRS images of normal brain.
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FIGURE 2-5 Single-voxel (A) and 2D voxel proton MR spectroscopy (B, C) of a normal child’s brain show a normal ratio between N-acetyl-aspartate (NAA) and choline (Cho) metabolites (D).
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FIGURE 2-6 Three-dimensional proton MR spectroscopic image shows normal metabolites.














Artifacts


The most common artifacts associated with DWI and perfusion-weighted MRI methods (ASL and DSC) are mostly related to the use of strong gradients and EPI technique.28 On imaging, these artifacts are manifested as ghosting, distortion, and susceptibility artifact, especially in the presence of paramagnetic or ferromagnetic materials.29 In the brain, blood products are the most common paramagnetic material that can cause mild to severe artifact on DWI and perfusion-weighted MRI. Ferromagnetic materials such as metals from surgery or trauma can often cause severe artifact and distortion. In addition, any ferromagnetic dental prosthesis can also cause impressive artifact and image distortion. Figures 2-7 and 2-8 illustrate examples of common artifacts associated with DWI and perfusion-weighted MR images, respectively.
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FIGURE 2-7 Artifact on diffusion-weighted imaging. A, Noncontrast axial head CT shows blood within the right lateral ventricle (arrow). B, Axial T1W MR image confirms the presence of acute hemorrhage within the ventricle. Diffusion-weighted image (C) shows increased signal and ADC map (D) shows decreased signal corresponding to the intraventricular blood simulating a pathologically reduced diffusion.
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FIGURE 2-8 Artifact on dynamic susceptibility-weighted images. A, A large left frontal melanoma brain metastasis (arrow) causes severe susceptibility artifact. B, A ghosting artifact is evident due to random phase variation.




The most common artifacts associated with 1H MRS are related to technical factors such as shimming, degree of water suppression, partial volume averaging, and inclusion of unwanted peripheral fat (e.g., skull and scalp). Patient motion can also result in artifact.30 Similar to DWI, the presence of susceptibility materials (e.g., blood products, metals) can lead to profound artifacts. Figure 2-9 illustrates lipid contamination artifact due to inclusion of bone marrow fat on 3D 1H MRS.
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FIGURE 2-9 Artifact on proton MR spectroscopy due to lipid contamination from the voxels (arrows) containing marrow fat of anterior clinoid bone.














SPECIFIC USES






Diffusion-Weighted Imaging


DWI has made a great impact in the diagnosis and management of patients presenting with acute stroke. By its ability to detect acute ischemia within minutes of its onset, DWI can provide the location and extent of brain infarct and also suggest a possible source of the infarct. DWI is a fast imaging technique (usually acquired in less than 1 minute), which provides both qualitative and quantitative measure of relative water diffusion within the brain. The apparent diffusion coefficient (ADC) map, which provides the quantitative measure of water diffusion in biologic tissue, is calculated by acquiring two or more images with a different diffusion gradient duration and amplitude (b value, diffusion sensitivity parameter). The contrast in the ADC map depends on the spatially distributed diffusion coefficient of the acquired tissues and does not contain T1 and T2* values. The increased sensitivity of DWI in detecting acute cerebral ischemia is thought to be the result of the water shift intracellularly restricting motion of water protons (cytotoxic edema), whereas the conventional T2-weighted (T2W) images show signal alteration mostly as a result of vasogenic edema. The reduced ADC value also could be the result of decreased temperature in the nonperfused tissues, loss of brain pulsations leading to a decrease in apparent proton motion, increased tissue osmolality associated with ischemia, or a combination of these factors. It is important to emphasize that abnormally reduced diffusion is not unique to acute ischemia. As shown on Table 2-3, different types of brain disorders can result in abnormally reduced diffusion on DWI. Any process that involves alteration in water motion in the extracellular space of the brain can result in abnormally reduced diffusion. Examples of some of the disease entities listed in Table 2-3 are illustrated in Figures 2-10 to 2-16.


TABLE 2-3 Brain Lesions with Abnormally Reduced Diffusion on DWI








Acute infarct


Toxic leukoencephalopathy


Axonal shearing injury


Herpes encephalitis


Epidermoid cyst


Pyogenic abscess


Postoperative injury


Increased tumor cellularity
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FIGURE 2-10 Acute anterior cerebral artery infarct. A, Axial T2W image of the brain shows multiple areas of abnormal T2 prolongation. B, Coronal diffusion-weighted image shows clear evidence of acute infarct (arrow) in the anterior cerebral artery territory.
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FIGURE 2-11 Axonal shearing injury. A, Axial T2W image shows a subtle area of T2 prolongation within the right paramedian corpus callosum (arrow). B, Axial diffusion-weighted image more clearly demonstrates abnormal reduced diffusion within the callosal lesion (arrow).
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FIGURE 2-12 Herpes encephalitis. A, Axial T2W image shows diffuse T2 prolongation involving the right frontal and temporal lobes with cortical swelling and mass effect on the right midbrain. Axial diffusion-weighted image (B) and corresponding ADC map (C).
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FIGURE 2-13 Epidermoid cyst. A, Axial FLAIR image shows a well-marginated extra-axial mass in the left frontal region. Axial diffusion-weighted image (B) and corresponding ADC map (C) show marked reduced diffusion associated with the mass.
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FIGURE 2-14 Pyogenic abscess. A, Axial postcontrast T1W image shows a right frontal lobe mass with irregular rim and internal enhancement causing mass effect. B, Axial diffusion-weighted image shows marked reduced diffusion within the mass likely due to high viscosity of pus.
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FIGURE 2-15 Methotrexate necrotizing leukoencephalopathy. A, Axial T2W image shows bilateral confluent T2 prolongation within the cerebral white matter. B, ADC map through the same level shows marked reduced diffusion (arrows) within the areas of T2 prolongation.
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FIGURE 2-16 Small cell glioblastoma multiforme. A, Axial postcontrast T1W image of the brain shows a heterogeneously enhancing corpus callosal and right medial parietal lobe mass. Axial diffusion-weighted image (B) and corresponding ADC map (C) show marked reduced diffusion within the mass (arrow) likely due to high cellular density within the mass.











Perfusion-Weighted MRI


In clinical practice, perfusion-weighted imaging methods are used to assess, both qualitatively and quantitatively, the alterations in cerebral hemodynamics in diseased states, such as stroke, tumors, and inflammation. In acute stroke patients, DSC MRI has been used in conjunction with DWI to delineate areas of perfusion and diffusion mismatch, which in turn may predict ischemic penumbra. In brain tumors, the most commonly used perfusion MRI method is DSC MRI, owing to its short image acquisition time, ease of implementation, and vendor-supplied image postprocessing workstation for image interpretation. The relative cerebral blood volume (rCBV) map derived from DSC MRI has been used to grade astrocytoma and to differentiate low-grade oligodendroglioma and low-grade astrocytoma, recurrent glioma and treatment effect, brain tumor, and tumormimicking lesion.


DCE MRI is playing a bigger role in neuro-oncology because it is being used more commonly as the imaging test of choice to evaluate the efficacy of antiangiogenic drugs. Although the lack of standardization of imaging protocol and limited availability of postprocessing algorithms remain problematic, DCE MRI shows much promise in assessing tumor vasculature, especially in alterations in capillary permeability after antiangiogenic therapy.


ASL imaging offers the advantage over the other two perfusion MRI methods in that it does not require administration of gadolinium. However, ASL imaging requires more stringent hardware and software equipment, including a higher field magnet, which makes it more difficult to implement on standard clinical MR scanners. In addition, the image-processing algorithm for ASL is not widely available and requires physicists’ expertise and support to derive any meaningful clinical information. ASL imaging has been used to depict blood flow abnormality associated with brain tumors, vascular malformation, stroke, and other cerebrovascular diseases. As the availability and wider clinical application of 3-T MR scanners become more common, ASL imaging will be more widely used to evaluate intracranial diseases.


Examples of some of the disease entities listed in Table 2-4 are illustrated in Figures 2-17 to 2-19.


TABLE 2-4 Brain Lesions with Abnormal Perfusion MRI






	Disease

	Perfusion MRI Findings






	Acute infarct

	Decreased rCBV and rCBF; increased MTT






	Brain tumor

	Increased rCBV and rCBF






	Arteriovenous malformation

	Increased rCBV, rCBF, MTT






	Demyelinating lesion

	Prominent venous enhancement within the lesion







rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; MTT, mean transit time.
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FIGURE 2-17 Bifrontal glioblastoma multiforme. A, Axial postcontrast T1W image shows an avidly enhancing, centrally necrotic mass involving the corpus callosum and bifrontal lobes. B, Relative cerebral blood volume map shows markedly increased blood volume (arrow) associated with the mass.
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FIGURE 2-18 Left thalamic glioblastoma multiforme. A, Axial postcontrast T1W image shows an enhancing mass within the left posterior thalamus. B, Endothelial transfer constant (Ktrans) map derived from DCE MRI shows highly leaky capillaries (arrow) associated with the mass.
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FIGURE 2-19 Left temporal glioblastoma multiforme. A, Axial postcontrast T1W image shows an irregularly rim-enhancing, centrally necrotic mass within the left temporal lobe. B, Axial FLAIR image shows edema surrounding the enhancing mass. C, Axial cerebral blood flow map derived from arterial spin labeling shows marked increase in blood flow (arrow) within the peripheral aspect of the mass.











Proton MR Spectroscopy


Unique in its ability to detect metabolic changes within the brain, 1H MRS is a powerful, noninvasive technique to assess a variety of intracranial disorders, including brain tumors, stroke, metabolic disease, and congenital disorders. Although the coverage of brain is limited in single-voxel 1H MRS, this technique can provide unique and valuable information in certain clinical situations. For example, in pediatric patients with suspected ischemia, standard imaging, including DWI, may not show the abnormality, whereas single-voxel 1H MRS may clearly demonstrate the presence of lactate within the brain parenchyma, which is indicative of hypoxic injury. In brain tumors, 2D or 3D 1H MRS offers advantage over single-voxel 1H MRS in terms of brain coverage. The 2D 1H MRS can be done easily on any standard clinical magnet, but 3D 1H MRS may require additional hardware. Similarly, the postprocessing of data is much simpler and can be done readily on an MR scanner for 2D but not 3D 1H MRS. For brain tumors, both 2D and 3D 1H MRS can depict alterations in cellular metabolism and integrity of neuronal function. Elevation of choline indicates an abnormal increase in cell membrane turnover, and depression of NAA suggests either transient or permanent loss of neuronal integrity. Table 2-5 lists intracranial disease entities in which 1H MRS can be useful in making the diagnosis. Figures 2-20 to 2-22 illustrate some examples of 1H MRS abnormalities listed in Table 2-5.


TABLE 2-5 Brain Lesions with Abnormal 1H MRS






	Disease

	
1H MRS Abnormality






	Acute ischemia/infarct

	Decreased NAA; presence of lipid and/or lactate






	Brain tumor

	Increased choline, decreased NAA






	Malignant brain tumor

	Lipid and/or lactate






	Abscess

	Increased acetate (1.92 ppm) and succinate (2.4 ppm)







NAA, N-acetyl-aspartate.
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FIGURE 2-20 Choroid plexus papilloma. A, Axial postcontrast T1W image shows an avidly enhancing intraventricular mass within the right temporal horn. B, 2D proton spectroscopy shows marked elevation of choline consistent with high membrane turnover.
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FIGURE 2-21 Right frontal anaplastic astrocytoma. A, Axial postcontrast T1W image shows nonenhancing right frontal lobe mass. B, Axial FLAIR image shows surrounding edema and a single-voxel spectroscopy laid over the mass. C, Single-voxel proton spectroscopy shows depression of NAA and marked elevation of lactate (arrow).
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FIGURE 2-22 Left frontal pyogenic abscess. A, Axial postcontrast T1W image shows rim-enhancing left frontal lobe mass. B, Single-voxel proton spectroscopy shows elevation of lactate (solid arrow) and of acetate (open arrow).














PITFALLS AND LIMITATIONS






Diffusion-Weighted Imaging


The main pitfalls and limitations of DWI technique are related to the use of the strong gradient MR pulses that are necessary to encode the microscopic diffusional motion of water protons. First, the hardware used for the strong diffusion gradient can result in nonlinearity (which leads to distortion) and instability (which leads to ghost artifacts from random phase variations). In addition, eddy currents, which can originate in any conductive part of the MRI scanner and scale upward with the strength of the gradient pulses, are induced when strong gradients are switched on and off rapidly. The artifacts related to eddy currents can appear as artifactual signal losses owing to an improper spin rephrasing or ghosting due to misalignment of the echoes in k-space. Although patient motion is a problem for all MRI, DWI is particularly sensitive to motion and can result in profound artifact manifested as ghosting and large signal variation across the image. Second, the EPI technique used in DWI can also result in eddy currents and the subsequent artifacts as well as artifacts related to chemical shift. EPI also requires a very homogeneous magnetic field, and magnetic interfaces result in local image distortion or signal dropout. The low bandwidth of EPI in the phase-encoding direction can cause severe shape distortion.29









Perfusion-Weighted MRI


The most common pitfalls associated with ASL and DSC perfusion-weighted MRI are related to the use of EPI techniques.31 Similar to the pitfalls of DWI related to EPI, the perfusion images can be subject to ghosting artifacts, as shown in Figure 2-8B. In addition, any paramagnetic or ferromagnetic material will cause susceptibility artifact before the injection of gadolinium, thus limiting the application of these two perfusion MRI techniques in lesions with blood products, calcium, and melanin (see Fig. 2-8A) or near the skull or metallic material such as craniotomy screws or plates.









Proton MR Spectroscopy


The potential pitfalls and limitations of 1H MRS revolve around both technical and practical issues relating to capturing metabolic information within the brain. Because of the bony skull that encases the brain, unwanted lipid contamination from calvarial fat can result in nondiagnostic spectral quality (see Fig. 2-9). Furthermore, because the spectroscopic interrogation volume is rectangular, the irregularly shaped brain lesions do not neatly fit into the spectroscopic volume of interest. Complete coverage of the lesion is often not possible and, in some instances, the critical areas of the abnormality may be completely missed. The absolute quantification of metabolite concentrations can be quite challenging and may not be feasible at all. For this reason, in most clinical practice, a ratio value of metabolites is often used to determine the degree of abnormality rather than the absolute measurement itself.












CURRENT RESEARCH AND FUTURE DIRECTION


Extensive research efforts are under way in numerous imaging laboratories around the world using the advanced MRI techniques that include DWI, perfusion-weighted imaging, and spectroscopic imaging techniques. Diffusion tensor imaging (DTI), which is a more extended version of DWI, is becoming one of the most highly researched imaging techniques to study the white matter integrity of neuronal connectivity of the brain. ASL techniques are becoming more widely used because there are more higher-field MR scanners available. DTI techniques are being used, both in the research arena as well as clinically, to evaluate neuronal connectivity and axonal integrity.


Perfusion-weighted MRI methods are being investigated as potential biomarkers of tumor vasculature and as endpoints for antiangiogenic therapy. In particular, the DCE MRI–derived parameter Ktrans is being used as a marker of endothelial permeability and as a therapeutic endpoint for clinical trials involving anti–vascular endothelial growth factor agents. DSC MRI–derived parameters are being actively tested as potential surrogate markers of tumor vascularity and response to therapy.


MRS is being expanded beyond proton spectroscopy to include other nuclei, such as 13C, 23Na, and 31P. Despite the challenges and technical limitations, the non-proton MRS methods are widely being investigated as research tools. It is anticipated that some of these non-proton MRS will be clinically applied to study the underlying chemical and metabolic derangements of brain disorders.









ANALYSIS






Diffusion-Weighted Imaging


The signal abnormalities on DWI must be interpreted along with the matching ADC map to determine whether a true reduced diffusion or a T2 shine-through effect is present. Because DWI is composed of both T2W spin-echo and diffusion-weighted sequences, any lesion that has high signal on T2W imaging can have apparent high signal on DWI, suggesting reduced diffusion. However, only when the ADC map shows a corresponding lesion to be of low signal is a true reduced diffusion present. In addition, true reduced diffusion is defined as ADC values less than or equal to 500 × 10−6 mm2/s. In clinical practice, the most striking abnormalities on DWI are related to acute infarct. Reduced diffusion is not synonymous with acute infarct. Any process that leads to cytotoxic injury or reduced extracellular space or increase in viscosity can result in reduced diffusion. For example, herpes encephalitis is a viral encephalitis usually involving the temporal lobes and the limbic system heralded by aggressive tissue destruction that often leads to a fulminant hemorrhagic and necrotizing meningoencephalitis. On DWI, acute herpes encephalitis often shows marked reduced diffusion owing to frank tissue destruction and cellular swelling. A more benign entity can also have abnormally reduced diffusion. Epidermoid cyst of the brain is a benign, non-neoplastic lesion that typically shows marked reduced diffusion most likely due to an increase in viscosity of mucinous material. In highly cellular tumors such as lymphoma or medulloblastoma there is relative decrease in extracellular space due to increase in cell density.









Perfusion-Weighted MRI






Arterial Spin Labeling


Any intracranial process that involves alteration in CBF, such as acute stroke, vascular malformation, and brain tumor, demonstrates abnormality on ASL images. An example of increased CBF within a high-grade glioma is shown in Figure 2-17.









Dynamic Contrast-Enhanced MRI


Brain disorders that involve disruption or frank destruction of the blood-brain barrier will result in abnormal leakage of gadolinium on DCE MRI.32,33 A highly vascular brain tumor whose tumor capillaries lack a blood-brain barrier shows avid contrast enhancement due to leakage of contrast agent, as shown in Figure 2-18.









Dynamic Susceptibility-Weighted MRI


In acute ischemia, there is often an increase in CBF and CBV, the so-called luxury perfusion, owing to recruitment of collateral vessels supplying the ischemic but viable tissues surrounding an infarcted core of brain. High-grade brain tumors with tumor angiogenesis tend to show prominent blood volume abnormality on DSC MRI,34 as shown in Figure 2-21.












Proton MR Spectroscopy


1H MRS can capture a variety of chemical and metabolic derangements associated with brain disorders. One of the most common uses of 1H MRS is in brain tumor imaging to assess metabolic activity, degree of aggressiveness, and response to therapy. High-grade gliomas tend to have abnormal elevation of choline metabolite with depression of NAA as well as presence of lactate and/or lipid metabolites due to tumor hypoxia and necrosis. In pyogenic abscess of the brain, 1H MRS can show acetate and lactate metabolites, as shown in Figure 2-22. In pediatric patients, 1H MRS is often used to detect an abnormal presence of lactate in the setting of a metabolic or ischemic disorder.35


A sample report of a comprehensive MRI evaluation of the brain is presented in Box 2-1.





BOX 2-1 Sample Report: MRI of Brain






PATIENT HISTORY


A 57-year-old man presented with progressive headache and witnessed seizure 1 week previously.









TECHNIQUE


MRI of the brain was obtained using the following MR sequences: 3-plane localizer, sagittal fast spoiled-gradient-recalled images, axial diffusion-weighted images, axial fluid-attenuated inversion recovery (FLAIR) images, axial fast spin-echo T2W images, axial ASL images, DCE images (before, during, and after the injection of Gd-DTPA [0.1 mmol/kg]), axial postcontrast spoiled-gradient-recalled images, DSC images (before, during, and after the injection of Gd-DTPA [0.1 mmol/kg]), and 3D proton MRS images.









FINDINGS


There is a large area of FLAIR abnormality within the left temporal lobe (Fig. 2-23A). Postcontrast T1W image (see Fig. 2-23B) shows an irregularly rim-enhancing intra-axial mass within the left temporal lobe measuring approximately 3 × 3 × 4 cm (AP, TR, CC). The mass is surrounded by a large area of hyperintense signal abnormality on FLAIR images consistent with edema. DWI (see Fig. 2-23C) and the corresponding APC map (see Fig. 2-23D) do not demonstrate any evidence of abnormal reduced diffusion within the mass or the surrounding edema. The CBF map (see Fig. 2-23E) derived from ASL imaging shows marked increase in blood flow within the peripheral aspect of the mass. 3D proton MRS image (see Fig. 2-23F) demonstrates elevation of choline and depression of NAA metabolites within the FLAIR abnormality consistent with tumor metabolism. Relative CBV map derived from DSC image overlaid on postcontrast T1W image (see Fig. 2-23G) shows abnormal increase in CBV associated with the mass that is consistent with a hypervascular mass.


The remainder of the brain demonstrates no evidence of additional mass or signal abnormality. The ventricles and sulci are otherwise normal for the patient’s stated age. Visualized portions of the orbits, paranasal sinuses, and skull base are normal. There is normal flow-void signal within the intracranial vasculature.









IMPRESSION


The overall MRI findings are most consistent with a primary high-grade glioma within the left temporal lobe associated with surrounding edema and mild mass effect.











[image: image]

FIGURE 2-23 Left temporal glioblastoma multiforme. A, Axial FLAIR image shows a large area of hyperintense signal abnormality within the left temporal lobe. B, Axial postcontrast T1W image reveals an irregularly rim-enhancing left temporal mass. Diffusion-weighted image (C) and the corresponding ADC map (D) demonstrate no evidence of reduced diffusion within the mass or the surrounding edema. E, Cerebral blood flow map derived from arterial spin labeling shows marked increase in blood flow within the peripheral aspect of the mass. F, 3D proton spectroscopic image shows elevation of choline and depression of N-acetyl-aspartate metabolites (red shaded voxels) within the FLAIR abnormality suggestive of tumor metabolism. G, Relative cerebral blood volume map derived from dynamic susceptibility-weighted imaging overlaid onto the corresponding axial post-contrast T1W image shows elevation of blood volume within the mass consistent with a hypervascular tumor.
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RADIOGRAPHIC/CT DENSITY






Standard Against Which to Measure Density


Conventional radiography and computed tomography are based on the differential attenuation of photons by tissues as they pass from an x-ray source on one side of the body to a detector on the opposite side. Mathematically, the measurement at the detector is determined by the sum of the values of the linear attenuation coefficient, μ, of each individual tissue along the course of the x-ray beam. At each point within an object, μ characterizes the rate at which x-rays are removed by scatter or absorption and thus reflects the biophysical interaction between photons emitted by the x-ray source and the tissue irradiated. For the relatively high photon energies used in diagnostic medical imaging and low atomic numbers of most organic matter, the primary determinant of μ is Compton scatter, which results in a magnitude of photon attenuation that is nearly linearly proportional to tissue density (mass per unit volume).1 There are several additional contributors to x-ray attenuation that depend both on the x-ray source and the object being imaged, but in practice the primary basis of contrast in both radiography and CT can be considered to be tissue density.2,3


Planar projections of linear attenuation, the source of the imaging data depicted on plain films, reliably resolve only five different biologic densities: air, fat, water, soft tissue, and bone. Before the advent of tomographic imaging modalities such as CT and MRI, neuroradiologists went to great lengths to manipulate contrast in plain film radiography to make diagnoses, for example by purposefully introducing air or iodinated media into the subarachnoid space or blood vessels and thereby identify masses in the skull vault, spinal disc herniations, and intracranial aneurysms. Although important diagnoses can still be made from radiographic density abnormalities (Fig. 3-1), conventional radiographs have only limited application in modern neuroimaging and are commonly used at present for the gross evaluation of integrity of medical devices such as cerebrospinal fluid (CSF) shunts or spinal fusion hardware or in the detection of fractures or malalignment of the skull or spinal column.





[image: image]

FIGURE 3-1 Diagnosis based on abnormal radiographic density. A, Facial trauma. Frontal radiograph of the face (Waters view) demonstrates low-density orbital emphysema (arrowheads) surrounding the right optic nerve (arrow) and high-density hemorrhage opacifying the right maxillary sinus. B, Calcified sellar mass. Lateral skull radiograph demonstrates enlargement of the sella turcica with ill-defined density (asterisk), suggesting the presence of a calcified pituitary tumor or craniopharyngioma. C, Hardware failure. Frontal radiograph of the lumbar spine demonstrates discontinuity (arrow) of a fusion rod that extends across a vertebral body compression fracture. D, Foreign bodies. Radiodense foreign bodies are readily seen on plain films, as in this psychiatric patient who complained of dysphagia after swallowing a safety pin (arrowhead).




Linear attenuation is a useful physical concept for understanding image formation in radiography and CT but is not directly applicable to the visual interpretation of images. Before display and storage, each pixel in a reconstructed CT image is normalized to an integer value termed the Hounsfield unit (HU) or CT number. This normalized attenuation scale arbitrarily assigns water an attenuation value of zero, such that a difference of 10 HU reflects approximately a 1% difference in linear attenuation. The maximum and minimum values of the Hounsfield scale depend on the numerical storage scheme of the manufacturer, but the range in attenuation that can be discriminated by most modern scanners is 4096 HU (from roughly −1000 HU to 3000 HU). Small numbers correspond to relatively radiolucent structures such as air and fat, and large numbers correspond to radiodense structures such as bone and calcium. There is considerable overlap between CT numbers for different tissues, but certain tissue densities can usually be distinguished based on their typical Hounsfield numbers (Table 3-1).


TABLE 3-1 Typical CT Numbers for Tissues of the CNS and Its Supporting Structures






	Air

	<-1000 HU






	Adipose tissue

	−20 to −100 HU






	Water

	−20–20 HU






	White matter

	20–35 HU






	Gray matter

	30–40 HU






	Muscle

	20–40 HU






	Acute hemorrhage

	50–100 HU






	Calcification

	>150 HU






	Bone

	800–1200 HU







HU, Hounsfield unit.


The dynamic range of the human visual system, which can reliably discriminate fewer than 100 shades of gray, is far less than the range in tissue density represented by the Hounsfield scale. To facilitate visual analysis of images on a digital workstation, different display windows are applied to the raw CT numbers to optimally visualize the different tissues of interest. The effect of windowing is to linearly map a subsegment of the Hounsfield scale to 256 shades of gray, a standard range of gray values between black and white depicted on a computer monitor. The central Hounsfield unit of the window is designated the window level. The window width determines the overall contrast of the displayed image, translating the values of the standard Hounsfield scale within the window to various shades of gray that are more easily interpreted by the human eye. Typical window parameters used to evaluate different tissues of interest are given in Table 3-2.




TABLE 3-2 

Typical Window Parameters Used for Interpretation of CT Images


[image: image]




The recognition of abnormal density on CT images relies foremost on familiarity with the range of normal densities of the anatomic structures of the central nervous system (CNS) and its supporting structures. Brain regions where neuronal cell bodies are located comprise the gray matter of the cortex and deep gray nuclei, including the basal ganglia and thalami. These structures normally have CT numbers of 20 to 40 HU, which is slightly greater than those of white matter (20-35 HU), where the neuronal axons and their supporting glia are concentrated. As a consequence, optimal examination of the brain parenchyma requires a narrow display window that allows accurate discrimination between the densities of these two types of tissues. Any interruption of the normally homogenous density within a discrete white or gray matter structure implies a disruption in its normal physiology. The normal brain has sharp, well-defined boundaries between gray and white matter, and any regions where this distinction is lost should be viewed with suspicion.


CSF within the ventricular system and subarachnoid spaces of the brain and spinal cord normally has uniformly low attenuation that is nearly isodense to water. Inhomogeneity or altered attenuation in these regions is invariably abnormal. Similarly, the blood pool of the intracranial and extracranial vasculature is readily visualized within major arteries and veins and normally has homogeneous density that approximates the density of unclotted blood. Focal intravascular hyperdensity may be the only finding of acute stroke or dural venous thrombosis, and densely calcified vessels suggest atherosclerosis or an underlying disorder in calcium metabolism that could predispose to arterial insufficiency.









Alternate Nomenclature


Because the CT number of a structure may vary4 among different patients and scanners (and even in the same patient on the same scanner), it is important to interpret density abnormalities relative to an internal standard of reference. This is accomplished according to the type of tissue. The common nomenclature for describing radiodensity used in practice is as follows:




• Lesions within the brain or spinal cord parenchyma proper are described as hypoattenuating (hypodense), isoattenuating (isodense), or hyperattenuating (hyperdense) relative to normal adjacent structures.


• Soft tissue lesions outside the cranial vault or spinal column are best described in terms of their relative density with respect to muscle.


• Lesions within bone are described as sclerotic (osteoblastic) or lucent (osteolytic), depending on whether the density exceeds or is significantly less than that of normal cortical bone.


• Abnormalities that approximate the absolute density of water are characterized as CSF density or water density.


• Lesions with an attenuation consistent with fat are designated as fat density.


• A lesion is said to “enhance” when the difference in CT number between precontrast and postcontrast scans exceeds normal physiologic and technical variability between scans. For CT elsewhere in the body, this threshold has been taken as 10 HU.5












Causes of Decreased Density


Low density on CT is the manifestation of any of the acute or chronic pathologic endpoints of disorders that cause edema, necrosis, demyelination, or infarction. When it is chronic, low density usually implies an antecedent insult to the brain. After most serious injuries, there is a loss of tissue with time that results in involution of brain parenchyma, either by direct insult or autolysis of neurons. The process of encephalomalacia affects neurons in both gray and white matter and is characterized by a regional loss of brain volume that is primarily localized to the affected neuronal pathways. The ensuing reaction of the supporting white matter cells in this setting is gliosis, the formation of a dense fibrous network of scar tissue. On the cortical surface, encephalomalacia and gliosis are commonly the result of traumatic, infectious, or ischemic injuries and can be the source of recurrent seizures (Fig. 3-2). Within the structures of the deep gray matter, toxic and metabolic insults, intraparenchymal hemorrhage, infection, demyelinating disease, and lacunar ischemia are common causes of encephalomalacia. Confluent areas of hypodensity seen on CT thus reflect the end stage of any type of brain injury and can usually be ascribed to a specific insult only in the context of appropriate clinical history or location within the brain.
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FIGURE 3-2 CT appearance of encephalomalacia. Confluent areas of low density seen in association with focal loss of brain volume representing encephalomalacia and gliosis are nonspecific, but the location of the abnormality often points to an underlying cause. A, Remote stroke. Low density with volume loss, seen as ex-vacuo dilation of the left occipital horn, conforms to the territory of the posterior left middle cerebral artery. B, Encephalomalacia involving the cortical gray matter in multiple vascular territories can be caused by meningoencephalitis, as in this case of herpes encephalitis. Note ex-vacuo dilation of the frontal horn of the right lateral ventricle. C, Bifrontal encephalomalacia is most commonly caused by direct impact of the brain against the noncompliant calvaria years after the trauma. D, Chronic and symmetric low density within the deep gray nuclei is characteristic of toxic ingestion or metabolic abnormality, as seen within the globus pallidus of this patient who had previously attempted suicide by inhalation of carbon monoxide.




Diseases that cause net changes in brain water content also give rise to confluent areas of hypodensity. In contrast to encephalomalacia, which is chronic and irreversible, most alterations in tissue water content reflect an acute disturbance in cerebral hemodynamics. Classically, cerebral edema has been categorized as cytotoxic or vasogenic.6 Cytotoxic edema occurs in both gray and white matter and is the effect of the irreversible intracellular swelling of neurons and glia that occurs with cellular energy depletion. In contradistinction, vasogenic edema predominates in the white matter and reflects the potentially reversible shifts in water within the extracellular space that are due to alterations in the normal blood-brain barrier. Both cytotoxic and vasogenic edema are seen as hypodensity and are not readily distinguished on CT in the early stages of a disease. The identification of edema should prompt a search for its potential primary causes as well as its effects, because edema may secondarily lead to herniation. Edema that involves the entirety of the brain usually reflects hypoxic, traumatic, toxic, or metabolic injury, whereas localized edema suggests either a focal ischemic insult, infection, or a mass lesion inciting changes in the surrounding brain.


Hypodensity localizing to the gray matter of the brain surface (Fig. 3-3) warrants primary consideration of traumatic, infectious, or vascular causes. For example, brain contusion results when rapid acceleration or deceleration causes the cortical surface to come into direct contact with the rigid skull vault or dural reflections. Sources of cerebral infection, such as viral encephalitis and bacterial meningitis, also commonly involve cortical gray matter, usually as the result of direct spread of infection from the subarachnoid spaces. An important infectious cause of gray matter hypodensity that should be considered in the appropriate clinical context is herpes encephalitis. Subtle cortical low attenuation, particularly within the medial temporal lobes and cingulate cortex, can herald this disease and should prompt early treatment with intravenous antiviral chemotherapy. The regions of cortical gray matter hypodensity seen with both traumatic injury and infection are due to acute cellular and interstitial edema and are not infrequently accompanied by hemorrhage and interruption of the blood-brain barrier, the latter manifest by abnormal enhancement on administration of a contrast agent.
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FIGURE 3-3 Cortical low density. The CT finding of cortical low density results in a loss of the normally observed interfaces between gray matter and white matter. A, Acute stroke. In this patient with acute onset of left-sided hemiplegia, effacement of the normal subinsular gray matter/white matter interface (arrows) results in the “insular ribbon sign” of acute right middle cerebral artery infarction. B, Low density of the insular cortices and right cingulate gyrus (arrow) caused by herpes encephalitis, a neurologic emergency in this patient with altered mental status and fever. C, Bifrontal cortical low density extending into the lobar white matter without volume loss, typical of an acute traumatic injury. D, Anoxic encephalopathy. Diffuse cortical low density in this patient who was found unresponsive and hypotensive, giving the false impression of white matter hyperdensity.




Acute interruption of the normal large- or small-vessel arterial supply to the brain and consequent ischemia may also yield hypodensity that involves both gray and white matter. The observation that hypodensity conforms to a vascular territory is central to this diagnosis (Fig. 3-4). In early ischemic injury, the attenuation of acutely ischemic brain parenchyma is inversely proportional to its water content. Specifically, a 1% total increase in tissue water content decreases its CT number by approximately 2.5 HU.7 Interruption in blood flow causes the highly vascular gray matter to lose the ability to control neuronal permeability. As a result, neurons accumulate water and take on an intrinsic density that approximates that of white matter. This process results in the loss of the normal distinct boundaries between the involved gray matter and subjacent subcortical white matter, as well as local gyral swelling. A similar loss of density within ischemic deep gray matter nuclei also may be recognized only as a change in the normal shape of the nucleus. Infrequently, it is possible to detect acute small-vessel ischemia as a subtle focus of relative low density within white matter. To optimally discern the subtle changes in density that are due to acute ischemia, the level and width of the display window should be selected carefully.8 With continued vessel occlusion, both gray and white matter hypodensity and swelling progressively increase and become more pronounced. With time, the infarcted brain tissue loses volume, ultimately resulting in encephalomalacia and glial scar within the involved vascular territory on follow-up imaging.
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FIGURE 3-4 The manifold appearances of ischemic injury on CT. A, Subacute stroke. Cortical and white matter low density in the distribution of the right middle cerebral artery, characteristic of subacute large vessel infarct. Note the accompanying mass effect, as evidenced by effacement of right hemispheric sulci, compression of the right lateral ventricle, and slight shift of the midline toward the left. B, Low density area (asterisk) conforming to the border zone between the left middle cerebral artery and anterior cerebral artery distributions, typical of watershed infarction. C, Low density and enlargement of the globus pallidus and putamen in this patient with altered mental status due to acute lenticulostriate infarct. It is important that this not be mistaken for a tumor, which could lead to unnecessary morbidity or mortality if surgical resection is attempted. D, Occlusion of the middle cerebral artery (arrowheads), because it also involves the lateral lenticulostriate arteries, may result in the loss of the normal comma-shaped morphology of the posterior putamen. This “comma sign” is a useful early sign of ischemia on noncontrast CT images.




A number of acute and chronic disorders may produce large areas of hypodensity that are localized within the subcortical gray and white matter (Fig. 3-5). Hypodensity in these diseases selectively affects vulnerable brain tissues. For example, cardiopulmonary arrest, drug overdose, and other causes of acute global hypoxic injury preferentially injure tissues that have high metabolic demand. Early findings in this setting can be subtle on CT immediately after the insult, seen only as uniform low attenuation in white matter or effacement of normal gray-white interfaces. Confluent periventricular low density is a common finding in the aging population, where small- and medium-sized vessels supplying the deep white matter of the brain are subject to chronic occlusive disease. In acute hydrocephalus, low density CSF may accumulate within the white matter surrounding the distended ventricles, a phenomenon referred to as transependymal edema. Metabolic leukodystrophies represent a broad class of dysmyelinating disorders that characteristically lead to varying distributions of low density within the subcortical white matter and often gray matter.





[image: image]

FIGURE 3-5 White matter hypodensity. The relatively common CT finding of white matter hypodensity has a broad differential diagnosis but should be distinguished from hypodensity that involves both gray and white matter. A, Global hypoxic-ischemic injury. Uniform low density within the white matter of the supratentorial brain, with involvement of the deep gray nuclei, in a patient after an episode of hemorrhagic shock due to gastrointestinal bleeding. B, X-linked adrenoleukodystrophy. In this child there is a classic distribution of low density within the white matter of the occipital lobes and splenium of the corpus callosum. C, Transependymal edema. Low density “capping” the ventricular margins, combined with ventriculomegaly, is characteristic of the interstitial white matter edema that results when CSF outflow is obstructed. D, Microvascular leukariosis. Low density in the subcortical and periventricular white matter is a common finding in the aging brain and is thought to be due to the chronic ischemic effects of small vessels “pruned” by small vessel vasculopathies such as hypertension or diabetes.




Benign and malignant tumors are a relatively common cause of altered density within both gray and white matter. Depending on the cell of origin, these may exhibit low or high density relative to normal brain anatomy. Most commonly, intra-axial tumors are seen as low attenuating lesions within white matter or as isoattenuating lesions within a larger region of surrounding vasogenic edema. As discussed later, low density within a tumor suggests necrosis, as may be seen with highly aggressive tumors such as glioblastoma multiforme or after treatment with chemotherapy or radiation. Sometimes mistaken for tumors, gray matter heterotopias may be seen as discrete areas within white matter or along the ventricular margins that are isoattenuating to normal gray matter structures. The rare entity of gliomatosis cerebri should be considered when there are large areas of confluent hypodensity within white matter and clinical history points to an insidious course of cognitive deterioration or pyramidal tract signs. Finally, fat density within a CNS tumor is characteristic of few entities, including lipoma, dermoid, and lipomatous degeneration within certain tumors such as teratomas and rarely meningiomas.


Inflammatory demyelinating diseases such as multiple sclerosis and acute disseminated encephalomyelitis and intracranial infections represent another broad class of disease that should not be overlooked as a potentially reversible causes for low attenuation (Fig. 3-6). Small areas of circumscribed low density in white matter, especially around the margins of the lateral ventricles, may suggest the diagnosis of multiple sclerosis or other autoimmune demyelinating disease given the appropriate clinical history. A cerebral abscess is a cavity that contains pus, necrotic debris, and immune cells due to bacterial, fungal, or parasitic infection that appears as a focal area of suppurative necrosis within the brain, usually with surrounding low density vasogenic edema. Progressive multifocal leukoencephalopathy, human immunodeficiency virus (HIV) encephalopathy, and infections such as those caused by Toxoplasma, cytomegalovirus, and Cryptococcus merit special consideration as causes for low density in the immunocompromised population.
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FIGURE 3-6 Low density due to cerebral inflammatory disease. A, Typical appearance of a cerebral abscess: round, low-density cavity (arrow) surrounded by low-density vasogenic edema. Differentiation from other cavitary lesions such as radionecrotic cysts or cystic neoplasms often requires clinical/laboratory correlation, with help often provided by contrast-enhanced and diffusion weighted MRI. B, Progressive multifocal leukoencephalopathy. Whereas white matter low density is nonspecific, involvement of the subcortical U-shaped fibers in the AIDS patient can help differentiate this disorder from HIV encephalitis. C, Toxoplasmosis. Patchy white matter low density (asterisks) in an immunocompromised patient with altered mental status.











Causes of Increased Density


High density on CT has a more limited differential diagnosis than low density. Specifically, high attenuation is characteristic of mineralization, blood products, iodinated contrast media, and certain neoplasms. Calcification is a feature of several primary brain tumors, including oligodendroglioma, ependymoma, and astrocytoma, as well as metastatic tumors such as renal cell carcinoma, neuroblastoma, and mucinous tumors of the gastrointestinal tract. Extra-axial tumors such as meningioma may also calcify. Calcification may be the result of prior infection, such as neurocysticercosis or tuberculosis, or may be the residua of prior hemorrhage. Tumors of high cellularity referred to as “small round blue-cell neoplasms” including lymphoma, medulloblastoma, and primitive neuroectodermal tumors may have high density relative to normal brain parenchyma (Fig. 3-7).
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FIGURE 3-7 Tumors of high cellularity. Tumors with densely packed cells and/or high nuclear-to-cytoplasmic ratios can demonstrate intrinsic hyperdensity at CT, even in the absence of calcification or hemorrhage. A, CNS lymphoma. Unenhanced CT demonstrating a circumscribed, hyperdense mass in the right hemispheric white matter (arrowheads) with surrounding low-density vasogenic edema. B, Medulloblastoma. Unenhanced CT demonstrating a lobulated, hyperdense mass in the posterior fossa.




Hemorrhage is a common cause of high density in the brain and extra-axial spaces in the acutely ill patient. Acute blood products have characteristic CT numbers ranging from 50 to 100 HU and often exert mass effect on adjacent structures. Within the brain parenchyma proper, high density due to acute hemorrhage may be the result of trauma, hypertension, hemorrhagic primary or metastatic brain tumor, vascular malformations including arteriovenous and cavernous malformations, dural sinus thrombosis with venous ischemia, hemorrhagic infection such as from angioinvasive Aspergillus, coagulopathy, or amyloidosis. Intravenous administration of a contrast agent may allow discrimination between these causes by the observation of a primary enhancing tumor or vascular malformation or by detection of dural venous sinus occlusion.


High density confined to the lumen of an artery or vein has critical significance in that it suggests the presence of acute thrombosis. Clinical findings of acute hemiplegia, aphasia, visual field changes, or other symptoms of stroke should prompt a careful search for a hyperdense artery. Whereas this is a relatively infrequent finding seen in only approximately 22% of patients presenting with acute middle cerebral artery (MCA) stroke, it portends a poor long-term prognosis and may prompt early thrombolytic treatment.9 The cause of high attenuation within acute thrombus has been posited to arise from accumulation of erythrocytes, fibrin, and cellular debris.10 While originally described within the proximal or distal MCA, hyperdense thrombus can also be visualized within the anterior and posterior cerebral and vertebrobasilar systems (Fig. 3-8). In the absence of a leading clinical history, arterial hyperdensity may alternatively suggest atherosclerotic calcification or hemoconcentration due to dehydration or polycythemia. Within the intracranial venous system, hyperdensity may be the only finding in patients with dural venous sinus or internal cerebral venous thrombosis. In patients with headache and venous hyperdensity, contrast-enhanced CT or MRI should be obtained urgently to guide prompt treatment with anticoagulation, because venous thrombosis remains a frequently missed diagnosis that often has disastrous consequences when missed.
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FIGURE 3-8 CT appearance of intravascular hyperdensity. A, MCA thrombosis. The “dense MCA sign” is a specific but insensitive finding in acute stroke. B, Basilar artery thrombosis. Hyperdense basilar artery (arrow); compare with patent branches of the MCA. C, Venous thrombosis. Thrombus within the internal cerebral veins (arrowheads), resulting in bilateral thalamic ischemia (asterisks). D, Vascular malformations. Relative hyperdensity in this patent vein of Galen malformation.




The normal CSF spaces of the brain have an attenuation that is nearly that of water (Fig. 3-9). When high density is detected, it is usually caused by subarachnoid hemorrhage. However, meningitis, leptomeningeal tumor, and intrathecal contrast agents are alternative causes for hyperdensity that should be considered in the appropriate clinical setting. Intravenous administration of a contrast agent may help in differentiating among these causes, both for CT angiography in the search for a ruptured intracranial aneurysm and for the observation of enhancement. When hyperdense material in the subarachnoid space enhances, primary consideration should be given to bacterial, fungal, or mycobacterial meningitis or to leptomeningeal carcinomatosis. Intrathecal contrast media may be intentionally administered for myelography or for detection of CSF leak or may be present due to renal failure or compromise of the blood-brain barrier due to tumor or infection. The myelographic contrast agent Pantopaque may persist in the CSF many years after an examination.
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FIGURE 3-9 Hyperdensity within the CSF spaces. The normal low density of normal CSF can be altered by any disease process that increases the protein/cell count. A, Normal basilar cisterns. Normal CSF has density that approximates that of water (0 HU). B, Subarachnoid hemorrhage. The location of hemorrhage may suggest the site of an aneurysm, although when diffuse the location may not be readily ascertained, as in this case of a ruptured posterior communicating artery aneurysm. C, Coccidiomycosis meningitis. High density CSF due to pus in the subarachnoid space is indistinguishable from acute subarachnoid hemorrhage, such that patient presentation and CSF analysis are required to differentiate these disorders. D, “Pseudo–subarachnoid hemorrhage.” Diffuse cerebral edema displaces the normal hypodense CSF spaces and causes engorgement of pial vasculature that mimics the appearance of hemorrhage.











Analysis of Mixed Patterns of Density


The pattern of mixed density within a lesion or in the structures adjacent to a lesion often provides additional clues as to the cause of a lesion. Low attenuation surrounding a solid lesion with a different dominant density suggests vasogenic edema and is most typical of primary glial tumors and metastases (Fig. 3-10). Variable density may also be due to necrosis, hemorrhage, edema, gliosis, and/or calcification within or incited by a lesion. Necrosis within a tumor is suggested by the presence of areas of low density within a solid lesion, resulting from tumor-induced hypoxia or apoptosis. It is a feature most characteristic of rapidly growing malignancies such as glioblastoma multiforme or metastasis but can also be seen in many other tumors after irradiation or chemotherapy and in the setting of cerebral abscesses and tumefactive demyelinating lesions. Radiation necrosis may be especially difficult to differentiate from recurrent tumor after treatment, because both may demonstrate peripheral enhancement. Calcification may be seen in association with tumors, vascular malformations, and as a sequela of certain infections such as neurocysticercosis. Solid extra-axial tumors, the most common being meningioma, typically have intrinsic high density relative to the brain but also often exhibit some degree of calcification.
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FIGURE 3-10 Variable density due to necrosis, hemorrhage, edema, gliosis, and/or calcification within or incited by a lesion. A, Glioblastoma multiforme. Large, heterogeneous mass with peritumoral vasogenic edema. High-density hemorrhage (black arrow) and low-density necrosis (white arrow) are signature features of this high-grade neoplasm. B, Anaplastic ependymoma. Coarse, hyperdense calcium along the periphery of region of central necrosis (asterisk). C, Ruptured dermoid cyst. Markedly heterogeneous tumor demonstrating densities ranging from fat to calcium. Note fat-fluid levels within the frontal horns (asterisks) and fat density within the sylvian and interhemispheric fissures (arrows).




Hemorrhage within an intraparenchymal mass is commonly caused by tumors or vascular lesions. Bleeding is more common within metastases than primary brain tumors and may be marginal, diffuse, or heterogeneously scattered throughout different components of a tumor. Extensive tumor vascularity, vascular invasion, and rapid growth with resulting necrosis have all been cited as mechanisms for tumoral bleeding in both primary glioblastoma and metastases.11 The presence of hemorrhage may suggest the primary origin of metastases, because melanoma, renal cell carcinoma, choriocarcinoma, and bronchogenic carcinoma have a greater propensity for hemorrhage than other metastases. Bleeding may also arise in vascular lesions such as arteriovenous malformations or cavernous angiomas, where adjacent calcifications (seen as focal high density), prominent vessels (seen as isodense to the normal blood pool), or gliosis from ischemic steal (seen as adjacent geographic hypodensity) can suggest the presence of an underlying vascular lesion (Fig. 3-11).
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FIGURE 3-11 Hemorrhage within an intraparenchymal mass is most commonly caused by tumors or vascular lesions. A, Hemorrhagic glioblastoma multiforme. Extensive hemorrhage and edema within this high-grade neoplasm causes mixed areas of high and low density. B, Hemorrhagic metastasis. Unenhanced CT demonstrates multiple intrinsically dense lesions in this patient with metastatic melanoma. C, Ruptured arteriovenous malformation. Minimal hyperdense calcium (arrowheads) along the medial aspect of this large intraparenchymal hemorrhage suggests an underlying vascular malformation. D, Hemorrhagic infarction. The presence of both cortical low density fitting a vascular territory and superimposed parenchymal hemorrhage leads to the diagnosis of middle cerebral artery infarct with hemorrhagic transformation.




Several extra-axial lesions have characteristic mixed density appearances on CT. Heterogeneity in attenuation within a subdural hematoma may indicate acute or chronic hemorrhage or coagulopathy (Fig. 3-12). Hyperacute hemorrhage is suggested when areas of low density representing uncoagulated blood admix with high-density clotted blood, causing a “swirl sign.” When present, fluid levels on CT indicate the presence of fluids of differing densities and can signal the presence of an underlying coagulopathy in patients with acute extra-axial hematomas. Sterile subdural collections should be distinguished from subdural empyema, a subdural collection of pus arising as a complication from meningitis, sinusitis, otitis media, or other infection. Heterogeneity within an extra-axial collection with other findings of infection should prompt primary consideration of subdural empyema.
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FIGURE 3-12 Mixed attenuation within extra-axial collections. A, Acute epidural hematoma. The finding of a “swirl sign” within a lentiform-shaped extra-axial collection should suggest active hemorrhage (arrow). B, Acute subdural hematoma in a patient with thrombocytopenia. Large hematomas with areas of hypodense unclotted blood may point to an underlying coagulopathy, as in this patient with thrombocytopenia. C, Acute on chronic subdural hematoma. Hyperdense blood indicates the presence of acute blood that when superimposed on mixed density suggests hemorrhage of varying ages, especially when there is layering over adhesions from previously clotted blood.














MRI SIGNAL INTENSITY






Standard Against Which to Measure Signal Intensity


In contrast to the Hounsfield unit scale for CT there is no standard normalization of MR signal intensity that is in common use, and thus there is no absolute reference scale with which to quantify lesion intensity. Intensity is interpreted only through direct visual comparison with surrounding tissues. Such a comparison requires the application of a display window with suitable window width and level, set manually to visually facilitate interpretation rather than on absolute parameters as on CT. Similar to CT, however, the relative T1, T2, and T2* signal intensity of lesions is best described in reference to normal gray or white matter in the brain, CSF in the extra-axial spaces or surrounding the spinal cord, or fat, muscle, or marrow outside the skull or spinal column.









Alternate Nomenclature


The following terms are used to describe MR signal intensity:




• Lesions that are brighter than the tissue of reference are referred to as T1 hyperintense or T2 hyperintense, depending on the dominant contrast weighting of the image. Because shorter T1 and longer T2 values yield higher signal intensities on T1- (T1W) and T2-weighted (T2W) images, hyperintensity can also be referred to as T1 shortening and T2 prolongation, respectively.


• Lesions that are less bright than the tissue of reference are designated T1 hypointense or T2 hypointense, or alternatively as causing relative T1 prolongation or T2 shortening, respectively.


• Lesions not discerned separately from surrounding structures are termed T1 isointense or T2 isointense, depending on the image weighting.


• Lesions that characteristically follow the signal intensity of gray matter, white matter, or CSF on all pulse sequences are described as being isointense to one of these tissues.












T1 versus T2 versus T2*


MR signal intensity is a complicated function of proton density (PD), T1 relaxation, T2 relaxation, magnetic susceptibility, and scan parameters, including flip angle, echo time (TE), and repetition time (TR). Proton density contributes to the signal intensity with all pulse sequences. Unless explicit water or fat saturating pulses are applied, the highest signal intensities in any MR image arise from proton-rich voxels containing water and/or fat. Air and cortical bone produce the low signal intensities in an image. Images obtained with long TR/short TE sequences are weighted predominantly by PD. However, because the concentration of protons is nearly homogeneous across different soft tissues, PD by itself does not usually provide appreciable tissue contrast. Two notable exceptions are in distinguishing between solid and cystic masses with high T2 signal intensity, where fluid tends to have low intensity on PD-weighted (PDW) images and solid lesions typically have high intensity, and the identification of chemical shift artifact, which signals the presence of fat. Differences in the values of T1 and T2 otherwise provide the dominant mechanism for soft tissue contrast, so that T1W and T2W images play a greater diagnostic role in MRI.


T1 (or spin-lattice) relaxation is the process by which protons return to their normal equilibrium magnetization in a static magnetic field after excitation by a radiofrequency pulse. In their return to the equilibrium state, protons exchange excess energy with the magnetic “lattice” of neighboring molecules. The value of T1 is a measure of the time that is required for spins to return to 63% of their baseline magnetization and is primarily determined by the size of the molecule to which spins are bound. Whereas macromolecules like proteins are subject to greater inertial forces in a magnetic field and thus have short T1 times, small molecules such as unbound water equilibrate rapidly and have long T1 times. On T1W images, tissues with large T1 have low signal intensity and tissues with short T1 have high signal intensity.


In contradistinction to T1, T2 (spin-spin) relaxation reflects the loss of magnetization that occurs as neighboring excited protons exchange energy not with the lattice but rather with one another. Protons excited by a radiofrequency pulse generate small magnetic fields that interfere with the normally homogeneous magnetic field on the molecular level. The microscopic inhomogeneities in magnetic field induced by differences in neighboring nuclei cause spins that were initially precessing in synchrony to lose coherence. The resulting loss of magnetization is quantified by the value of T2, which determines the length of time in which 37% of the magnetization is lost through this exchange of energy. On T2W images, tissues with large values of T2 have high signal intensities and tissues with short values of T2 have low signal intensity.


Nominal values for the T1 and T2 relaxation times of different tissues at 1.5 T and at 3.0 T are given in Table 3-3. Because the strength of the magnetic field of the lattice increases with the applied static magnetic field, T1 relaxation times increase gradually with magnetic field strength.12,13 Normally, T2 values are much smaller than T1 values (and T2* values are much smaller than T2 values). Values of T2 are less dependent on field strength and range from 40 to 120 ms for most tissues, except in fluids with significant numbers of unbound protons such as CSF and blood where T2 values are normally up to 2700 ms.




TABLE 3-3 

T1 and T2 Values* of Tissues at 1.5 T and 3.0 T
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Quantitative measurement of T1 and T2 can be done using specialized pulse sequences, but the longer imaging times required render these measurements of little value in practice. Instead, the different T1 and T2 characteristics of tissues are inferred by imposing deliberate T1- or T2-weighting on the acquired images. By choosing shorter values for the TR and TE of a spin-echo sequence or through the use of an inversion recovery technique, images with predominantly T1 weighting can be obtained. Long-TR/long-TE spin-echo sequences result in predominantly T2 weighting. Thus, through the judicious choice of scan parameters, the values in Table 3-3 impose characteristic signal intensities in images of the brain. CSF appears dark on T1W images but is very bright on T2W images. Because it has a longer T1 relaxation time in the adult brain, gray matter is normally hypointense relative to white matter on T1W images. In contrast, gray matter typically has greater signal intensity than white matter on T2W images in the adult brain. The signal intensities of gray and white matter depend on the stage of myelination in the developing brain, such that the normal gray matter/white matter relationship is reversed in the newborn. As with CT, inspection of both T1W and T2W images of the brain and spinal cord should show well-defined boundaries between gray and white matter. The identification of abnormalities requires the detection not only of focal variations in signal intensity but also of any effacement of the normal gray matter/white matter interfaces.


In general, T1 and T2 are heavily influenced by the viscosity of tissue. Tissues closer to fluid phase than solid phase have higher values of T1 and T2 and thus lower signal intensity on T1W images and higher signal intensity on T2W images. However, there are several circumstances when lesions on T2W images are solid, and it is not uncommon for lesions with low T2 signal intensity to represent fluid. When protons are bound to large molecules such as lipids or proteins they have short T2 times, and when protons in water molecules are unattached, as in the CSF spaces, they have long T2 times. As noted earlier, PDW images may suggest that a structure is solid or contains fluid, because the former has high signal intensity and the latter usually has lower signal intensity. The intravenous administration of a gadolinium chelate can more reliably make the distinction between solid and liquid phase. Solid tissues that are not composed primarily of bone or calcium usually enhance when the blood-brain barrier is disrupted. Liquids or devitalized tissue such as phlegmon should not enhance except at their margins, where they may be confined by viable vascularized tissue.


As excited protons return to their equilibrium magnetization, they are also subject to a loss of coherence that results from spin dephasing by local inhomogeneities in the main magnetic field. This effect, called magnetic susceptibility, is important when long values of TE are used and provides a third mechanism for image contrast. So-called T2* contrast is superimposed on the underlying T1 or T2 contrast mechanism of the sequence and can be used to detect disruptions in the normally homogeneous main magnetic field by metal, air, blood products, or mineralization. Alterations in magnetic susceptibility are visualized as either focal signal voids within normally homogeneous parenchymal architecture or as geometric distortion of the image. Gradient-echo sequences are especially sensitive to T2* effects, particularly when longer values of TE are used. T2* weighting should be included in any examination in which the detection of small areas of calcification or hemorrhage is necessary.









Causes of Decreased Signal Intensity on T1W, T2W, and T2*W Images


The initial step in the analysis of low MRI signal intensity is to determine the predominant mechanism for tissue contrast through examination of the pulse sequence parameters or relative tissue intensities. Low signal intensity implies that an object has longer T1, shorter T2, or shorter T2* relaxation times than surrounding tissues, depending on the predominant contrast mechanism used to weight the image.


Low T1 signal intensity is by itself nonspecific, because the large majority of pathologic lesions in the brain and spinal cord have long T1 relaxation times. The analysis of T1 hypointensity can be undertaken in a similar fashion to that of CT hypodensity (and, as discussed later, of T2 hyperintensity). Low T1 signal intensity may thus herald a variety of acute and chronic disorders and must be evaluated in conjunction with local mass effect and normal anatomy to determine whether it indicates the presence of edema, fluid collections, demyelination, and solid mass lesions (Fig. 3-13). In general, T1 prolongation is characteristic of fluids, cystic lesions, and solids. Fluid and cystic components of solid lesions commonly have very long T1 relaxation times and are thus seen to have signal intensity that approaches that of CSF on T1W images. Solid lesions including tumors and fibrosis also typically exhibit intermediate T1 signal between that of fluid and normal brain or soft tissue. The T1 signal intensity of protein-containing structures such as mucoceles is low at small protein concentrations and gradually increases with higher concentrations and then falls again at even higher concentrations.14 Low T1 signal can also be observed with flowing blood, hemosiderin, and calcification.
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FIGURE 3-13 T1 hypointensity, a nonspecific finding, is found in the large majority of pathologic lesions in the brain and spinal cord. A, Peritumoral vasogenic edema. Extensive, confluent white matter T1 hypointensity (asterisk) represents vasogenic edema in this patient with left frontal glioblastoma multiforme. B, Cerebral abscess. Round, hypointense parenchymal abscess (asterisk) with surrounding hypointense vasogenic edema (arrows). Contrast-enhanced and diffusion-weighted imaging will help confirm the diagnosis. C, Demyelination. Multifocal T1 hypointensity within the lobar white matter (arrows) and corpus callosum (arrowhead) are characteristic of demyelinating disease, as in this patient with long-standing symptoms of multiple sclerosis.




Low T2 signal intensity is characteristic of fat, tumors, fibrosis, certain blood products, mineralization, and gadolinium chelates in high concentrations. Lipid-containing lesions such as lipomas and dermoid cysts are suggested by relatively low T2 signal intensity in areas that have simultaneously high T1 signal intensity. Other intra-axial tumors are often seen as areas of relatively low T2 signal intensity surrounded by high-intensity vasogenic edema (Fig. 3-14). Tumors of high cellularity that have high density on CT images such as lymphoma, medulloblastoma, and other small round blue cell tumors are characterized by a relatively low signal intensity on T2W images. Meningiomas are often T2 hypointense, in part related to calcification and high fibrous content. Mature fibrosis with collagenous tissue, a common host response to prior surgery or trauma of tissue outside the CNS, has characteristic low T1 and T2 signal intensity. In contrast to other causes for T2 hypointensity, mature fibrosis is often seen to enhance in post-gadolinium T1W images. This can be useful, for example, in differentiating between recurrent disc herniation and scarring in the postoperative spine.





[image: image]

FIGURE 3-14 Tumors characterized by low T2 signal. A, Lymphoma. Relatively T2 hypointense mass in the right frontal lobe white matter (arrowheads) with surrounding hyperintense vasogenic edema. B, Medulloblastoma. Central T2 hypointensity (arrow) within this posterior fossa mass enhanced avidly on postcontrast imaging, excluding the possibility of hemorrhage and/or calcium causing the low T2 signal. C, Meningioma. Large extra-axial mass, again demonstrating relative T2 hypointensity. In the case of meningioma, the T2 hypointensity is likely due to a combination of tumor calcification and high fibrous content.




Hemorrhage has a complex temporal evolution in both T1 and T2 signal intensity. Both acute and chronic hemorrhage can be T2 hypointense. Shortly after hemorrhage occurs there is a shift in the oxygen dissociation curve of hemoglobin that causes oxyhemoglobin molecules to deoxygenate. Deoxyhemoglobin is highly paramagnetic and leads to a loss of MR signal intensity through its high magnetic susceptibility. Within the first week, however, the host inflammatory response causes deoxyhemoglobin within red blood cells within a hematoma to oxidize to methemoglobin, which has both high T1 and T2 signal intensity. This process typically starts at the margins of the hemorrhage, where phagocytic cells first encounter deoxygenated blood cells. Ultimately, metabolism of the blood cells by phagocytes results in resorption of fluid and protein. In this chronic stage of hematoma evolution, unbound iron released by the phagocytosis of methemoglobin is captured by hemosiderin molecules, which are insoluble in water and unable to cross the blood-brain barrier. The final residual of hemorrhage, the hemosiderin “stain” around the margins of the resorbed hematoma, has high iron content that appears dark on T2W images and gradient-echo images owing to magnetic susceptibility.


Decreased signal intensity on images sensitive to magnetic susceptibility indicates the presence of mineralization, blood products, or gadolinium chelate in high concentrations. These substances produce local disruptions in an otherwise homogeneous main magnetic field and give rise to signal voids on heavily T2*W images. T2*W imaging is especially sensitive for detection of hemosiderin and ferritin, the final products of hemoglobin metabolism that may be the only evidence for prior hemorrhage (Fig. 3-15). The presence of low T2* signal intensity on these images can be especially useful in suggesting the presence of small mineral deposits or blood products that would be otherwise undetectable on standard T1W or T2W imaging. Parenchymal microhemorrhages are most commonly the result of chronic hypertension and amyloid angiopathy, the latter suggested by sparing of the deep gray nuclei and predominant distribution within the subcortical white matter of the frontal and parietal lobes. Cavernous malformations and post-traumatic shear injury can produce a similar pattern of punctate foci of low T2* signal. Less common causes for cerebral microhemorrhage on gradient-echo imaging include cerebral embolism, vasculitis, hemorrhagic micrometastasis, and radiation vasculopathy.15,16
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FIGURE 3-15 T2* hypointensity. The appearance of T2* hypointensity is due to magnetic susceptibility, increasing sensitivity to blood products at various stages of evolution. A, Amyloid angiopathy. Scattered T2* hypointense foci due to repeated microhemorrhages are characteristic but not diagnostic of this disease. B, Multiple cavernomas. Dominant mass centered posterior to the left ventricular trigone with peripheral T2 hypointensity, in conjunction with smaller hypointense lesions within the supratentorial white matter. C, Superficial siderosis. Diffuse T2* hypointensity “staining” the leptomeninges of the pons and vermis, owing to repeated hemorrhage in this patient with a spinal cord ependymoma.











Causes of Increased Signal Intensity on T1W, T2W, and T2*W Images


The identification of intrinsic high signal intensity within a lesion on T1W images raises a limited group of diagnostic considerations and usually implies the presence of lipid, methemoglobin, melanin, or proteinaceous fluid.17 Lipid protons have short T1 relaxation times and may be uniquely identified when T1 hyperintensity is seen in association with chemical-shift artifact (Fig. 3-16). Lipid is characteristic of intracranial and spinal lipomas, dermoid cysts, surgical fat packing, and, rarely, lipomatous degeneration within tumors such as meningioma. Methemoglobin is a common cause of intrinsic T1 shortening that may be seen in the course of extra-axial, intraparenchymal and intraventricular hemorrhage, hemorrhagic infections and tumors, and vessel thrombosis. Gyriform high T1 signal is specific for cortical laminar necrosis, a finding that should suggest subacute infarct when it conforms to a vascular distribution. Interestingly, the mechanism of T1 shortening in laminar necrosis remains unclear. While initially believed to be the result of hemorrhagic infarction, histopathologic studies have failed to confirm the presence of methemoglobin and it is more likely the result of early reactive gliosis and deposition of fat-laden macrophages.18
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FIGURE 3-16 Intrinsic T1 hyperintensity due to blood and fat. A, Intraparenchymal hematoma. Typical appearance of T1 hyperintensity from methemoglobin. B, Laminar necrosis. Gyriform T1 hyperintensity secondary to subacute left middle cerebral artery infarct. C, Ruptured dermoid cyst. T1 hyperintensity is demonstrated within the mass (T), layering within the ventricles (asterisks), and within the sylvian and interhemispheric fissures. D, Lipoma. Characteristic T1 hyperintensity along the superior margin of the corpus callosum (arrows).




Melanin is thought to reduce parenchymal or leptomeningeal T1 signal through a combination of paramagnetic free radicals in melanin and paramagnetic metal scavenging by melanoma cells. High T1 signal due to melanin is characteristic of melanoma and intracranial deposits of melanin in the phakomatosis neurocutaneous melanosis. Metastatic melanoma, while often hemorrhagic, often demonstrates high T1 signal even in the absence of hemorrhage unless the metastases are amelanotic18 (Fig. 3-17). Both melanoma metastases and melanin deposits in neurocutaneous melanosis may be expected to enhance with administration of gadolinium. T1 shortening can also result from the interaction of water molecules with surrounding macromolecular proteins. Colloid cysts, Rathke’s cleft cysts, craniopharyngiomas, and mucoceles may all contain proteinaceous fluids that demonstrate high intrinsic T1 signal. The posterior pituitary normally has intrinsic high T1 signal, most likely the result of proteins or phospholipids concentrated in this portion of the gland.
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FIGURE 3-17 Intrinsic T1 hyperintensity due to melanin, proteinaceous fluids, and vasopressin. A, Orbital melanoma. Homogeneous T1 hyperintensity (asterisk) related to high melanin content within the globe in this patient with orbital melanoma. B, Neurocutaneous melanosis. T1 shortening within the mesial temporal lobes bilaterally (arrows) in a patient with a large dorsal cutaneous nevus on physical examination. C, Rathke cleft cyst. Large, cystic mass within the sella turcica. D, Ectopic pituitary. Punctate focus of T1 hyperintensity (arrowhead) related to storage of the hormone arginine vasopressin.




Flowing blood moves unsaturated spins from outside of a slice into the imaging plane and may result in high T1 signal within vessels. This phenomenon is the basis of flow-related enhancement in time-of-flight MR angiography techniques. Phase artifacts from circulating blood can also give rise to flow ghosts that, when superimposed on normal tissue, produce spurious T1 hyperintensity. Certain paramagnetic cations cause T1 hyperintensity in tissues. Specifically, intravenously administered gadolinium chelates at low concentrations and superparamagnetic iron oxide (SPIO) particle contrast agents deliberately exploit this property to enhance the signal intensity of the blood pool. Concentrations of particulate calcium up to 30% can reduce T1 relaxation times through a surface relaxation mechanism.19 Finally, manganese deposition from hepatic cirrhosis, parenteral nutrition, or industrial exposure is a rare cause for T1 shortening within the globi pallidi and midbrain.


The differential diagnosis for high T2 signal intensity is exceedingly broad, with a similar range of abnormalities encountered in the analysis of CT hypointensity and T1 hypointensity (Fig. 3-18). Confluent T2 hyperintensity in white matter may indicate edema or gliosis and may thus be a feature of both acute and chronic disease. High T2 signal should thus always be interpreted in conjunction with the presence or absence of local mass effect, because edema is often a secondary phenomenon associated with a mass or hemodynamic changes and gliosis is characterized by regional loss of parenchymal volume. Of note, although characteristic of liquids, T2 hyperintensity is also common to most brain tumors. To determine whether a lesion is truly cystic or necrotic it is necessary to administer gadolinium to document the absence of enhancement. Enhancement in a structure with high T2 signal intensity implies that it is vascular, and thus solid. Solid and cystic lesions with high T2 signal intensity can sometimes be differentiated by comparison with PDW images, where the former are usually bright and the latter are typically dark. Furthermore, “shading” or gravity-dependent differentials in T2 signal intensity within a lesion suggest that the lesion is cystic, as may be seen with nodal metastasis of squamous cell carcinoma.20
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FIGURE 3-18 T2 hyperintensity. Similar to hypodensity with CT, the relatively common MR finding of T2 hyperintensity has a broad differential diagnosis. A, Hashimoto’s encephalopathy. Diffuse T2 hyperintensity within the supratentorial white matter due to acute inflammation. B, Typical distribution of T2 hyperintensity in this patient with X-linked adrenoleukodystrophy. C, Juvenile pilocytic astrocytoma. T2 hyperintense tumor cyst favors this diagnosis over that of other posterior fossa tumors in the pediatric population. D, Necrotic metastases. Central T2 hyperintensity suggests necrosis and cavitation within these breast cancer metastases.














ECHOGENICITY






Standard Against Which to Measure Echogenicity


Echogenicity refers to the ability to return a signal when tissue is in the path of a sound beam and is primarily a function of density and compressibility. Density, as with CT, depends on the mass of the molecules that constitute a tissue and their relative spacing. Compressibility reflects the degree to which molecules are displaced by ultrasonic energy and is the macroscopic correlate to the adherent forces between individual molecules. These intrinsic features of a tissue are characterized together as acoustic impedance, a physical constant that represents the balance of incident acoustic energy that is transmitted through a tissue and scattered back toward the transducer. Tissues with high acoustic impedance attenuate most of the energy of the sound beam, and tissues with low acoustic impedance allow most of the energy to pass through them unhindered. Among biologic tissues, bone has the highest acoustic impedance, followed by muscle, fat, blood, water, and air. Thus, bone blocks the transmission of sound and serves as a poor acoustic window through which to evaluate deeper tissues. Echogenicity can only be adequately assessed for tissues of relatively low impedance such as muscle, blood vessels, and fluid collections. Furthermore, as impedance is proportional to the wavelength of the sound beam, high-frequency transducers are useful only for assessing structures close to the skin surface and it is necessary to use a lower-frequency transducer to interrogate deeper structures.


The relative fraction of energy transmitted and reflected at the interface between two different structures is determined by the transmission coefficient and reflection coefficients for the interface, as calculated from their acoustic impedance. A large difference in the magnitude of the impedance at an interface results in the majority of insonating energy being reflected, and smaller differences allow greater through-transmission of sound. The transmission coefficient is thus greater for air-muscle interfaces than muscle-bone interfaces. The latter produce acoustic shadows, points in the image beyond which there is no visualization of deeper tissues. Structures in the near field are thus more easily assessed than structures in the far field, which are interrogated by a sound beam of much lower energy that has been successively attenuated as it passes farther from the ultrasound transducer.


While there is some variation in the speed at which ultrasound travels through different tissues, a fixed speed of 1540 m/s is assumed by the scanner to spatially localize the source of reflected sound. As the acoustic beam encounters tissues of different impedance, velocities are altered such that returning echoes are received by the transducer at different times and have different intensities. This information, along with the values for sound wave velocities in different tissues, is synthesized to generate an ultrasound image. The intensities depicted in an ultrasound image should be interpreted as a map of the attenuation of the sound beam, modulated in the far field by the cumulative effects of sound attenuation in the near field.


Anatomic structures respond with characteristic features when insonated with an ultrasound beam. In comparison with neighboring tissues, the echo signature of bone, soft tissue, fluid, muscle, and fat can typically be uniquely distinguished. However, both the echogenicity and echotexture of a lesion are subjective rather than quantitative assessments that depend on the frequency of insonation, acoustic window, angle of insonation, and ultrasound scan parameters. In a similar approach to interpretation of cross-sectional modalities, the intensity (echogenicity) and pattern (echotexture) of echoes are usually described in reference to adjacent normal tissues.









Alternate Nomenclature


Several descriptive terms are commonly applied to the echogenicity of lesions:




• Isoechoic lesions are characterized by echogenicity that is identical to the tissue of reference, such that a lesion is not depicted separately when it is spatially contiguous with normal tissue. For example, subependymal heterotopias may be seen as solid masses along the ventricular margins that are isoechoic to gray matter.


• Hypoechoic structures such as infarcted brain appear less bright on ultrasound images than the tissue of reference, and hyperechoic (echogenic) lesions such as acute hemorrhage are brighter on ultrasound images than the tissue of reference.


• Anechoic or sonolucent structures such as CSF and cysts are characterized by an absence of internal echoes. The normal ventricular system is anechoic, as are uncomplicated cysts in the posterior fossa in the setting of Dandy-Walker malformations.





Echotexture may also aid in determining whether a lesion is solid or cystic when it is homogeneous (containing an internally uniform echo pattern) or heterogeneous (containing an internally irregular echo pattern). Homogeneous echotexture is typical of intracranial cysts and normal CSF, and heterogeneous echotexture is often found in intracranial neoplasms such as teratomas or blood products. Finally, the interaction of the sound wave with neighboring tissues is an additional diagnostic feature that may help in determining the nature of a lesion. In particular, the density of a lesion can be inferred from the degree to which it attenuates or enhances sound transmission. Dense structures such as bone and mineralization that dramatically attenuate sound cause posterior acoustic shadowing, and less dense structures such as cysts that readily transmit sound lead to posterior acoustic enhancement (enhanced through-transmission).









Causes of Decreased Echogenicity


Ultrasound imaging has found limited clinical use in routine neuroradiology, in large part due to the poor penetration of sound through the skull and spinal column. However, because bone is less dense in neonates and open fontanelles provide an acoustic window through which to insonate the brain, neurosonography is widely used in the evaluation of the neonatal brain and spine. In this setting, ultrasound is highly sensitive for the detection of intracranial hemorrhage in infants born prematurely. The different echogenicity of normal white matter, basal ganglia, and the choroidal plexus make ultrasonography useful in screening for structural anomalies, periventricular leukomalacia, and hypoxic ischemic injury in the newborn brain, albeit with less sensitivity than MRI or CT. The incompletely ossified or unfused posterior elements of the spine also provide a clinically useful acoustic window, such that ultrasound plays a role in the assessment of the spinal cord in neonates suspected of having a tethered cord or myelomeningocele. Ultrasound imaging is also used in the evaluation of vessels in the neck and skull, the latter via transcranial Doppler ultrasonography. Finally, intraoperative ultrasonography is used in some institutions by surgeons during resection of brain and spinal cord tumors, both in adults and in children.


Decreased echogenicity in the newborn brain is characteristic of intracranial cysts or prior ischemic injury. Interhemispheric cysts and posterior fossa cysts appear as circumscribed regions that are isoechoic to normal CSF and may displace adjacent normal structures. While most often incidental, intracranial cysts are often the first finding in cases of an underlying congenital anomaly, such that their identification should prompt close investigation of the corpus callosum and cerebellum, respectively, to confidently make the diagnosis of callosal agenesis or the Dandy-Walker malformation. Subependymal cysts occur along the walls of the ventricles and reflect germinolysis due to congenital infection. In the late stage of intraparenchymal hemorrhage, hypoechoic areas or cystic cavities remain in areas of hemorrhage within the brain parenchyma, particularly around the margins of the ventricular system. Useful adjunct findings with intracranial cysts include posterior through-transmission and homogeneous echotexture.


Abnormalities primary to the intracranial vasculature are an important differential consideration in the evaluation of intracranial cysts (Fig. 3-19). The echogenicity of the blood pool is determined by the mechanical aggregation of red blood cells, which is directly related to blood flow velocity and inversely related to vessel diameter.21 The internal echotexture and Doppler flow of hypoechoic or anechoic intracranial lesions should thus be carefully assessed to determine whether an apparently cystic lesion may actually represent a vascular malformation such as a dilated vein. Evaluation of the entirety of the abnormality may show hyperechoic areas that correspond to layering or flowing blood within the lesion.
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FIGURE 3-19 Vein of Galen malformation. Doppler imaging is used to confirm the vascular nature of hypo/anechoic masses. A, Gray-scale ultrasonography of the newborn brain demonstrating an anechoic, cystic-appearing mass (asterisk) located posterior to the thalamus. B, Color Doppler image demonstrating prominent flow within the “cystic” mass.




Decreased echogenicity detected in the dorsum of the lumbar spine may be a subtle finding of myelomeningocele and spina bifida. Nonfusion of the posterior elements in this case allows a portion of the spinal canal to protrude through the defect, leading to the appearance of a rounded hypoechoic lesion within the soft tissues of the back superficial to the opening. A simple myelomeningocele is often associated with characteristic features of the type 2 Chiari malformation in the brain. Sacrococcygeal teratomas may also contain hypoechoic areas and may be included in the differential diagnosis of myelomeningocele.









Causes of Increased Echogenicity


Ultrasonography of the neonatal head has high sensitivity for the diagnosis of intracranial hemorrhage, which typically originates in the germinal matrix and extends into the ventricular system. At most institutions, infants born prematurely are routinely screened for this complication at 4 to 7 days after birth. Hemorrhage confined to the germinal matrix is readily identified as asymmetric increased echogenicity in the region of the caudothalamic notch, where the absence of choroid makes blood stand out from this normal tissue (Fig. 3-20). When blood extends into the ventricular system, ultrasonography is also useful for the detection of ventriculomegaly and accompanying intraventricular hemorrhage, which usually appears as focal areas of echogenicity in close proximity to the ventricular margins. Small subdural hemorrhages, which appear as thin lenticular extra-axial collections, are common after normal vaginal delivery and are usually considered normal incidental findings.
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FIGURE 3-20 Hyperechogenicity on neonatal neurosonography. A, Grade 4 germinal matrix hemorrhage. Hyperechoic bilateral germinal matrix hemorrhages (arrowheads) with parenchymal extension on the right in a newborn born at 28 weeks’ gestation. B, Acute periventricular leukomalacia. Abnormal echogenic white matter surrounding the ventricles, more pronounced on the left (arrow) in a newborn with difficult delivery.




Acute periventricular leukomalacia can be diagnosed on ultrasound evaluation when increased echogenicity is seen within the superolateral periventricular brain parenchyma. When subtle, periventricular leukomalacia may be difficult to distinguish from the normal ring of hyperechoic white matter that surrounds the ventricles caused by the anisotropy effect of sound beam reflection from axons and vessels that emerge centripetally from the ventricles (see Fig. 3-20). When suggested by ultrasonography, this finding can be confirmed by neonatal MRI, which is diagnostic. Hypoxic-ischemic encephalopathy, in contrast, can be suggested by an overall increase in brain echogenicity or focal hyperechoic areas that conform to a vascular territory. The latter may also involve the thalami and lenticular nuclei, giving rise to more linear areas of echogenicity referred to as “thalamostriate vasculopathy.” Similar to periventricular leukomalacia, these findings can be exceedingly subtle and are best assessed using MRI.












RELATIVE SPECIFICITY OF DENSITY VERSUS SIGNAL INTENSITY VERSUS REFINING ANALYSIS BY USE OF MULTIPLE TECHNIQUES


There are certain circumstances when the complementary information about image intensity from more than one modality can be used to narrow the differential diagnosis among a longer list of considerations. For example, the MRI appearance of calcium is variable and nonspecific and the presence of calcium within a lesion may not be appreciated a priori on MRI.22,23 Small particulate calcium seen on CT as fine or punctate may be subsumed by partial volume averaging in MR images and not visualized at all. When sufficiently large, calcium deposits may give rise to signal voids on T1W or T2W imaging, but their signal intensity is sufficiently variable that they may not be readily identified in all cases. CT can be used to increase diagnostic confidence in the differential diagnosis of tumors that commonly calcify, such as meningioma, oligodendroglioma, craniopharyngioma, and choroid plexus papilloma from other noncalcified tumors (Fig. 3-21). CT should also be considered in the workup of non-neoplastic CNS disorders in which focal calcification is of diagnostic importance, including certain neoplasms and inflammatory/infectious processes such as granulomatous disease or neurocysticercosis, metabolic derangements such as Fabry’s disease, and tuberous sclerosis or Sturge-Weber syndrome.
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FIGURE 3-21 Multimodality characterization of a sellar mass (craniopharyngioma). A, Coronal T2-weighted imaging demonstrating a hyperintense mass with internal hypointense “debris” (arrowheads), suggesting the presence of blood and/or calcium. B, Sagittal gadolinium-enhanced imaging confirms the cystic nature of the lesion. Irregular enhancement of the cyst wall (arrowhead) suggests a neoplastic etiology. C, Axial, noncontrast CT confirms the presence of dense mural calcium, consistent with the diagnosis of craniopharyngioma.




CT has far greater accuracy than MRI in the evaluation of most disease in or around the bones of the skull or spinal column. When MRI is the first study obtained in a patient with a benign or malignant lesion primary to bone, signal intensity on T1W and T2W images may not be sufficiently specific to arrive at a specific diagnosis. For example, the developmental disorder fibrous dysplasia leads to replacement of normal cancellous bone by immature osseous matrix and fibrous stroma. This has a nearly pathognomonic radiographic or CT appearance but has a variable appearance on MRI that may not be easily recognized (Fig. 3-22).24 Concomitant T1 and T2 hypointensity, which is characteristic of fibrous tissue, is not usually seen in the entity. Instead, the majority of these lesions are isointense to muscle on T1W images and heterogeneously hyperintense on T2W images. Because identical imaging features can be found in malignant tumors of the brain or surrounding bones, plain film radiographs or CT should be considered when the MRI appearance is equivocal.
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FIGURE 3-22 Fibrous dysplasia. CT versus MRI characterization of bone lesions. A, Axial gadolinium-enhanced imaging demonstrating a enhancing lesion at the right orbital apex (asterisk). The list of differential considerations would include both neoplastic and inflammatory processes. B, Noncontrast CT demonstrates the bony origin of the lesion, with the characteristic “ground-glass” appearance (asterisk) of fibrous dysplasia.




MRI may be particularly misleading in the evaluation of fluid collections. For example, the signal intensity of mucus contents within an obstructed paranasal sinus or mucocele depends on the relative protein content. On T1W images, fluid within a sinus is characteristically T1 hypointense. When the protein concentration exceeds roughly 25%, there is a T2-shortening effect that renders these inspissated secretions occult on T2W images. Furthermore, the diagnostic features of sinus expansion and osseous thinning are not easily recognized on MRI. To confidently diagnose the entity of a proteinaceous mucocele, CT should be obtained and correlated with the MRI findings, because the typical bony remodeling is readily visualized on CT (Fig. 3-23).
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FIGURE 3-23 Dark mucocele. Highly proteinaceous mucus within an obstructed sinus may be hypointense on both gadolinium-enhanced T1W (A) and fat-suppressed T2W (B) images, such that this mucosal disease of the paranasal sinuses may be overlooked on routine MRI. CT images at bone (C) and soft tissue (D) windows readily demonstrate relatively hyperdense material within an expanded, remodeled sphenoidal sinus, consistent with a mucocele.











ANALYSIS


A sample formal imaging report is presented in Box 3-1 in which the description of how signal intensity and density are analyzed should lead the reader to the correct clinical diagnosis of craniopharyngioma. This report refers to the imaging example provided in Figure 3-21.





BOX 3-1 Sample Report: MRI of the Brain






PATIENT HISTORY


An 8-year-old boy presented with gradual onset of headaches and loss of vision over a 6-month period.









COMPARISON STUDY


Head CT was done a week earlier.









TECHNIQUE


Axial and sagittal T1W spin-echo, coronal T2W fast spin-echo, axial T2W FLAIR, coronal gradient-echo, and post-gadolinium axial and sagittal T1W spin-echo imaging of the brain performed at 1.5 T.









FINDINGS


There is a 2.4 × 1.2-cm circumscribed mass centered within both the sella and suprasellar cistern that is both solid and cystic. The lesion shows predominantly high T2 and low T1 signal intensity but contains several discrete areas of low T2 and high T1 signal that are consistent with blood products and/or proteinaceous debris. Thin peripheral linear areas of low intensity on T2W images correspond to susceptibility artifact on gradient-echo images, consistent with calcification as demonstrated on recent head CT.


Secondary enlargement of the sella is present, along with upward displacement of the overlying optic chiasm and flattening of an otherwise normal-appearing pituitary gland. The mass does not appear to involve the cavernous sinuses, and the normal flow voids of the internal carotid arteries are preserved. There is no reactive edema within the brain adjacent to the lesion, and although portions of the mass lie just below the foramen of Monroe there is no ventriculomegaly to indicate hydrocephalus.


On administration of gadolinium, the lesion shows several internal nodular areas of enhancement and demonstrates linear enhancement at its periphery. There is no suspicious enhancement of the brain parenchyma or leptomeninges.









IMPRESSION


This suprasellar solid and cystic mass is most consistent with craniopharyngioma, given the presence of internal T1 shortening, cyst wall enhancement, and calcification. Because the lesion is separate from the pituitary gland, this is unlikely to represent a hemorrhagic pituitary adenoma. The presence of calcification and internal solid enhancement also makes Rathke’s cleft cyst and simple arachnoid cyst unlikely.














KEY POINTS







[image: image] Density, signal intensity, and echogenicity should be analyzed first in terms of location within gray matter, white matter, CSF spaces, bones, or elsewhere within the brain or spinal cord.


[image: image] CT number is an absolute measurement of density, but signal intensity on MRI and echogenicity in ultrasonography are relative and should be interpreted in reference to adjacent tissues.


[image: image] A suitable display window should be applied to both CT and MR images to detect subtle changes that may otherwise not be easily discerned.


[image: image] The intensity analysis of a lesion should initially focus on the lesion itself to determine its cause, but secondary changes in the intensity of adjacent tissues may provide additional clues.
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CHAPTER 4 Analysis of Mass Effect




Ellen E. Parker





Lesions or processes that cause compression, distortion, and/or displacement of intracranial contents may be said to have “mass effect.” One important concept to understand is that mass effect is a manifestation on imaging of various intracranial processes (including tumor, hemorrhage, ischemia, and trauma) and not a diagnosis in itself. An analogy to clinical medicine is that vertigo is not a diagnosis in itself but rather a symptom with multiple possible underlying causes (such as posterior fossa infarct or vestibular abnormality). Detection and characterization of mass effect is a fundamental skill of neuroradiology. Accurate characterization of mass effect helps to precisely define the location of a lesion, which is crucial to forming an accurate differential diagnosis. In addition to diagnostic value, detection and prompt reporting of mass effect is also of great importance to the care of patients, especially those with life-threatening herniation. The goal of this chapter is to introduce key concepts and methods of analysis of mass effect to the beginning radiologist.


Prior to the advent of cross-sectional imaging, intracranial masses were localized and characterized by catheter angiography or other invasive techniques such as pneumoventriculography, pneumocisternography, and metrizamide ventriculography/cisternography.1,2 CT and MRI are now the modalities of choice for evaluation of intracranial space-occupying lesions. Catheter angiography is now largely reserved for further characterization of and therapy for vascular intracranial lesions (e.g., preoperative evaluation and embolization of meningioma).


Although analysis of mass effect may be quantitative (e.g., measurement in centimeters of midline subfalcine herniation), mass effect is usually described in qualitative terms (e.g., severity of ventricular compression, hydrocephalus, sulcal effacement, obliteration of basal cisterns, or local tissue pressure effects).


Mass effect may be due to direct displacement of intracranial contents by discrete space-occupying lesions, such as benign and malignant neoplasms, non-neoplastic masses (e.g., arachnoid cyst), localized hemorrhage, or abscess. Mass effect may also be caused by brain swelling or edema. The pathophysiology of abnormal accumulation of fluid within the brain parenchyma is complex.3 Edema may be described in terms of etiology (osmotic, hydrostatic, hyperemic), microscopic location (extracellular or intracellular), or macroscopic anatomic location (e.g., gray matter vs. white matter). In simple terms based on physical location with regard to cell membranes, brain edema may be classified as vasogenic (extracellular) or cytotoxic (intracellular). Although these two descriptors of edema in reality often coexist and are not mutually exclusive, cerebral edema, on imaging, is often described as one or the other. In simple terms, cytotoxic edema demonstrates reduced diffusion (reduced apparent diffusion coefficient [ADC]) whereas vasogenic edema does not (normal or increased ADC). Cytotoxic edema is more prominently found in gray matter, whereas vasogenic edema is more prominent in white matter. The causes of cerebral edema are myriad. Examples include regional cytotoxic edema due to ischemic infarct, local or regional vasogenic edema associated with tumor or infection, post-traumatic edema, and generalized cerebral edema due to diffuse insult such as hypoxia/ischemia.4


According to the Monro-Kellie hypothesis, the intact calvaria creates a fixed intracranial space5 that under normal conditions contains (1) brain (and its meningeal coverings), (2) blood (within vessels and dural venous sinuses), and (3) cerebrospinal fluid (within the subarachnoid space and ventricles).6 Although the pathophysiology of intracranial pressure/volume relationships is indeed much more complex,7 this basic understanding of the Monro-Kellie hypothesis is sufficient for the beginning radiologist. A corollary to this hypothesis for the radiologist is that under normal conditions the intracranial contents demonstrate a clearly defined midline with bilateral symmetry. Any disruption of this normal equilibrium (e.g., a space-occupying lesion and/or edema) may change the appearance of the contents of the intracranial space.


There are many factors contributing to mass effect. Some slow-growing large lesions may exhibit virtually no mass effect, whereas some small lesions may incite a surprisingly dramatic response.






ANATOMY


The discussion of analysis of mass effect may begin with a review of basic anatomic principles. Figure 4-1 presents a diagrammatic representation of the principles discussed here.





[image: image]

FIGURE 4-1 Key anatomic concepts for discussion of mass effect.








Brain Parenchyma: Gray and White Matter


The parenchyma of the brain may be divided into gray matter, consisting of unmyelinated neurons, and white matter, consisting of myelinated axons. The cortical mantles as well as deep nuclei of the cerebrum and cerebellum are composed of gray matter. White matter is characteristically located deep to the cortex and may be further described by location: subcortical, deep, and periventricular. The ventricles are lined by ependyma.









Meninges


The brain is held in place by the tough inelastic dura mater (also called meninx fibrosa or pachymeninx [plural, pachymeninges]), which under normal conditions is adherent to the periosteum of the inner surface of the calvaria. Reflections of the dura mater create fixed compartments within the intracranial space (Fig. 4-2). Named for its crescentic shape (L. falx, “sickle”), the falx cerebri separates the cerebral hemispheres along the interhemispheric fissure. The cerebrum and cerebellum are separated by the tentorium cerebelli (L. tentorium, “a shelter made of stretched skins”). The brain stem traverses an opening of the tentorium called the tentorial incisura (or hiatus).
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FIGURE 4-2 Gross specimen with dura retained in place to illustrate the falx cerebri and tentorium cerebelli.


(From Thibodeau GA, Patton KT. Anatomy and Physiology, 4th ed. St. Louis, Mosby, 1999, p 376.)





The delicate pia mater and arachnoid mater comprise the leptomeninges, which cover the superficial cortical surfaces of the brain. The pia mater, adherent to the brain surface, follows the convolutions of the sulci and gyri. The arachnoid mater, external to the pia mater, covers the brain surface but follows the dural contours (i.e., it does not extend into the gyri and sulci). The reticulated inner surface of the arachnoid mater has fibers that intermingle with the surface of the pia. Free-flowing cerebrospinal fluid (CSF) is found in the subarachnoid space between the arachnoid mater and pia mater. Under normal conditions, the smooth outer surface of the arachnoid mater, overlying dura mater, and calvarial periosteum are in close approximation to each other with no discernible separation (i.e., the “subdural space” and “epidural space” are collapsed potential spaces).8


Localization as intra-axial or extra-axial is arguably the critical first step in evaluation of intracranial lesions.









Intra-axial versus Extra-axial


Lesions located within the brain parenchyma are termed intraparenchymal or intra-axial. It may be helpful for purposes of forming a differential diagnosis to further localize lesions with respect to gray and white matter. Lesions located external to the brain parenchyma are termed extra-axial.


Clues to the extra-axial location of a tumor (Fig. 4-3) may include displacement of pial vessels subjacent to the mass, buckling of the gray matter/white matter junction, widening of the adjacent subarachnoid space, a “cleft” of CSF between the brain parenchyma and the mass, a wide base along the dural or calvarial surface, and changes within the adjacent bone such as hyperostosis associated with meningioma (Fig. 4-4) or smooth scalloping associated with epidermoid (Fig. 4-5).9,10





[image: image]

FIGURE 4-3 Clues to extra-axial location of a mass.


(From Grossman RI, Yousem DM [eds]. Neuroradiology Requisites. St. Louis, Mosby, 2004, p 275.)
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FIGURE 4-4 Posterior fossa meningioma in a 45-year-old woman with chronic headaches. A, Noncontrast CT (NCCT) demonstrates hyperostosis of the adjacent right occipital bone as well as calcification/ossification of the mass. B, Suggestion of hyperostosis and calcification (T1 lengthening) is evident on sagittal T1W precontrast MR image.
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FIGURE 4-5 Posterior fossa epidermoid in a 40-year-old woman with palpable left occipital mass. Axial T1W noncontrast image demonstrates a heterogeneous extra-axial mass extending through the calvaria, with smooth scalloping of bone margins.




Extra-axial lesions may be further characterized by their relationship to the meninges. Depending on the nature of the pathology, different descriptions for subdivisions of the extra-axial space may be used. Extra-axial intracranial hemorrhage may be described as subarachnoid, subdural, epidural, or intraventricular. Extra-axial intracranial masses are often described as intradural (rarely are they subdivided into subdural or subarachnoid categories), extradural, or intraventricular.


The subarachnoid space, between arachnoid and pia, normally contains CSF. The subarachnoid space (SAS) may be subdivided into the peripheral SAS and the basal cisterns. Subarachnoid hemorrhage may present as high density within these CSF spaces (Fig. 4-6). The subdural space, between dura and arachnoid, is normally a potential (collapsed) space. Subdural hematoma results from accumulation of blood products between the dura and arachnoid (Fig. 4-7). The dura is normally adherent to the periosteum of the inner table. Hematomas accumulating between the dura and periosteum are termed epidural or extradural (Fig. 4-8).
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FIGURE 4-6 Acute subarachnoid hemorrhage in a 61-year-old woman with acute onset of headache and neck pain. NCCT demonstrates high density within the subarachnoid space, generalized cerebral edema with effacement of sulci, and early hydrocephalus with prominence of the temporal horns.
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FIGURE 4-7 Subdural hematoma in a 63-year-old man with altered mental status. NCCT demonstrates left holohemispheric crescentic mixed density fluid collection with compression and displacement of subjacent brain and effacement of sulci. On the right there is minimal dural thickening, but the dura is closely approximated to the calvarial periosteum.







[image: image]

FIGURE 4-8 Acute epidural hematoma in a 6-month-old male infant with vomiting after a fall from a bed. A and B, NCCT of the brain reveals biconvex hyperdense hematoma with central low density overlying a subtle nondisplaced fracture of the squamous portion of the left temporal bone. Note normal appearance of the patent coronal and lambdoid sutures.




The intraventricular space (IVS) may also be considered a subdivision of the extra-axial compartment. The IVS contains CSF and choroid plexus and is lined by ependyma (in contrast to the peripheral SAS, which is lined by pia and arachnoid). Figure 4-9 demonstrates an intraventricular meningioma. CSF communicates between the IVS and SAS via the foramen of Luschka and choroid fissures.
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FIGURE 4-9 Intraventricular meningioma in a 73-year-old woman with headache. Preoperative 3D FSPGR post-gadolinium MR image demonstrates an enhancing intraventricular mass, with subtle expansion of the trigone of the left lateral ventricle. Note subtle anterior displacement and enhancement of the choroid plexus.














TYPES OF HERNIATION


Under normal conditions, the brain rests within various compartments created by the rigid dural reflections just described. Brain swelling (cerebral edema) and/or discrete space-occupying lesions (e.g., tumor, hemorrhage) can cause parts of the brain at the margins of these dural reflections to be forced into another compartment. Damage to brain tissue may occur as a result of direct pressure of the herniating part against the dura, as a result of the herniating part causing pressure on another brain part (e.g., brain stem), or as a result of vascular damage as vessels are compressed.10–12 Prompt reporting of herniation may literally save a patient’s life.


There are five classic descriptive patterns of herniation10 (Fig. 4-10). Although these patterns are described as separate entities, different types of herniation may coexist in any given patient. In addition, please note that descriptions of these herniation syndromes slightly vary among authors.




1. Subfalcine herniation occurs when supratentorial mass effect is directed medially, causing the cingulate gyrus to shift below the falx cerebri. This is often reported as “midline shift” on CT examinations. The anterior cerebral arteries and internal cerebral veins may be compressed, causing infarcts. If the foramen of Monro is compressed, obstructive hydrocephalus involving one or both lateral ventricles may occur. This is often referred to as “entrapment” of the lateral ventricle(s). The lateral ventricle ipsilateral to the mass effect may be compressed (Fig. 4-11).


2. Central caudal transtentorial herniation occurs when supratentorial mass effect displaces the structures of the diencephalon (including the thalamus) and midbrain inferomedially. Obstructive hydrocephalus of the lateral and third ventricles may occur. Duret’s hemorrhage, almost invariably an ominous sign, may occur within the midbrain and pontine tegmentum, presumably due to compression and shearing of perforating arterioles (Fig. 4-12).13 Caudal transtentorial herniation usually occurs in the setting of bilateral uncal herniation.


3. Temporal lobe (uncal) herniation occurs when supratentorial mass effect displaces the temporal lobe medially and inferiorly over the medial free edge of the tentorium. (Note that some authors refer to this displacement of the uncus as “descending transtentorial herniation,” not to be confused with central caudal transtentorial herniation of the thalamus and midbrain.) Uncal herniation may cause compression of the oculomotor nerve (cranial nerve III) with resultant ipsilateral pupillary dilatation, compression or occlusion of the posterior cerebral and anterior choroidal arteries leading to ischemic infarct in these territories, and midbrain compression. The suprasellar and perimesencephalic cisterns may be effaced (Fig. 4-13).


4. Superior vermian transtentorial herniation occurs when mass effect within the posterior fossa causes superior displacement of the vermis through the tentorial incisura, obliterating the superior vermian and quadrigeminal cisterns (Fig. 4-14). The midbrain and pons may be compressed. Obstructive hydrocephalus (typically involving the lateral and third ventricles) may occur if the cerebral aqueduct or fourth ventricle is compressed.14,15


5. Cerebellar (inferior tonsillar) herniation most commonly occurs when mass effect within the posterior fossa causes inferior displacement of the cerebellar tonsils through the foramen magnum (Fig. 4-15). This may cause compression of the cervicomedullary junction.16 Mass effect within the posterior fossa may also cause compression of the fourth ventricle, with resultant obstructive hydrocephalus (typically involving the lateral and third ventricles). If the posterior inferior cerebellar arteries are compressed, cerebellar infarcts may occur.
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FIGURE 4-10 Herniations of the brain. A, Sagittal diagram of cerebellar herniation with the upper arrow demonstrating upward herniation of the superior cerebellum and superior vermis and the lower arrow demonstrating tonsillar and inferior vermian herniation. B, Coronal diagram, from the top downward, subfalcine herniation, central transtentorial herniation, downward transtentorial temporal lobe herniation and tonsillar herniation. Lines of force are demonstrated by the arrows. Note the pressure on the brain stem from these herniation patterns.


(From Grossman RI, Yousem DM. Neuroradiology Requisites. St. Louis, Mosby, 2004, p 261.)
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FIGURE 4-11 Subfalcine herniation due to right middle cerebral artery infarct with hemorrhagic transformation in a 34-year-old man. Note compression of ipsilateral lateral ventricle and dilatation of the contralateral lateral ventricle due to entrapment.
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FIGURE 4-12 Duret’s hemorrhage, due to compression or shearing of perforating arterioles with caudal transtentorial herniation, in an 80-year-old woman with altered mental status and blown right pupil. Also note traumatic left subdural hematoma and obstructive hydrocephalus.
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FIGURE 4-13 Isolated left uncal herniation due to glioblastoma multiforme in a 57-year-old man initially presenting with seizure. Effacement of the left perimesencephalic cistern and left aspect of the suprasellar cistern is apparent on NCCT (A) but is more conspicuous on MRI (B and C). Axial T2 MR image (B) more clearly shows the extent of mass-like T2 prolongation. Axial T1 FSPGR postcontrast image (C) shows the relatively small focus of enhancement in the setting of a much larger nonenhancing abnormality.
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FIGURE 4-14 Superior vermian transtentorial herniation due to posterior fossa epidural hematoma in a 57-year-old woman with new-onset somnolence and remote history of breast cancer. A, Axial FLAIR image demonstrates effacement of the superior vermian and quadrigeminal cisterns, with compression of the dorsal pons. B, Sagittal T1W MR image demonstrates the epidural hematoma as well as the cisternal effacement.
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FIGURE 4-15 Bilateral cerebellar tonsillar herniation due to choroid plexus papilloma in a 20-year-old woman presenting to the emergency department with headache. A, NCCT demonstrates crowding of the foramen magnum. B, Coronal FLAIR image shows downward displacement of the cerebellar tonsils due to a mass within the fourth ventricle.




Other types of herniation include transalar herniation and transcalvarial herniation.12 Transalar (L. for “across the wing”) refers to displacement of brain across the sphenoid wing or ridge. Transalar herniation may be “descending,” involving posteroinferior displacement of the frontal lobe, with possible compromise of the middle cerebral artery, or “ascending,” involving anterosuperior displacement of the temporal lobe, with possible compromise of the supraclinoid internal carotid artery. Transcalvarial (also known as external calvarial, extracranial, or extracalvarial) herniation occurs in the presence of an acquired, or much less commonly congenital, cranial defect, usually in the setting of a decompressive craniectomy (Fig. 4-16).
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FIGURE 4-16 Transcalvarial herniation after decompressive craniectomy to relieve increased intracranial pressure due to left parietal venous infarct in a 19-year-old woman with postpartum dural venous sinus thrombosis. This type of herniation has sometimes been described as “fungal” owing to its mushroom-like appearance.











TECHNIQUES


Numerous techniques are available for detection and characterization of mass effect. The two primary imaging modalities, CT and MRI, are discussed here. Each modality has benefits as well as disadvantages. Selection of imaging studies for the care of any particular patient involves weighing risks and benefits in the context of that patient’s needs.






CT


Noncontrast CT (NCCT) of the brain is an indispensable tool for neuroradiology. It is often the first examination performed for patients presenting with symptoms of increased intracranial pressure, such as nausea, vomiting, headache, and ataxia. NCCT is useful for detecting (or excluding) the “3 Hs”: herniation, hemorrhage, and hydrocephalus. The ready availability and the rapidity of CT are very useful in critically ill patients, who may not tolerate either the wait for or duration of an MRI examination. In addition, CT is the study of choice for evaluation of features such as hyperostosis, bony erosion, and calcification.17 NCCT is a useful tool for initial detection as well as for follow-up of certain pathologic processes.


Benefits of NCCT include relatively low cost, wide availability, rapid examination and interpretation, high sensitivity for acute intracranial hemorrhage, and excellent bone detail. Drawbacks to NCCT include the use of ionizing radiation, relatively poor soft tissue contrast compared with MRI, and artifacts within the posterior fossa.


In the setting of a negative NCCT of the brain, contrast-enhanced CT (CECT) is rarely indicated.18,19 However, in patients with an abnormal brain NCCT, or a normal NCCT in certain clinical contexts, further investigation is usually required. Many indications for CECT of the brain have largely been replaced by MRI. However, CECT of the brain may be useful in the acute setting or for patients with contraindications to MRI. The utility of CECT must be weighed against the risks of ionizing radiation and iodinated contrast material.









MRI


With its excellent tissue contrast and characterization and multiplanar ability, MRI is superior to CT for precise intraparenchymal localization and is often superior to CT in defining extra-axial lesions as well. Lack of ionizing radiation is another benefit.


Gadolinium-diethylenetetraminepentaacetic acid (Gd-DTPA)–enhanced MRI has become the study of choice for evaluation of most space-occupying intracranial lesions. Gadolinium-enhanced MRI has been shown to be more sensitive for detection of metastases than enhanced CT, with multiple-dose gadolinium more sensitive than single-dose gadolinium.20,21 However, recent recognition of a relationship of Gd-DTPA administration to an increased risk of development of nephrogenic systemic fibrosis presents a new challenge for imaging patients with impaired renal function.22


In addition to potential gadolinium complications, disadvantages of MRI (both contrast enhanced and noncontrast) include its relatively high cost, lesser availability, and longer acquisition time. The magnetic field presents a contraindication for patients with certain implants and pacemakers, as well as poses a safety hazard when ferromagnetic objects are introduced into the MRI suite.23,24 A combination of these factors typically makes monitoring of critically ill patients more difficult during MRI than during CT.












ANALYSIS


One of the greatest challenges for the beginning radiologist is developing a comprehensive yet efficient search pattern for any particular study. A checklist of features that should be evaluated on every scan (CT and MRI) is provided. Although not inclusive of everything necessary to interpret studies, it provides a framework for developing a search pattern:




• Herniation


• Midline shift


• Effacement of ventricles, sulci, basilar cisterns, foramen magnum


• Hydrocephalus


• Hemorrhage


• Edema


• Bony changes









Noncontrast CT


Under normal conditions, axial NCCT images of the brain demonstrate a clearly defined midline with bilateral symmetry. The higher density of gray matter is easily differentiated from the lower density of white matter. CSF spaces (ventricles, sulci, basilar cisterns) demonstrate no effacement.


Manifestations of mass effect discernible on NCCT include displacement of brain parenchyma, low-density white matter edema, and effacement of sulci, ventricles, and basilar cisterns. Various herniation syndromes and their complications, such as ischemic infarct, may be diagnosed by NCCT. CT is the study of choice for evaluation of fine bony detail. Hyperostosis (e.g., meningioma) as well as scalloping and thinning (e.g., epidermoid) are usually better demonstrated on CT than MRI (see Fig. 4-4).









Contrast-Enhanced CT


Although indications for CECT have largely been supplanted by MRI, CECT is still commonly performed. Abnormal contrast enhancement of intracranial lesions increases their conspicuity. In addition, normal contrast enhancement of vascular structures may increase conspicuity of otherwise subtle or confusing intracranial lesions. For example, subdural hematoma may be more easily differentiated from brain parenchyma when the cortical veins are opacified (Fig. 4-17).





[image: image]

FIGURE 4-17 Right parietooccipital hematoma in a 20-year-old coagulopathic comatose woman with multisystem organ failure. A, NCCT reveals high density consistent with blood products. Localization of the hematoma as intra-axial or extra-axial is difficult on NCCT. B, CECT demonstrates displacement of cortical veins and buckling of cortex, clearly identifying the hematoma as extra-axial. Also note subfalcine herniation and generalized cerebral edema with sulcal effacement.











MRI


With its multiplanar capability and superior soft tissue contrast, MRI has largely replaced CT as the imaging modality of choice for evaluation of intracranial mass lesions.


The superior soft tissue contrast of MRI allows for more precise localization of both intra-axial and extra-axial lesions. In addition, the relationships of intracranial masses to vital structures (e.g., the relationship of parasagittal meningioma to the dural venous sinuses) are usually better evaluated on MRI. Herniation and hydrocephalus are readily identified and evaluated. Extent of edema (manifest as FLAIR and T2 hyperintensity) is also well demonstrated. Although also sometimes discernible on CT, different degrees of mass effect (focal, local, and regional) are optimally evaluated by MRI (Figs. 4-18 to 4-20).
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FIGURE 4-18 Focal mass effect in a 30-year-old woman with seizures. Coronal T2W inversion recovery image reveals a focal mass, isointense to cortex, arising from the fimbria of the right hippocampus, with focal mass effect effacing the right choroid fissure. This mass was stable over 18 months of follow-up and is presumed to represent a low-grade glioma or hamartoma. Note lack of edema and lack of displacement of adjacent brain parenchyma.
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FIGURE 4-19 A 32-year-old woman presented with left-sided weakness. Axial FLAIR (A) and coronal T1W postcontrast (B) MR images demonstrate an expansile mass centered within the left insula, with minimal if any enhancement. At surgery, pathologic process was grade 2 astrocytoma. Note subtle local mass effect on the adjacent brain parenchyma but no edema and no subfalcine, uncal, or descending transtentorial herniation (compare with patient in Fig. 4-20). C, Axial T2W MR image from the same patient 19 years earlier; she underwent MRI at 13 years old for workup of dizziness. Note the subtle asymmetric T2 prolongation within the left insular cortex and subinsular white matter.







[image: image]

FIGURE 4-20 Regional mass effect due to left frontal glioblastoma multiforme. A 31-year-old man presented to the emergency department with headache. NCCT images (A and B) and coronal FLAIR MR image (C) demonstrate a heterogeneous left frontal mass with subfalcine, uncal, and descending transtentorial herniation as well as entrapment of the left lateral ventricle.




Sample reports are presented in Boxes 4-1 and 4-2.





BOX 4-1 Sample Report: Noncontrast CT of the Brain






PATIENT HISTORY


A 6-month-old presented after a fall.









COMPARISON STUDIES


None was available.









TECHNIQUE


CT with 5-mm contiguous transaxial images was performed from the skull base to the vertex without intravenous administration of a contrast agent (see Fig. 4-8).









FINDINGS


A left convexity extra-axial hemorrhagic collection, with lentiform shape, was found, suggestive of epidural hematoma. The hematoma demonstrates mixed densities, consistent with acute to subacute stage. There is an associated nondisplaced left temporal bone fracture involving the squamous portion. No other areas of hemorrhage are seen. The epidural hematoma exerts mass effect on the adjacent brain parenchyma. One centimeter of left-to-right midline shift is present. No areas of vascular infarct are evident. The gray matter/white matter differentiation is preserved.









IMPRESSION


A left convexity epidural hematoma measuring 3 cm transverse, with associated nondisplaced left temporal bone fracture involving the squamous portion, exerts mass effect on the adjacent frontotemporal lobe, with 1 cm of left-to-right subfalcine herniation.











BOX 4-2 Sample Report: MRI of the Brain






PATIENT HISTORY


A 53-year-old man presented with seizure and abnormal NCCT.









COMPARISON STUDY


NCCT of brain was done, but there was no previous MRI.









TECHNIQUE


The following sequences were used to image the brain on a 1.5-T magnet with fiducial markers in position: sagittal FSPGR, axial diffusion, axial FLAIR, axial 3D SPGR postcontrast and postcontrast axial 3D FSE T2 (see Fig. 4-13).









CONTRAST AGENT


Magnevist, 14 mL (0.1 mmol/kg; 0.2 mL/kg)









FINDINGS


An extensive amount of abnormal T2 prolongation and associated mass effect are identified within the mesial left temporal lobe with involvement of the left hippocampus and extension into the left parahippocampal gyrus. A more focal area of slightly less T2 prolongation is centered in the left hippocampus where irregular enhancement is noted after administration of the contrast agent. The remainder of the T2 abnormality is nonenhancing. This abnormal enhancement extends along the ependymal surface of the adjacent left temporal horn. There is associated uncal herniation and midbrain compression without evidence of transtentorial herniation. The ventricles are normal in size without hydrocephalus.


Several scattered foci of subcortical T2 prolongation are noted bilaterally, most likely representing small vessel ischemic disease. There are no areas of reduced diffusion to suggest acute ischemia. The major intracranial vessels are patent.









IMPRESSION


There is extensive abnormal T2 prolongation and associated mass effect within the left mesiotemporal lobe consistent with an infiltrative neoplasm. A more focal area of slightly less T2 prolongation centered in the left hippocampus is associated with irregular enhancement and is highly suggestive of an area of anaplastic transformation. Abnormal enhancement also extends along the ependyma of the adjacent right temporal horn.














KEY POINTS







[image: image] Mass effect causes compression, displacement, or distortion of intracranial structures.


[image: image] NCCT is a useful tool for screening or follow-up of mass effect.


[image: image] CE MRI is the imaging study of choice for definitive characterization of intracranial masses.
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CHAPTER 5 Patterns of Contrast Enhancement




James G. Smirniotopoulos, Alice B. Smith, John H. Rees, Frances M. Murphy





Contrast material has been essential to cross-sectional neuroimaging for almost 4 decades. The first intravascular contrast agents were U.S. Food and Drug Administration (FDA)–approved urographic and angiographic iodine-based compounds for parenteral injection. Modern iodine-based agents for CT are now usually low- and iso-osmolar compounds designed to lower the frequency of side effects and provide a higher safety margin. Multiple gadolinium-based contrast agents have been developed, and six have been approved by the FDA for intravascular injection for contrast-enhanced MRI: Vasovist Injection; Magnevist; MultiHance; Omniscan; OptiMARK; and ProHance.


In the central nervous system (CNS) contrast enhancement is produced by two related, yet independent, processes: interstitial (extravascular) enhancement and vascular (intravascular) enhancement.1,2 The brain, spinal cord, and nerves are supplied by capillaries that have a selectively permeable membrane that creates a “blood-brain barrier.” This selective barrier protects the nervous system from certain plasma proteins and limits inflammation by blocking inflammatory cells from entering the tissue. The primary structure of the blood-brain barrier is from endothelial cell specialization produced by cooperation between these cells and the astrocyte foot processes. The normal blood-brain barrier includes a continuous basement membrane, narrow intercellular gaps with junctional complexes, and only rare pinocytosis. The normal intact blood-brain barrier is far more permeable to lipophilic compounds (as measured by octanol/water partition fraction), and the blood-brain barrier retards lipophobic compounds. Some “desirable” compounds, such as glucose, are facilitated to cross the vessel wall or are actively transported out of the vessel and into the tissue compartment. Vascular enhancement is a combined product of blood volume, blood flow (delivery of contrast agent or “wash-in”), and “mean transit time” or time needed for “washout” of a contrast agent. In addition to neovascularity, which increases both blood volume and blood flow, vasodilatation of existing normal vessels (hyperemia) produces increased intravascular enhancement.


Parenteral contrast material is usually injected into a large peripheral vein, either slowly by a drip infusion or more rapidly by a short duration or bolus injection. A pressure injector may be used. When a contrast agent is injected as a bolus, the blood level rapidly rises to a peak concentration that pushes the contrast agent against the capillary endothelial membrane. If that capillary membrane is permeable to the contrast agent, it will rapidly leave the vessel and diffuse into the perivascular interstitial fluid space, driven by the concentration gradient. The higher the gradient, the greater the diffusion out of the vessel; thus, giving a double or triple dose of a contrast agent will increase enhancement. The spinal cord, brain, and spinal nerves have specialized capillary vessels with a blood-brain barrier, giving them special properties of selective permeability. Extravascular or interstitial enhancement will also depend on the permeability of these capillaries to the chosen agent. If you “choose wisely,” enhancement will occur only in tissues without an intact blood-brain barrier. Interstitial enhancement is related to alterations in the permeability of the blood-brain barrier, whereas intravascular enhancement is proportional to increases in blood flow or blood volume. On CT, intravascular and interstitial enhancement may be seen simultaneously. When rapid dynamic CT images are obtained, as in CT angiography, most of the observed enhancement is intravascular. When CT is delayed for 10 to 15 minutes after a bolus infusion, most of the observed enhancement is interstitial. At intermediate times, or with a continuous drip infusion of contrast material, enhancement is a composite variable mixture of both intravascular and interstitial compartments.


MRI after administration of a contrast agent has several important differences, as compared with CT enhancement. Many MR pulse sequences create a “flow void phenomena”; thus, high-flow lesions such as aneurysms and vascular shunts (e.g., arteriovenous malformations) will have very low signal intensity.3 The aneurysmal dilation of the vein of Galen, dural and pial fistulas, and the more common arteriovenous malformations will show as spherical, tubular, or serpentine signal voids.


The enhancement on MRI from blood-brain barrier breakdown and leakage of gadolinium out of the vessel requires a substrate of mobile water. Relative “dry” tissues, such as bone and normal dura, have very little interstitial free water. These tissues do not enhance well with gadolinium on routine T1-weighted (T1W) MR images—the gadolinium is in the tissues, but we cannot see a signal change without the water. This can be confusing, for example, when comparing an enhanced CT scan in which the falx and tentorium are brightly enhanced with an MR image in which there is only patchy and discontinuous enhancement.


Many different physiologic and pathologic conditions demonstrate contrast enhancement. Angiogenesis and neovascularity in neoplastic masses, breakdown of the blood-brain barrier in both infectious and noninfectious inflammation, physiologic changes from cerebral ischemia, and capillary pressure overload (eclampsia and hypertension) will all affect the blood-brain barrier and increase permeability. A paralysis of autoregulation—the primary cause of “malignant brain edema”—is actually a reactive hyperemia and will enhance on MRI, CT, and even at angiography. The newly created vessels from tumor angiogenesis will increase both blood volume and blood flow as compared with contralateral normal brain tissue. There will also be a short mean transit time.


All of these processes can produce enhancement on conventional angiograms, conventional T1W gadolinium-enhanced MR images, and iodine-enhanced CT scans. The old-fashioned “early draining vein” on the arteriogram is a direct correlate of the shortened mean transit time that can be calculated on perfusion MR and CT examinations.






EXTRA-AXIAL ENHANCEMENT


Extra-axial enhancement in the CNS may be classified as either pachymeningeal or leptomeningeal. The pachymeninges (from the Greek for “thick” meninges) are the dura mater, which comprises two fused membranes derived from the embryonic meninx primativa: the periosteum of the inner table of the skull and a meningeal layer. Pachymeningeal enhancement may be manifested up against the bone, or it may involve the dural reflections of the falx cerebri, tentorium cerebelli, falx cerebelli, and cavernous sinus. The leptomeninges (Greek for “skinny” meninges) are the pia and arachnoid. Leptomeningeal enhancement may occur on the surface of the brain or in the subarachnoid space. Because the normal, thin arachnoid membrane is attached to the inner surface of the dura mater, the pachymeningeal pattern of enhancement is also described as dura-arachnoid enhancement (Fig. 5-1). In comparison, enhancement on the surface of the brain is called pial or pia-arachnoid enhancement. The enhancement follows along the pial surface of the brain and fills the subarachnoid spaces of the sulci and cisterns. This pattern is often referred to as leptomeningeal enhancement and is usually described as having a “gyriform” or “serpentine” appearance.





[image: image]

FIGURE 5-1 Schematic diagram of dura-arachnoid enhancement on MRI. This is also called pachymeningeal enhancement.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)









Pachymeningeal or Dura-Arachnoid Enhancement


Because the vessels supplying the dura do not have a blood-brain barrier, both endogenous and exogenous compounds (e.g., albumin, hemosiderin, contrast agents) readily leak into the interstitial space. Enhancement of the dura is normal on CT, typically uniform in the falx and tentorium. Enhancement of the dura against the skull is not readily noticed because of the adjacent dense white line of the cortical bone of the inner table of the skull. In contrast, on contrast-enhanced T1W MR images, the normal dura shows only thin, linear, and discontinuous enhancement.4


A variety of processes may accentuate dural enhancement, including vasocongestion and intradural edema, both of which may be nonspecific reactions to a wide variety of benign or malignant processes, including transient postoperative changes, intracranial hypotension (Fig. 5-2), neoplasms such as meningiomas, metastatic disease (from breast and prostate cancer), secondary CNS lymphoma, and granulomatous disease. Because of the Monro-Kellie doctrine,5 when the cerebrospinal fluid pressure drops, there may be secondary fluid shifts that increase the volume of capacitance veins in the subarachnoid space. After neurosurgical intervention, even the placement of a shunt catheter or intracranial pressure bolt, meningeal enhancement is very frequent and occurs in a majority of patients. The postoperative enhancement may be pachymeningeal (dura-arachnoid) or leptomeningeal (pia-arachnoid)6 and can be localized to the side of the procedure or diffuse (bilateral, supratentorial and infratentorial). Extra-axial enhancement may also occur after uncomplicated lumbar puncture in about 5% of patients.7 Patients with spontaneous intracranial hypotension, with or without a cerebrospinal fluid leak, may show generalized diffuse pachymeningeal enhancement.4,8,9 Prolonged intracranial hypotension may lead to vasocongestion and interstitial edema in the dura mater, findings similar to those seen in the dural tail of a meningioma. Rarely, a skull fracture may cause a cerebrospinal fluid leak and intracranial hypotension. More often intracranial hypotension may be related to a (seemingly) uncomplicated lumbar puncture. However, in most cases no definitive cause is ever found, and it is described as “idiopathic” intracranial hypotension.
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FIGURE 5-2 Coronal T1W MR gadolinium-enhanced image of idiopathic intracranial hypotension. There is diffuse, smooth, and linear dura-arachnoid enhancement. Although veins may also enhance normally, there should be no other subarachnoid enhancement.




MRI is relatively sensitive and specific in the detection of benign or spontaneous intracranial hypotension. A typical clinical feature of spontaneous intracranial hypotension is a headache that is orthostatic (postural) and worse when the patient is upright. Imaging findings include thickened dura with linear enhancement of the pachymeninges both above and below the tentorium, no enhancement of the sulci or brain surface, enlargement of the pituitary gland, and descent of the brain (low cerebellar tonsils and downward displacement of the iter of the third ventricle below the tentorial incisura line).9 Some patients may have additional features of subdural effusions or even subdural hemorrhage. Other features of intracranial hypotension include dural thickening and an enlarged pituitary gland. Leptomeningeal enhancement (within the sulci) may be seen postoperatively but is not common with spontaneous intracranial hypotension and could suggest leptomeningitis, either inflammatory or neoplastic.


Extra-axial neoplasms may produce pachymeningeal enhancement. The most common primary dural neoplasm is meningioma, a benign tumor of meningothelial cells (Figs. 5-3 and 5-4). Meningiomas are slow-growing, well-localized, World Health Organization (WHO) grade 1 lesions that are usually resectable for cure.10–12 They typically manifest in patients in the fourth to sixth decades of life, and they are roughly twice as common in women as in men. The typical meningioma is a localized lesion with a broad base of dural attachment (see Fig. 5-5B). This neoplasm actually arises from the arachnoid membrane that is attached to the inner layer of the dura mater. Even in the early days of CT, the accuracy of cross-sectional imaging in the detection and characterization of meningioma was very good.13 Contrast-enhanced MRI demonstrates a new finding (one not observed at CT): the dural tail or “dural flare.” The dural tail is a curvilinear region of dural enhancement adjacent to the bulky hemispheric tumor (Figs. 5-5 to 5-7; see also Fig. 5-4).14–16 The finding was originally thought to represent dural infiltration by tumor, and resection of all enhancing dura mater was thought to be appropriate.17 Several studies have confirmed that in most cases of meningioma, linear dural enhancement is most likely a reactive process18 rather than neoplastic, especially when it was more than a centimeter away from the bulky part of the tumor. The dural reaction may include a combination of increased extravascular spaces as well as small vessel vasocongestion. Both will thicken the dura, and the increased interstitial water allows visualization of contrast enhancement (see Fig. 5-5) because even normal dural capillaries do not form a blood-brain barrier. In addition to primary dural neoplasms, such as meningioma, hemangiopericytoma, and solitary fibrous tumor, metastases are possible. In women, breast carcinoma can cause a solitary dural metastasis; and in men, prostate cancer can do the same. Secondary CNS lymphoma is usually extra-axial and may be dural based or fill the subarachnoid space. Granulomatous inflammatory and infectious diseases including sarcoid, tuberculosis, Wegener’s granulomatosus, luetic gummas, rheumatoid nodules, and fungal disease produce pachymeningeal enhancement usually involving the basilar meninges, including the suprasellar cistern and vessels of the circle of Willis. Sarcoid may produce focal or diffuse dural thickening (see Fig. 5-3).
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FIGURE 5-3 Coronal T1W MR gadolinium-enhanced image of dural sarcoid. There is grossly abnormal diffuse thickening and enhancement of the dura including both the falx and the tentorium.
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FIGURE 5-4 Schematic diagram of dural-based enhancement limited to a mass growing against the inner table of the skull. This is a typical pattern for a meningioma, with linear tapering enhancement from the “dural tail.”


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)
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FIGURE 5-5 Axial (A) and coronal (B) T1W MR gadolinium-enhanced images of a meningioma. There is a brightly enhancing dural-based mass with a hemispheric shape. A long area of tapering linear enhancement—”dural tail”—extends away from the central bulky mass. Most of this linear enhancement is reactive rather than neoplastic. Axial T2W (C) and FLAIR (D) images show clearly that the lesion is extra-axial.
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FIGURE 5-6 Meningioma. The specimen has been cut in half, showing a hemispheric mass affixed to the underlying dura (arrows). There is a “claw” of tumor growing along the dura (arrowhead). However, the enhancement seen on MRI was far more extensive.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)
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FIGURE 5-7 Meningioma. Dural tail (H&E, original magnification, ×250). The lower half shows normal dura mater—mostly collagen. Vascular reactive changes and venous congestion, along with interstitial edema, contribute to contrast enhancement.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)












Leptomeningeal or Pia-Arachnoid Enhancement


When the abnormal enhancement extends into the subarachnoid spaces of the sulci and cisterns it is called leptomeningeal or “pia-arachnoid” enhancement. Bacterial, viral, and even fungal meningitides may cause leptomeningeal enhancement (Fig. 5-8). The primary mechanism for this enhancement is a breakdown of the blood-brain barrier of the pial vessels themselves. In bacterial meningitis, glycoproteins released by bacteria cause breakdown of the blood-brain barrier and allow contrast material to leak from vessels into the cerebrospinal fluid. Bacterial and viral meningitis exhibit enhancement that is typically thin and linear (Figs. 5-9 and 5-10).19 Some cases of fungal meningitis may produce nodular or “lumpy” enhancement.
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FIGURE 5-8 Schematic of pia-arachnoid (subarachnoid) enhancement. The contrast material fills the subarachnoid space and enters the sulci between the cerebral and cerebellar gyri. This pattern occurs in both bacterial meningitis and cerebrospinal fluid dissemination of neoplasms—”carcinomatous” meningitis.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)
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FIGURE 5-9 Axial T1W MR gadolinium-enhanced image of bacterial meningitis. There is diffuse linear superficial (pial) enhancement in the subarachnoid space, extending into sulci (arrowheads) and along the surface of the midbrain.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)
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FIGURE 5-10 Streptococcus pneumoniae meningitis (H&E, original magnification, ×400). There is a dense inflammatory infiltrate along the surface of the brain that fills the subarachnoid space.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)





Neoplasms that disseminate by spreading into the subarachnoid space—“carcinomatous meningitis”—also produce enhancement of the brain surface and subarachnoid space (Fig. 5-11). Primary brain tumors that reach the ventricular or pial surface may spread this way, including medulloblastoma, ependymoma, choroid plexus papilloma/carcinoma, glioblastoma, germinoma, and oligodendroglioma, as well as secondary tumors (e.g., lymphoma and breast cancer. We expect neoplastic disease in the subarachnoid space to produce thicker, lumpy, or nodular enhancement, similar to that of fungal disease. However, despite this logic, neoplastic meningitis can appear surprisingly thin and linear.
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FIGURE 5-11 Carcinomatous meningitis. This patient has diffuse subarachnoid spread of medulloblastoma. Axial contrast-enhanced CT scan (A) and axial T1W MR gadolinium-enhanced image (B) both show abnormal yet linear enhancement in the sulci of the cerebellum, forming a coating around the brain stem.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)





The clinical presentation should suggest an infectious cause with fever and meningismus. Spinal tap and cerebrospinal fluid sampling may reveal a reactive pleocytosis, and cerebrospinal fluid cultures may demonstrate the organism. Viral meningitis may be “culture negative,” “aseptic,” or “sterile.” Normal cranial nerves never enhance within the subarachnoid space, and such enhancement is always abnormal. Viral encephalitis (as well as sarcoidosis) may also produce linear enhancement of the cranial nerves. Primary nerve sheath tumors (e.g., schwannoma) may show nerve enhancement in the subarachnoid space, but in the form of a lump or mass enlarging the nerve.












INTRA-AXIAL ENHANCEMENT


Intra-axial enhancement of the brain and spinal cord is never normal. There must be a vascular structure or a breakdown in the blood-brain barrier. An abnormal increase in permeability may be reactive (gliosis), inflammatory (multiple sclerosis), infectious (encephalitis or abscess), and neoplastic. Intravascular enhancement may occur with developmental venous anomalies and cavernous malformations. Intravascular enhancement requires special MR pulse sequences, because of the “flow-void” effect of moving blood.






Gyral Enhancement


Gyral enhancement—along the surface of the brain—is almost always vascular or inflammatory and only rarely neoplastic (Fig. 5-12). Vascular causes of brain parenchymal gyral enhancement include causes of vasoactive hyperemia: migraine, loss of autoregulation, posterior-reversible encephalopathy syndrome, and reperfusion after thrombolysis or spontaneous clot lysis/migration. Gyral enhancement due to blood-brain barrier breakdown is also seen with reperfusion, during the subacute “healing” phase after cerebral infarction, and with vasculitis and encephalitis. Enhancement from hyperperfusion can be seen after seizures. The differential diagnosis between vascular and inflammatory causes of a superficial and serpentine pattern of enhancement requires clinical correlation and analysis of the enhancement topography. Embolic events and most thrombotic strokes have an abrupt onset of symptoms and involve regions that map to vascular territories. Migraine headache has a characteristic aura and throbbing pain. Fever, indolent history, and nonspecific headache or lethargy may suggest an encephalitis. Gyral lesions affecting the territory of a single artery are often vascular, whereas inflammatory lesions may affect multiple territories. The most common vascular processes affect the middle cerebral artery territory (up to 60% of cases). The lesions of posterior-reversible encephalopathy syndrome usually localize in the posterior cerebral artery territory, perhaps due to a deficiency in the sympathetic innervations (vaso nervorum).
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FIGURE 5-12 Schematic of gyral gray matter enhancement. The cortical gray matter enhances while the underlying white matter does not.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)









Inflammatory Gyral Enhancement


The most common brain infection is caused by members of the herpesvirus family of viruses. Herpes encephalitis usually begins in the gray matter, causing swelling and altered signal intensity. Later, inflammatory breakdown of the blood-brain barrier will allow contrast enhancement in a cortical gyral pattern. The most common site of herpes encephalitis is the uncus of the medial temporal lobe and involvement of the cingulate gyrus of the medial frontal and parietal lobes (Fig. 5-13).20,21 This distribution of lesions supports a route of infection from the nasal cavity, along the olfactory pathways to the brain. Because enhancement may be a lagging indicator of disease and because enhancement may be reduced by corticosteroids, the absence of enhancement cannot be used to rule out encephalitis.
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FIGURE 5-13 Coronal T1W gadolinium-enhanced MR image of herpes type 2 encephalitis. Herpesvirus replicates within neurons, causing cortical destruction, inflammatory enhancement, and eventually destruction and atrophy. Ascending infection from the nasopharynx commonly affects the temporal lobes (arrows). However, involvement of the cingulate gyrus (arrowhead) is also frequent.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)












Vascular Gyral Enhancement


Vascular gyral enhancement results from various mechanisms with variable time courses. The earliest enhancement can be caused by reversible blood-brain barrier changes when ischemia lasts for only several hours before reperfusion occurs.22 Early reperfusion may also produce vasodilatation, with increased blood volume and shortened mean transit time. These features were first observed at conventional angiography; they were described as dynamic changes and were called “luxury perfusion” because of the increased blood flow.23 The increased blood flow is caused by autoregulation mechanisms, which are “tricked” by the increased tissue Pco2 that accumulates before reperfusion occurs. Ischemia or infarction may demonstrate gyral enhancement on both CT and MR images within minutes (with early reperfusion) (Fig. 5-14). In the healing phases of cerebral infarction, from several days (5 to 7 days) to several weeks after the event, there will be vascular proliferation or hypertrophy. Contrast enhancement usually fades away between 4 weeks and 4 months after the stroke, and enhancement is usually replaced by brain volume loss and encephalomalacia (Fig. 5-15).24 The vascular changes facilitate the breakdown and removal of the dead brain tissue and lead to the encephalomalacia and atrophy characteristic of old “healed” infarction. The imaging appearance of postictal states may mimic the findings of cerebral infarction in several features, including gyral swelling, increased signal intensity on T2-weighted (T2W) images, and decreased signal intensity on T1W images, sulcal effacement, and gyral enhancement.25 Reperfusion, whether acute (e.g., after thrombolysis) or subacute to chronic (“healing” infarction), is required to deliver contrast material to produce enhancement.





[image: image]

FIGURE 5-14 T1W gadolinium-enhanced MR images of acute cerebellar PICA infarction. Sagittal (A) and axial (B, C) images show linear enhancement of the cerebellar folia in the right posterior inferior cerebellar artery territory. Note: In C, the lesion has ring enhancement.
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FIGURE 5-15 This patient presented with an acute right middle cerebral artery infarction. Initial imaging noted a previously asymptomatic subependymoma. Postoperative imaging shows subacute middle cerebral artery cortical infarct enhancement, as well as postoperative duraarachnoid enhancement.














Nodular Cortical and Subcortical Enhancement


Metastatic lesions are often small (<2 cm) circumscribed nodular lesions near the corticomedullary (gray matter/white matter) junction (Fig. 5-16). Metastatic disease usually reaches the brain hematogenously through the arteries and less commonly via the venous system. Metastatic deposits are distributed by blood flow. The majority of lesions are supratentorial in the cerebral hemispheres, often in the territory of the middle cerebral artery,26 which has the widest distribution. Venous metastatic disease to the CNS is most often related to a primary pelvic malignancy (e.g., of the prostate or uterus) and travels through the prevertebral veins of the Batson venous plexus. This venous pathway connecting to the retroclival venous plexus partially accounts for the preferential distribution of some pelvic metastases to the posterior fossa (cerebellum and brain stem).
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FIGURE 5-16 T1W gadolinium-enhanced images of metastatic breast cancer. Axial (A), coronal (B), and sagittal (C) images all show multiple well-demarcated subcortical enhancing lesions.




Metastatic lesions are typically juxtacortical, occurring in or near the gray matter/white matter (corticomedullary) junction. In contrast, most primary glial tumors arise deeper in the periventricular white matter. This peripheral dominant pattern of nodule distribution reflects where vessels branch and taper, acting as a sieve to filter intravascular tumor. Dissemination is only the beginning; the tumor emboli must establish themselves to grow into a macroscopic deposit. On gross pathologic inspection, as on imaging, metastatic nodules are circumscribed and have a “pushing margin,” usually with significant surrounding perilesional vasogenic edema. Even small cortical or juxtacortical lesions may present as early symptoms, because of their ability to cause disruption of the sensory and motor cortex, and seizures are common. This early clinical presentation allows detection of small solid nodular lesions, often 0.5 to 2.5 cm in diameter (see Fig. 5-16). Primary glial tumors, both low-grade and high-grade astrocytomas, arise outside the cortex and deep in the white matter. They may infiltrate extensively without destruction or disruption and will usually present as much larger (2.5 to 5.0 cm in diameter) lesions by the time symptoms are reported.


We usually imagine that hematogenous metastasis is almost invariably multiple. However, in reality, roughly one half (40% to 60%) of patients will have only a single lesion on initial imaging. In these patients with a single lesion, double- and triple-dose gadolinium may reveal additional lesions. However, the same dosing scheme may also reveal single lesions in patients whose standard MR is negative. We should also remember that diffusely infiltrating astrocytomas may present as multifocal lesions in about 15% of cases. One point helpful in differential diagnosis: multifocal glioma lesions are usually not localized to the gray matter/white matter junction, whereas hematogenous metastases usually are. Thus, metastatic disease is often a solitary lesion and primary tumor can be multiple.









Deep and Periventricular Enhancement


Lesions that are localized deeper within the cerebral hemispheres are usually not caused by hematogenous dissemination. The most common exception is for lesions in the basal ganglia. Subcortical white matter and deeper lesions that involve the gray nuclei (e.g., basal ganglia and thalamus) are usually primary processes within the CNS and may be non-neoplastic. Because of the cellular physiology of neurons, metabolic disease and both endogenous and exogenous toxins may preferentially affect the deep gray matter. The majority of diseases that affect myelin production or repair primarily damage the white matter and are called “leukoencephalopathies.” Most leukoencephalopathies become destructive at some time during their natural evolution and will lead to a decreased volume (“atrophy”) of the affected white matter. These changes may produce imaging changes from a loss of myelin lipids and an increased signal intensity from water on T2W and fluid-attenuated inversion recovery (FLAIR) MR images with correspondingly decreased attenuation on CT images. Many pathologic processes have inflammation that will produce enhancement localization similar to the location of the increased water signal. We look for these clear-cut distinctions between deep white matter lesions and deep gray matter lesions as a guide to differential diagnosis. However, many diseases affect both the deep gray matter and the white matter in the periventricular regions; and, some of these processes occur commonly in immunocompromised patients, such as toxoplasmosis and primary CNS lymphoma.






Deep Ring-Enhancing Lesions


Ring-enhancing lesions are uncommonly superficial. They are most commonly found either subcortical or deeper in the hemisphere (Fig. 5-17). In a review of 221 MR-enhancing ring lesions, Schwartz and colleagues27 reported that 40% were gliomas, 30% were metastases, 8% were abscesses, and 6% were caused by demyelinating diseases. They also noted that almost one half (45%) of metastatic deposits were solitary whereas the majority (77%) of gliomas were single lesions. In contrast, both abscesses (75%) and multiple sclerosis lesions (85%) were multiple.27 Because both necrotic metastases and hematogenous abscesses will be cortical or subcortical lesions with central cavitation, we must differentiate them by other means. Metastatic deposits are more often solid nodular lesions that may become ring enhancing because of necrosis (e.g., after chemotherapy or irradiation) (see Fig. 5-16). A history of known primary tumor would suggest metastasis. Additionally, fever, recent dental work, right-to-left shunt, bronchitis/bronchiectasis, intravenous drug use, subacute bacterial endocarditis, and indwelling catheters or other implanted devices such as cardiac valves would support ring-enhancing lesions with an infectious etiology (i.e., they represent brain abscesses). Deep white matter ring-enhancing lesions, especially those with mass effect and surrounding vasogenic edema, are most often either primary neoplasms (e.g., glioblastoma multiforme) or abscesses (Figs. 5-18 and 5-19; see also Fig. 5-17).
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FIGURE 5-17 Diagrams of ring lesions. A, Smooth ring suggesting abscess. B, Irregular ring with a “shaggy” inner margin suggestive of necrosis in a high-grade neoplasm (e.g., glioblastoma). Both of these lesions may have surrounding interstitial vasogenic edema that spreads away in a “finger-like” manner.
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FIGURE 5-18 Abscess. Coronal (A) and sagittal (B) T1W gadolinium-enhanced MR images and axial diffusion-weighted MR image (C). This ring-enhancing lesion has a thin, yet slightly irregular rim. The differential diagnosis would include a glioblastoma. However, the diffusion-weighted image shows hyperintensity from restricted diffusion, most characteristic for pus in an abscess.


(Case courtesy of J. Keith Smith.)
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FIGURE 5-19 Necrotic ring pattern of high-grade neoplasm (glioblastoma multiforme— WHO grade 4). Axial gadolinium enhanced T1W MR image shows a large heterogeneous mass that displaces the frontal horn of the lateral ventricle. There is irregular and heterogeneous ring enhancement. The ring has a characteristically undulating or wavy margin, and its inner aspect is shaggy and irregular, all suggesting necrosis in a neoplasm.








CNS Infections: Cerebritis and Abscess


Most pyogenic infections of the CNS develop from hematogenous septic emboli. Direct extension from adjacent sinus infections (sphenoidal, ethmoidal, frontal, and mastoid air cells) is also possible but requires transgression of the dura. Cerebritis is an acute inflammatory reaction with altered permeability of the native vessels but without angiogenesis or neovascularity. Brain inflammation or cerebritis begins with relatively poorly marginated hyperemia and breakdown of the blood-brain barrier. These reactive changes allow inflammatory white cells, such as neutrophils, and plasma proteins (antibodies and complement) to exit the intravascular space so they can reach the infected parenchyma. Before angiogenesis, the signal intensity and attenuation changes are directly caused by the inflammatory process. The perilesional vasogenic edema is variable and may be minimal. Proliferation of the infecting organisms and necrosis of brain parenchyma create a zone of devitalized and avascular material. In the immunocompetent patient, cerebritis progresses to form an organized abscess with the formation of a capsule of granulation tissue (Figs. 5-20 and 5-21). The lesion now becomes more circumscribed by vascular changes (recruitment and neovascularity) along with a collagenous rim developing from vascular fibroblasts, thus creating a wall around the pus and dead brain, forming a classic abscess. Collagen in the wall reinforces it to localize and confine the infected brain and pus. Just outside the granulation tissue there is a layer of proliferating reactive astrocytes (astrogliosis) (see Figs. 5-20 and 5-21).28,29
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FIGURE 5-20 Cerebral abscess in a patient with AIDS who died of multiple brain abscesses from Toxoplasma gondii. Axially sectioned gross specimen shows an abscess in the thalamus with three macroscopic zones: a reddish region of neovascularity (arrowheads), a white region of extravascular white cells and pus (asterisk), and an inner zone of liquefaction necrosis (N). Liquefaction necrosis occurs in lipid-rich organs (e.g., the brain), when an exuberant leukocytic reaction brings lytic enzymes into the infected region. Scale is in centimeters.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)
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FIGURE 5-21 Brain abscess. Photomicrograph (H&E, original magnification, ×250) shows the microscopic layers from top to bottom: reactive gliosis and the brain margin, vascular proliferation with collagen formation (granulation tissue), migrating white blood cells (monocytes), and pus. polys, polymorphonuclear leukocytes.


(Courtesy of Joseph Parisi, MD, Mayo Clinic, Rochester, MN; from Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)





The imaging appearance will change, just as the reaction and organization about the infection evolves. The enhancement in cerebritis is often diffuse and faint, whereas an organized abscess has a well-marginated rim of discrete enhancement (see Figs. 5-17 and 5-18). The peripheral rim enhancement in an abscess localizes the granulation tissue with its increased capillary permeability and increased perfusion/vascularity. An intermediate stage of transition from cerebritis to an organized abscess may be suspected when the lesion does not have a sharp margin or has a wall that is less discrete. On initial CT and MR images, cerebritis will appear as a ring-enhancing lesion (see Fig. 5-18). In cerebritis without a collagen capsule, images obtained over 20 to 40 minutes may show “fill in” of the ring center.30 This “filling in” does not occur in a well-organized abscess and suggests cerebritis.30 Cerebritis is often treated nonsurgically with high doses of antibiotics.


It typically takes 2 to 4 weeks to create a well-formed abscess wall that separates the infection and necrosis from the relatively uninvolved surrounding brain. Pathologically, an organizing infection will develop concentric zones or layers: (1) necrotic brain in the innermost layer, (2) reactive white cells (macrophages, monocytes) and fibroblasts, (3) capillary vascular proliferation and collagen capsule formation, (4) neovascularity and active cerebritis, and (5) reactive astrogliosis and vasogenic edema in the outer margin (see Figs. 5-20 and 5-21).28–30


The classic abscess ring usually has both a smooth inner and outer margin and is typically less than 1 cm (usually about 5 mm) thick. During the transition from the diffuse inflammation of cerebritis to the organized wall of an abscess, the outer rim of enhancement may fade into the adjacent brain, like the corona of a solar eclipse (see Fig. 5-18B). On T2W MR images, the abscess wall is usually hypointense, contrasting to the bright necrotic center and the surrounding brain with vasogenic edema. Schwartz and colleagues reported that almost 90% of abscesses demonstrate a hypointense rim and 75% form a continuous hypointense rim.27 Multiple theories have been proposed, including dense collagen, blood products (hemosiderin), and paramagnetic free radicals (e.g., atomic oxygen produced by leukocytes that are attacking the bacteria).31 An abscess wall often appears thicker on the gray matter or “oxygen side” of the ring and thinner along the white matter or ventricular side. The tendency for an abscess to “point” toward the ventricular, deep, or medial aspect is a direct consequence of the thinner inner margin. Rupture into the ventricle (pyocephalus) is usually devastating to the patient and often fatal.


We have seen that late stage cerebritis may produce ring enhancement. In addition, as organization progresses, the outer abscess rim may be thick or irregular. Extravascular enhancement (interstitial—from increased capillary permeability) localizes within millimeters of the abnormal vessels. Although extravascular, the contrast material cannot diffuse into the center of an organized abscess cavity, even on delayed images, owing to the viscosity of the pus and liquefaction necrosis. These same physical properties produce the high signal intensity on diffusion-weighted images (see Fig. 5-18C) and have a corresponding reduced apparent diffusion coefficient (ADC) and therefore are of low signal intensity on the maps of ADC values. Lastly, amino acids on proton MR spectroscopy (discussed in detail elsewhere) are seen in 80% of abscesses.32









Necrotic High-Grade Primary Neoplasms


Central necrosis within a neoplasm will also produce a ring-enhancing lesion. Remaining residual living tissue surrounds a central zone of necrotic tumor tissue. In general, rapidly growing tumors that become necrotic are usually, but not exclusively, malignant, either primary gliomas or metastases. Multilocular and complex ring patterns—lesions with a thick irregular rim (especially if > 10 mm) and those with an irregular or “shaggy” inner margin—usually represent necrotic high-grade neoplasms rather than abscess or cerebritis (Fig. 5-22; see also Fig. 5-19). When these lesions are in the corpus callosum and thalamus, brain stem, or other deep parts of the brain, glioblastoma (diffuse astrocytoma, WHO grade 4) is more likely.
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FIGURE 5-22 Glioblastoma multiforme. Coronally sectioned gross specimen shows the outer cortical region of the tumor with the more typical, thick irregular rim (asterisk) and shaggy inner margin, and the relatively smooth, thin, deep inner margin (arrows). Within the neoplasm is a region of hemorrhagic necrosis. Scale is in centimeters.


(From Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)





Histologically, grade 4 diffuse astrocytoma is characterized by aggressive features, including microscopic foci of necrosis with pseudopalisading. Larger lesions will have irregular geographic regions of necrotic cavitation.33,34 These necrotic regions may have increased diffusion rather than restricted diffusion, owing to the lysis of cell membranes and dissolution of boundaries. Glioblastomas vary from smaller unilocular rings to larger and more complex lobulated and multilocular rings, with thick rims of enhancement. They usually show angiographic and macroscopic neovascularity. This abnormal vascularity produces an increased regional cerebral blood volume and increased regional cerebral blood flow that combine to produce a short mean transit time. These findings are measurable on perfusion imaging, whether by MRI, CT, or even catheter angiography. The residual/remaining living tumor in the outer rim survives because it maintains a rich blood supply. This hypervascular rim can be several centimeters thick, may be irregular both outside and toward the central necrosis, and is often thicker toward the cortical gray matter or basal ganglia. The tumor is more likely to grow faster and thicker near the normally more vascular gray matter (see Fig. 5-22). Quite different from an abscess, delayed imaging in a necrotic neoplasm may show progression of enhancement toward the center, from islands of viable tumor that surround remaining patent vessels. Vascular endothelial growth factor has been implicated in the angiogenesis for most high-grade gliomas.35 The high cellular density, rapid growth, and mitotic activity all require increased metabolism and corresponding increased perfusion. The newly recruited and co-opted vessels develop capillary endothelium with intercellular gaps, and they do not have a continuous basement membrane.












Fluid-Secreting Low-Grade Primary Neoplasms


Necrosis is a common feature of high-grade neoplasms, but all neoplastic “holes” are not formed by necrosis. Low-grade primary neoplasms may become heterogeneous not from necrosis but through accumulation of serous fluid. In addition, because fluid-secreting gliomas have well-defined “pushing margins,” they may be resected completely, offering a cure. Because of features of slow growth, possible resection, and well-differentiated histology, most fluid-secreting brain neoplasms are WHO grade 1. The fluid must come from somewhere, so the periphery of the fluid spaces includes neoplastic tissue. Almost all “fluid-secreting” gliomas enhance on both MRI and CT. The two most familiar partially fluid brain tumors are the pilocytic astrocytoma and the hemangioblastoma. They are both most frequently located in the cerebellum (Fig. 5-23). Supratentorially, the differential diagnosis for “fluid-secreting” lesions includes pilocytic astrocytoma, pleomorphic xanthoastrocytoma, ganglioglioma, and extraventricular ependymoma. These lesions are not truly “cystic” because the fluid cavity is not lined by an epithelium. In the majority of cases, the neoplastic tissue is much smaller in volume compared with the fluid component, and either it forms a lump (“mural nodule”) or comprises part of the rim. The remaining margin is normal, compressed, or gliotic brain tissue.
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FIGURE 5-23 Schematic fluid-secreting neoplasms and demyelination. A, Typical cerebellar “cyst with nodule” appearance for pilocytic astrocytoma and hemangioblastoma. B, Classic “open-ring” sign for tumefactive demyelinating lesions. C, Fluid secreting “cyst with nodule” neoplasms may produce interstitial vasogenic edema in the cerebral hemispheres. See also Figure 5-24.




The fluid secreted in these low-grade neoplasms is not identical to tissue fluid or serum. It may have a high protein concentration and show increased signal compared with cerebrospinal fluid on T1W MRI and on CT but have lower signal intensity on T2W MR images. These low-grade lesions may have abnormal capillaries but usually do not show increased blood flow. There are limited (if any) changes in arteries and veins. With the exception of hemangioblastoma, these lesions are avascular on angiography. Although lacking increased perfusion, increased metabolism has been reported on metabolic studies.36 Most authors believe that the abnormal capillaries in these lesions do not form a blood-brain barrier and that the increased permeability is related somehow to both fluid production and contrast material.37 Histologically, the fluid is seen as microcysts within the “solid” tumor nodule. They may have high signal on FLAIR imaging and low attenuation on CT. The “cyst-with-nodule” appearance (Fig. 5-24; see also Fig. 5-23) is attributed to progressive fluid secretion that accumulates exophytically between the neoplastic nodule and the normal brain. Many fluid-secreting tumors have a more complex shape that cannot be simply described as a biphasic “cyst-with-nodule” shape. Roughly one third of hemangioblastomas show the classic unilocular fluid space with a single mural nodule.38 The remaining two thirds vary in shape from almost completely solid to a large fluid space with only a tiny nodule. In pilocytic astrocytoma, with thinner slice thickness (<4 mm), MRI and CT frequently demonstrate that even the “solid” mural nodule is often heterogeneous with small fluid “lacunae” within the nodule itself, in addition to the larger fluid “cyst” (Fig. 5-25; see also Fig. 5-24). Reactive gliosis, which by conventional wisdom does not enhance, may nonetheless show contrast enhancement around the fluid in some pilocytic astrocytomas.39 Enhancement of gliosis is variable and depends on the time delay between injection and imaging, the contrast dose, and probably on the molecular weight of the contrast material. Lastly, the varying morphology of fluid-secreting neoplasms can produce the “open-ring sign,” an incomplete rim of enhancement that is also a feature of some other benign lesions, such as demyelination.
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FIGURE 5-24 Pilocytic astrocytoma—cerebral hemisphere. Axial MR images: T1W (A), T1W gadolinium-enhanced (B), and T2W (C). There is a large complex right hemispheric mass. Part of this is solid neoplasm (enhancing on B). Part of this is fluid secreted by the neoplasm. There is interstitial vasogenic edema surrounding the mass and extending into the posterior temporal and occipital lobes.
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FIGURE 5-25 Pilocytic astrocytoma. A, Axial T1W gadolinium-enhanced MR image. There is a heterogeneous C-shaped mass in the fourth ventricle. The right lateral wall enhances with a thick rim. However, the left margin does not. B, The axial T2W image shows the macroscopic fluid on the patient’s left and heterogeneity from smaller fluid pockets within the mural mass. A fluid-secreting mass in the cerebellum is a classic indicator of a pilocytic astrocytoma in a child but would suggest a hemangioblastoma in an adult patient. C, Coronal gadolinium-enhanced T1W MR image shows intense thick enhancement of the right rim, but the left margin shows only very thin linear enhancement. The thin rim of enhancement was not neoplastic tissue; rather, it was reactive astrogliosis and that is why it showed only delayed enhancement on the coronal images.











White Matter Enhancement: Demyelination


The most common cause of neurologic disability in midlife is the leukoencephalopathy of multiple sclerosis. The demyelination is caused by a failure of the normal myelin physiology. Active destruction of myelin as well as faulty metabolism and repair by the oligodendrocytes will lead to denuded axons—the histologic hallmark of these diseases. There is gray matter involvement in many, if not most, patients, and axon destruction and neuronal loss occur in many cases. Multiple sclerosis is usually characterized by lesions separated in space and time, and the diagnosis (by the McDonald criteria) may now include imaging as well as clinical findings. Pathologically, the classic lesions of multiple sclerosis begin as a perivenular inflammatory reaction—”Dawson’s fingers”—that produce a characteristic pattern of elongated lesions that are adjacent and perpendicular to the lateral ventricular margin. These are bright on T2W and FLAIR images because the normal myelin lipid has been destroyed and replaced by inflammation with macrophages and increased water. Contrast enhancement occurs in “active” demyelination and may be modulated by corticosteroids and other therapies. It may or may not be associated with correlating neurologic findings. Most active plaques will enhance for 2 to 6 weeks and only rarely longer.40 Although we commonly think that the cause of the enhancement in demyelination is inflammation, it may be that the breakdown of the blood-brain barrier is a actually a necessary requirement and precursor for the self-destructive immune reaction that causes demyelination.


Classic demyelination does not cause angiogenesis nor necrosis. The blood-brain barrier changes are not associated with increased perfusion so that, unlike neoplasms and infection, the plaques usually do not show vasogenic edema beyond the rim of enhancement. The enhancing rim about an active zone may be discontinuous or “incomplete”27,41 (Fig. 5-26), which may allow differentiation from necrotic neoplasm (which has a thick rim) or an abscess, both of which have surrounding vasogenic edema. Masdeu and associates41 reported that an “open ring sign” is less common in abscess and neoplasm and may indicate demyelination. An “incomplete ring” or “open ring” may produce a “tumefactive demyelinating lesion” pattern41 in multiple sclerosis, as well as other leukoencephalopathies, such as acute disseminated encephalomyelitis. The diagnosis of multiple sclerosis may be bolstered when MRI also demonstrates lesions in the spinal cord and/or optic nerve.42





[image: image]

FIGURE 5-26 Tumefactive demyelination. Axial MR images: noncontrast T1W (A), T2W FLAIR (B), T1W gadolinium-enhanced (C), and T2W (D). The enhancement is both discontinuous (“open ring”) as well internal. Most significantly, the enhancing rim is at the exact margin of the lesion’s signal abnormality, that is, there is no perilesional white matter change. There is no vasogenic edema to suggest an abscess or a neoplasm.




Acute disseminated encephalomyelitis typically presents in children and younger patients (often < 13 years of age) within days of an immunologic event (infection or vaccination). The disease is monophasic with larger lesions that are more round and may be juxtacortical. There may be multiple ring-enhancing lesions with minimal mass effect and usually without spreading vasogenic edema. Once again, imaging the spinal cord may help narrow the differential diagnosis.









Periventricular Enhancement: Infection and Neoplasm


Periventricular enhancement may occur with inflammatory white matter disease, as described earlier. But, there may be true infection of the ventricle (ventriculitis) or its lining (ependymitis). Ependymitis may be caused by cytomegalovirus, a member of the herpesvirus family (herpesvirus type 5). Cytomegaloviral ependymitis often produces a thin (<2 mm, more often 1 mm) continuous linear enhancement of the ventricular lining on CT and MRI (Figs. 5-27 and 5-28). On coronal images, this will appear as thin linear enhancement along the ventricular (inferior) surface of the corpus callosum. Cytomegaloviral ependymitis is seen most often in immunocompromised patients, especially those with human immunodeficiency virus infection (see Fig. 5-28). Patients with infected ventricular diversion (shunt catheters) may also develop ventriculitis or meningitis. Some patients will also have a choroid plexitis, and a parenchymal abscess may “point” and drain into the ventricle, causing pyocephalus.





[image: image]

FIGURE 5-27 Schematic periventricular enhancement. A, Ependymitis (e.g., from cytomegalovirus infection) usually produces only a very thin linear rim of enhancement. B, In contrast, periventricular lymphoma (usually primary B cell lymphoma) most often forms a mass or a thick irregular rind about the ventricle.







[image: image]

FIGURE 5-28 Thin periventricular enhancement in cytomegaloviral ependymitis. Two axial gadolinium-enhanced T1W MR images show abnormal enhancement completely surrounding both lateral ventricles. The enhancement is thin and very uniform. Cytomegalovirus causes an inflammation of the ventricular lining and produces ependymitis.


(Courtesy of Vince Mathews, MD, University of Indiana, Indianapolis, IN; from Smirniotopoulos JG, Murphy FM, Rushing EJ, et al. Patterns of contrast enhancement in the brain and meninges. RadioGraphics 2007; 27:525-551.)





Primary glial neoplasms, usually astrocytoma grade 4 (glioblastoma), often infiltrate the corpus callosum, producing periventricular enhancement. However, they can also spread in the subependymal space or seed the ventricle directly from the surrounding white matter. Primary CNS lymphoma is also likely to both infiltrate the periventricular white matter and seed the ventricle. Almost all primary CNS lymphomas are malignant B-cell lymphomas. Previously a rare tumor, called “reticulum cell sarcoma” in the older literature, this lesion has become very common because of immune suppression for transplantation, treatment of immune-mediated diseases, and human immunodeficiency virus infection and acquired immunodeficiency syndrome. Periventricular CNS lymphomas may be multifocal or present as a lumpy periventricular mass, often with only mild to moderate surrounding cerebral edema. Because they are highly cellular “small round blue cell tumors,” they usually have a characteristically “woolly” or “fluffy” high attenuation on noncontrast CT. There is correspondingly low signal on FLAIR and T2W images, which contrasts to the high signal of perilesional vasogenic edema (Fig. 5-29). Periventricular CNS lymphomas may have restricted diffusion with low signal on ADC map images. They almost invariably enhance, unless pretreated with corticosteroids or radiation. This periventricular pattern of enhancement is typical but not pathognomonic of the disease, with most cases of primary CNS lymphoma involving the corpus callosum, periventricular white matter, thalamus, or basal ganglia. Overall, the most common causes of tumefactive lesions of the corpus callosum are tumors with infiltrating cells: primary CNS lymphoma or astrocytomas.33,43 Unlike primary CNS lymphoma, secondary CNS lymphoma is usually extra-axial, commonly affecting the dura and subarachnoid space.43,44





[image: image]

FIGURE 5-29 Primary CNS lymphoma. Axial T2W (left) and T1W gadolinium-enhanced (right) MR images. The lesion is expansile and involves the corpus callosum. In this location, infiltrating gliomas (astrocytomas) and primary CNS lymphoma are the most common lesions. The low signal intensity on the T2W image (left) is highly consistent and also suggestive of lymphoma.










KEY POINTS







[image: image] Contrast enhancement may indicate increased blood volume and/or increased blood flow.


[image: image] Increased volume/flow can be physiologic (e.g., “luxury perfusion”), neoplastic (e.g., glioblastoma, metastasis), or reactive (abscess).


[image: image] Contrast enhancement may reflect altered permeability (i.e., blood-brain barrier breakdown).


[image: image] Altered permeability can be neoplastic (e.g., glioblastoma, metastasis) or inflammatory (e.g., infection, demyelination).


[image: image] Patterns of enhancement and surrounding edema may limit the differential diagnosis.
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SECTION THREE


SCALP, SKULL, AND MENINGES










CHAPTER 6 Scalp




Yoav Parag, Thomas P. Naidich, Patrick O. Emanuel





The scalp is the soft tissue covering of the calvarial vault. It extends from the eyebrows anteriorly to the external occipital protuberance and superior nuchal lines posteriorly to the zygomatic arches and external acoustic canals on both sides. It may also be designated the epicranium.






GROSS ANATOMY






Layers of the Scalp


Grossly, the scalp has five layers.1 From superficial to deep, these include (Figs. 6-1 to 6-3):




• The skin proper, composed of the epidermis and dermis


• The superficial fascia, consisting of firm dense adipose tissue deep to and closely adherent to the skin


• The epicranial aponeurosis, a continuous fibromuscular sheet composed of the occipitofrontalis muscle, the temporoparietalis muscles, and their associated epicranial aponeurosis (synonym: galea aponeurotica)


• The loose subgaleal areolar tissue


• The pericranium (outer periosteum of the skull)








[image: image]

FIGURE 6-1 Coronal cross section of the scalp. This diagram depicts the relationships of the superficial epidermis and dermis, the prominent, radially oriented septations of the superficial fascial layer, the locations of the major blood vessels within the superficial fascial layer, and the valveless emissary veins connecting the subgaleal loose areolar tissue with the diploic space of the calvaria and with the intracranial dural venous sinuses.


(Modified from Standring S, Berkovitz BK. Face and scalp. In Stranding S, Ellis H, Healy JC, et al [eds]. Gray’s Anatomy: The Anatomical Basis of Clinical Practice, 39th ed. Philadelphia, Elsevier, 2005, p 497.)








[image: image]

FIGURE 6-2 Hematoxylin and eosin stain of the scalp superficial to the subgaleal loose areolar connective tissue layer. The downward-pointing arrow indicates the epidermis at the skin surface. The dermis lies immediately subjacent to this and shows multiple hair follicles and related glands. The horizontal arrow indicates the bulb of the hair follicle in the subdermal adipose tissue of the scalp. The bulb is the deepest portion of the hair apparatus. The arrowhead indicates the deep surface of the galeal aponeurosis.







[image: image]

FIGURE 6-3 High-resolution T2W MR image of the scalp depicts the slightly undulating contour of the interface of the skin with the superficial fascia due to the presence of hair follicles. The subgaleal soft tissue and pericranium blend in with the signal void of the external cortical surface of the calvaria.




The scalp also contains the arteries, veins, lymphatics, and nerves that supply the soft tissue.






Skin Proper


The skin overlying the calvaria is continuous with the skin of the face and neck. It is generally thinnest anteriorly at the forehead, where it measures approximately 3 mm, and it is thickest posteriorly at the occiput, where it measures up to 8 mm. The skin is usually slightly thicker in women than men. It gradually increases in thickness from childhood until age 35 years (women) or 55 years (men) and then begins to show thinning and atrophy.2


The epidermis is the outer squamous epithelium of the skin. It is composed predominantly of keratinocytes, with smaller populations of melanocytes, Langerhans cells, and Merkel cells. The superficial extensions of the dermal appendages pass through the epidermis to reach the skin surface.


The dermis is the underlying support layer composed predominantly of fibroblasts and ground substance. It houses the specialized dermal appendages (dermal adnexae), including the eccrine sweat glands, hair follicles, sebaceous glands, and apocrine units. These glands differ in their origin, distribution, and secretions. The apocrine glands, sebaceous glands, and hair follicles arise together from a common population of stem cells distinct from those giving rise to the eccrine glands. The eccrine glands produce mostly sweat, whereas the apocrine glands produce mostly scent. The apocrine and sebaceous glands feed their secretions toward the hair shaft with which they arise. The eccrine glands feed their secretions directly to the skin surface.


The follicles and sebaceous glands are influenced by the levels of androgens. With age, and under the influence of androgens, the diameter of the hair follicles shrinks in size, leading to loss of terminal hairs, a process called androgenetic alopecia (common pattern baldness). Conversely, increased levels of androgens cause enlargement of the sebaceous glands.









Superficial Fascia


The superficial fascia of the scalp contains dense adipose tissue that is continuous with the subcutaneous tissue of the face and neck. Anteriorly and laterally, it is continuous with the subcutaneous tissue over the frontalis and orbicularis oculi muscles. Anteriorly in the midline it stops at the bridge of the nose. Posteriorly, the superficial fascia is continuous with the subcutaneous tissues of the neck. Laterally it extends downward, superficial to the temporalis muscles, to attach to the external ears.


The superficial fascial layer varies in thickness. It measures 4 to 6 mm in people of normal weight but 20 mm or more in obese individuals. Within this layer, multiple, vertically oriented reticular fibers divide the layer into small compartments (Figs. 6-4 and 6-5). These septa form strong connections between the superficial dermis and the subjacent galea aponeurotica. As a consequence, the subcutaneous layer is relatively inelastic and the dermis, subcutaneous tissue, and galeal aponeurosis move together as one unit.





[image: image]

FIGURE 6-4 Sagittal reformatted noncontrast CT of the head. The skin (arrowheads) is thinner anteriorly and thicker posteriorly. A small cutaneous calcification (arrow) is noted.
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FIGURE 6-5 Coronal reformatted noncontrast CT of the head depicts the isodense skin (left arrowhead) superficially, the thick lucent adipose tissue of the superficial fascial layer (right arrowhead) in the middle, and the thick isodense deeper tissue (arrow) representing the combined galea aponeurotica, subgaleal loose areolar tissue, and pericranium. Individual septations cross and partially subdivide the adipose tissue of the superficial fascial layer.




The subcutaneous layer has a rich network of arteries, veins, and lymphatics. The arteries are tethered to the fibrous septa, so they are relatively immobile and unable to constrict quickly after a laceration.3









Galea Aponeurotica


The galea aponeurotica is a continuous fibrous sheet intimately related to the muscles of the scalp. For that reason, it is described with the scalp muscles later in this chapter.









Subgaleal Connective Tissue


The subgaleal connective tissue is a largely avascular, filmy layer of loose fibroareolar tissue interposed between the galea aponeurotica superficially and the pericranium deeply. Anteriorly, the subgaleal layer extends deep to the frontalis and orbicularis oculi muscles. Posteriorly, it extends deep to the occipitalis muscle, as low as the superior nuchal line. Laterally, the subgaleal connective tissue is limited by the attachment of the galeal aponeurosis to the superficial temporalis fascia.


The areolar tissue in this layer is only loosely connected to the subjacent pericranium, so the subgaleal layer serves as a “gliding plane” for motion of the scalp over the calvaria. As a consequence, it is easy to establish a subgaleal plane for dissection at surgery and postmortem examination.4









Pericranium


The pericranium is the dense membranous outer periosteum of the calvaria. It covers the external surfaces of the frontal, parietal, and occipital bones deep to the subgaleal areolar tissue and extends as far laterally as the superior temporal line on each side. The pericranium varies in thickness from individual to individual and from region to region. Generally, however, the pericranium is thicker frontally than at the vertex. In anatomy texts, the pericranium is described as firmly adherent to the skull, especially at the suture lines. However, the surgical literature indicates that it can easily be dissected from the skull as an intact sheet.












Muscles of the Scalp


The scalp contains multiple individual muscles linked into functional units with the galea aponeurotica.






Occipitofrontalis


The occipitofrontalis is the major muscle complex of the epicranium. It is composed of the paired frontalis muscles anteriorly and the paired occipitalis muscles posteriorly. These muscles are interconnected by the galea aponeurotica (Fig. 6-6).5 Each frontalis muscle is a thin quadrilateral sheet of muscle that is attached to the overlying superficial fascia externally (especially at the eyebrows) and that ascends into the galea aponeurotica anterior to the coronal suture. The frontalis muscle has no bony attachment.4 The medial margins of the two frontalis muscles blend together above the nasal root. The medial fibers of each frontalis muscle continue inferiorly to become continuous with the procerus (see later). The intermediate fibers of the frontalis blend with the orbicularis oculi and the corrugator supercilii (see later). The lateral fibers of the frontalis muscles blend with the lateral portions of the orbicularis oculi over the zygomatic processes of the frontal bones.5 Because the frontalis has no bony anchor, hematomas and other pathologic processes may extend anteriorly and inferiorly, deep to the aponeurotic sheath, to reach the eyelids. Posteriorly, the paired quadrilateral shaped occipitalis muscles arise by tendinous fibers from the lateral two thirds of the superior nuchal lines of the occipital bone and mastoid processes of the temporal bones. They insert into the galea aponeurotica at a level slightly above the superior aspect of the auricles.
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FIGURE 6-6 Muscles of the scalp. The largest scalp muscle is the epicranius, composed of paired anterior muscle bellies, named the frontalis, and paired posterior muscle bellies, named the occipitalis. Between these muscles is an aponeurotic sheath, named the galea aponeurotica. The temporalis muscle lies deep to the temporal fascia. The auricular muscles arise from this sheath to insert on the external ear.


(Modified from Lewis WH. Henry Gray’s Anatomy of the Human Body, 20th ed. Philadelphia, Lea & Febiger, 1918, p 379.)





The paired frontalis muscles work in conjunction to elevate the eyebrows and forehead and to produce the characteristic transverse creases of the forehead. The occipitalis acts in conjunction to tighten the scalp. In many individuals they do not demonstrate any motion.6 Both the frontalis and the occipitalis are innervated by the facial nerve—the frontalis by temporal branches of the facial nerve and the occipitalis by occipital branches of the facial nerve.









Procerus


The procerus is a small pyramidal slip of muscle that extends downward from the skin of the forehead between the eyebrows and from the medial portions of the frontalis muscles to join a fascial aponeurosis that covers the lower nasal bones and the adjacent lateral nasal cartilages (see Fig. 6-6).5









Orbicularis Oculi


The orbicularis oculi is a broad flat elliptical muscle that extends into the eyelids, surrounds the orbital aperture, and spreads circumferentially into the anterior temporal region, the infraorbital cheek, and the superciliary region (see Fig. 6-6).5 It has three parts:




1. The thick orbital portion of the orbicularis oculi attaches medially to the nasal process of the frontal bone, the frontal process of the maxilla, and the intervening medial palpebral ligament. Its upper portion blends with the frontalis muscle and the corrugator supercilii on each side.


2. The thin palpebral portion of the orbicularis oculi arises from the superficial and deep surfaces of the medial palpebral ligament, attaches to the bone above and below the ligament, and sweeps across the eyelids anterior to the orbital septum.


3. The lacrimal portion of the orbicularis oculi lies posterior to the lacrimal sac and is separated from the sac by the lacrimal fascia. It attaches to the posterior lacrimal crest, the lacrimal fascia, and the adjacent bone. Upper and lower slips of the lacrimal portion pass laterally, mostly anterior to the tarsal plates toward the lateral palpebral raphe.5












Corrugator Supercilii


The corrugator supercilii is a small paired pyramidal muscle situated at the medial end of each eyebrow, deep to the frontalis muscle and deep to the orbicularis oculi (see Fig. 6-6).5 The corrugator attaches to the bone at the medial end of the superciliary arch and spreads outward superolaterally to interlace with and blend with both the orbicularis oculi and the corrugator supercilii on each side.5









Galea Aponeurotica


The galea aponeurotica is a broad 2-mm-thick sheet of connective tissue that extends over the dome of the vault to interconnect the frontalis muscles anteriorly with the occipitalis muscles posteriorly (see Fig. 6-6).5 The galea may be congenitally absent in specific individuals.3 The galea is densely united to the overlying skin through the fibrous superficial fascia. It is loosely connected to the subjacent pericranium via the loose subaponeurotic areolar tissue. As a consequence, the aponeurosis moves with the skin.5


Anteriorly, the galea invests and ensheaths the frontalis, orbicularis oculi, procerus, corrugator supercilii, and the supraorbital fat pad. Posteriorly, the galea ensheaths the occipitalis muscles, binding them to the frontalis muscles to form a continuous “double-bellied muscle with central tendon.” Laterally the galea fades out into the temporal fascia overlying the temporal muscle.









Temporalis


The temporalis is a broad fan-shaped muscle that is part of the muscles of mastication. It arises from the temporal fossa along the inferior temporal line and from the deep part of the superficial temporal fascia. It inserts onto the coronoid process of the mandible. Contraction of this muscle elevates the mandible. Horizontal fibers within the temporalis also help to retract the mandible. The temporalis muscle is covered by the temporal fascia or aponeurosis.









Auricularis Anterior and Superior


The auricularis anterior and superior are fan-shaped sheaths of muscle that arise from the lateral edge of the galea aponeurotica/temporalis fascia. The fibers of the auricularis anterior converge to an insertion site on a projection on the front of the helix. The fibers of the auricularis superior converge on a tendon in the upper portion of the auricle.









Auricularis Posterior


The auricularis posterior consists of three fleshy fascicles that arise from the mastoid portion of the temporal bone by short aponeurotic fibers. These muscle slips insert in the lower aspect of the concha. In animals, these muscles work in conjunction to orient the auricles toward the origin of sound. In humans, however, they are rudimentary and can only serve to wiggle the ears.












Arteries of the Scalp


The major arterial supply to the scalp comes from five paired blood vessels (Figs. 6-7 to 6-9). Anteriorly, the ophthalmic branches of the internal carotid arteries give rise to the supraorbital and supratrochlear arteries. The paired branches of the supratrochlear artery supply the midline forehead. The paired branches of the supraorbital artery supply the lateral forehead and scalp as high as the vertex.7 Posteriorly, three paired terminal branches of the external carotid artery supply the majority of the scalp. The superficial temporal arteries give off frontal and parietal branches to supply the lateral aspects of the scalp and additional branches to the vertex. The posterior auricular arteries ascend behind the auricle to supply the adjacent scalp. The occipital arteries supply the majority of the scalp posterior to the auricles. On occasion, the ophthalmic artery arises from the middle meningeal branch of the external carotid artery rather than the internal carotid artery. In those cases, the middle meningeal artery supplies the anterior portion of the scalp and the external carotid artery actually supplies the entire scalp on that side.





[image: image]

FIGURE 6-7 Arterial supply to the scalp. Most blood supply is via the external carotid artery through the superficial temporal, occipital, and posterior auricular branches. Anterior blood supply to the forehead is through the internal carotid artery branches.


(Modified from Lewis WH. Henry Gray’s Anatomy of the Human Body, 20th ed. Philadelphia, Lea & Febiger, 1918. p 554.)
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FIGURE 6-8 Contrast-enhanced CT angiogram. The surface-rendered reconstruction for the scalp depicts the occipital arteries (white arrows), superficial temporal artery (black arrow), parietal branch (asterisks), and frontal branch (arrowheads).
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FIGURE 6-9 Lateral projection arterial phase external carotid arteriogram. Subtraction image. The terminal branches of the external carotid artery supply the scalp. Straight arrow, superficial temporal artery; arrowhead, parietal branch; asterisk, frontal branch; wavy arrow, occipital arteries.




The five major arterial branches of the scalp are anchored in the superficial fascial layer of the scalp. From there they send penetrating vessels superficially to supply the rich vascular plexus of the skin and deeply to supply the less vascular galeal and subgaleal layers. These vessels anastomose with each other widely on each side but seldom anastomose across the midline to supply the contralateral side. In addition, the scalp receives a small amount of blood from meningeal arteries that perforate the bony calvaria to reach the scalp.


Small branches of the scalp arteries also extend into the periosteum to give a small arterial supply to the osseous calvaria. Interestingly, in males with androgenic baldness, the balding areas have reduced blood flow.3









Veins of the Scalp


The major venous structures of the scalp generally course alongside the arteries, but with greater variability (Fig. 6-10). These veins freely anastomose with each other and, via emissary veins, are also connected to the diploic veins of the calvaria and to the intracranial dural sinuses. Anteriorly, paired supraorbital and supratrochlear (frontal) veins drain the forehead and join at the medial canthus of the orbit to form the facial vein. The facial vein communicates with the superior cavernous sinus and continues down and back, along the face, where it also communicates with the pterygoid plexus.
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FIGURE 6-10 Venous drainage pattern of the scalp. Note the drainage patterns into the internal and external jugular veins.


(Modified from Lewis WH. Henry Gray’s Anatomy of the Human Body, 20th ed. Philadelphia, Lea & Febiger, 1918. p 644.)





The superficial temporal veins drain the lateral aspect of the scalp and the temporal fossa. They descend anterior to the auricle and enter the parotid gland. They join the maxillary vein to form the retromandibular vein. The anterior division of the retromandibular vein unites with the facial vein to form the common facial vein that drains into the internal jugular vein.


The posterior auricular vein courses posterior to the auricle. It joins the posterior division of the retromandibular vein to form the external jugular vein.


Posteriorly the occipital veins begin as a plexus at the posterior aspect of the vertex. The occipital vein arises from this plexus, pierces the cranial attachment of the trapezius, and then joins the deep cervical and vertebral veins to drain into the external jugular vein. Rarely, the occipital veins follow the course of the occipital arteries and drain instead into the internal jugular veins.


In addition to these superficial pathways of drainage, emissary veins connect the subgaleal areolar tissue with the diploic veins and intracranial dural sinuses.8 Notable emissary veins of the scalp include the paired parietal emissary veins that drain into the superior sagittal sinus and the paired mastoid emissary veins that drain into the transverse sinuses.4









Lymphatics of the Scalp


The scalp has a widely anastomotic network of lymphatic drainage (Fig. 6-11).4 Superficially, numerous small lymphatic sinuses and precollectors parallel the surface of the scalp. These drain into larger lymphatic channels situated more deeply within the subcutaneous soft tissue layer. The larger lymphatic channels then drain into cervical lymph nodes and major lymph chains. The precise pattern of lymphatic drainage is highly variable.9 Conceptually, one may consider a path of lymphatic drainage through characteristic “sentinel” nodes into defined lymphatic drainage basins, but lymphoscintigraphic studies demonstrate that the actual patterns of lymphatic drainage are far more variable and do not always follow the schema proposed. In general, the skin of the anterior scalp at the forehead and of the lateral scalp in the temporal region and medial ear drain into the preauricular and parotid nodes that are part of the deep cervical lymphatic chain. The posterior scalp drains into the posterior auricular and occipital nodes.
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FIGURE 6-11 Lymphatic drainage pattern of the scalp. There are no lymph nodes in the scalp. The proximal lymph nodes are located in the parotid gland, the retroauricular chain, and the occipital lymph node chain.


(Modified from Lewis WH. Henry Gray’s Anatomy of the Human Body, 20th ed. Philadelphia, Lea & Febiger, 1918. p 693.)












Nerves of the Scalp


The sensory innervation of the scalp is provided by both cranial and peripheral nerves (Fig. 6-12). Anteriorly, the scalp is innervated by branches of the trigeminal nerve. The forehead and mid scalp are innervated by the supratrochlear and supraorbital branches of the orbital division of the trigeminal nerve (the first branch of the fifth cranial nerve). The skin overlying the zygoma is supplied by the zygomaticotemporal nerves that arise from the maxillary division of the trigeminal nerve (the second branch of the fifth cranial nerve). The skin above the external ear is supplied by the mandibular division of the trigeminal nerve (the third branch of the fifth cranial nerve). Posteriorly, the scalp is innervated by sensory branches of the dorsal root ganglia of the cervical plexus, notably the C1 to C3 roots. The innervation of the scalp crosses the midline. Motor innervation to the occipitofrontalis muscles arises from paired branches of the facial nerve. The frontalis is supplied by temporal branches of the facial nerve. The occipitalis is supplied by posterior auricular branches of the facial nerve. In addition, a rich network of sympathetic nerves derived from the superior cervical ganglion supplies the glands, smooth muscles of the hair follicles, and walls of the blood vessels in the scalp.4
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FIGURE 6-12 Nerves of the scalp. The supraorbital and supratrochlear nerves supply the anterior scalp, and the greater occipital and auriculotemporal nerves innervate the posterior scalp.


(Modified from Lewis WH. Henry Gray’s Anatomy of the Human Body, 20th ed. Philadelphia, Lea & Febiger, 1918. p 927.)















PATHOLOGY


The hair follicles commonly develop cysts of multiple types. Dilatation and expansion of the infundibular portion of the terminal hair follicle causes infundibular cysts. These are commonly, but imprecisely, called epidermoid cysts, sebaceous cysts, or epidermal inclusion cysts. The true sebaceous glands rarely develop cysts. The follicular cysts (Fig. 6-13) are single or multiple cysts lined by epithelium that is identical to the overlying epidermis. The keratin within the cyst is usually laminated. Follicular cysts frequently rupture to discharge the keratinous material, leading to a local “foreign body” inflammatory reaction. Cysts of the inner root sheath are designated trichilemmal cysts (Fig. 6-14). Trichilemmal cysts may be multiple, even covering much of the scalp, and may reach enormous size. The keratin within trichilemmal cysts frequently calcifies as larger bulky concretions. Infection of the follicles (folliculitis) may result in multiple small foci of dystrophic calcification that appear as dust-like dermal calcifications.5
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FIGURE 6-13 A, Axial T2W MR image of the head. Cystic structures (arrows) in posterior scalp do not contain simple fluid and most likely represent follicular cysts with proteinaceous material. B, Sagittal T1W MR image of the head of the same patient as in A. Note that the cystic structure (arrow) is of low signal intensity.
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FIGURE 6-14 Axial CT scan of the head. Note partially calcified cystic lesion (arrow) in the subcutaneous layer, which is probably a trichilemmal cyst.




The loose areolar tissue of the subgaleal space provides a natural plane of dissection for surgery and postmortem examination. For the same reason, trauma may avulse the scalp along the same plane. Because the arterial supply to the calvaria from scalp branches that penetrate the pericranium is limited, avulsion of the scalp by trauma or surgery typically does not cause vascular insufficiency and necrosis of the calvaria.


The arteries of the scalp frequently calcify due to atherosclerosis, diabetes mellitus, or other arteriopathies. The tethering of the scalp arteries to the fibrous septa of the superficial fascia renders them relatively immobile and unable to constrict. As a consequence, superficial lacerations of the scalp tend to bleed profusely. The wide anastomoses between the scalp arteries on each side limit any devascularization from scalp laceration or surgical incision. However, the arteries anastomose poorly across the midline, so rescue of one side by the other is less certain. The drainage of the supraorbital and supratrochlear veins into the cavernous sinuses and the drainage of the parietal and mastoid emissary veins into the sagittal and transverse sinuses provide routes for infection to spread from the scalp into the intracranial space, causing septic sinus thromboses.3,4


The widely anastomotic arrangement of the lymphatics of the scalp facilitates rapid and extensive spread of pathologic processes throughout the scalp and neck, The bilateral, overlapping innervations of the nerves of the scalp become important when planning scalp anesthesia before surgery and when treating scalp pain.









IMAGING OF THE SCALP


Thus far, imaging techniques clearly delineate only three of the five layers of the scalp, specifically the skin, the dense adipose tissue of the superficial fascia, and the confluent galeal-subgaleal-pericranial complex.6,10


The skin overlying the calvaria is continuous with the face and neck. CT and MRI display the normal variation of skin thickness with gender, age, and location from the anterior to the posterior scalp (see Fig. 6-4).


On CT, the skin is usually isodense to soft tissue and measures 50 to 70 Hounsfield units. CT often displays the whorl pattern of the hair on broad-window images because air outlines the individual strands. On MRI, the skin is usually isointense to muscle on T1- and T2-weighted (T1W and T2W) images. At present, imaging cannot demonstrate individual dermal adnexae such as hair follicles and sebaceous glands. However, in aggregate, normal hair follicles give the dermal-subcutaneous interface a serrated appearance, which can sometimes be appreciated as a rippled fat/soft tissue interface on high-field MRI (Fig. 6-15). After administration of a contrast agent, the scalp shows intense enhancement owing to the presence of the rich network of blood vessels that have their origin from the underlying subcutaneous layer.
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FIGURE 6-15 Axial T2W MR image of the head. The thin superficial cutis (large arrowhead) is isointense. The thick adipose tissue (small arrowheads) within the superficial fascial layer appears slightly hyperintense with multiple low signal septa oriented perpendicular to the skin surface. Between the higher signal fat in this layer and the thin layer of high signal fat of the diploic marrow space (small arrows) lies the deep low signal layer formed by the muscle, galea aponeurotica, and pericranium plus the outer table of the calvaria (straight arrow). The temporalis muscles (T) appear as paired hypointense crescents of muscle deep to the temporalis fascia and closely applied to the external table of the squamous temporal bones. Between the temporalis muscle and the superficial fascia is the temporal sheath (wavy arrow). All of the layers of the scalp appear thicker posteriorly than anteriorly.




The superficial fascial layer of the scalp appears predominantly fatty on imaging studies. On CT, the fatty subcutaneous layer is usually hypodense to muscle. On MRI it is bright on T1W images and isointense to dark on T2W images. On fluid-attenuated inversion recovery (FLAIR) imaging it is bright owing to moderate T1W effects (Fig. 6-16). The range of normal variation in fat thickness overlaps with that of pathologic processes. Broadly, however, increased thickness of the fat suggests obesity, whereas reduced thickness suggests cachexia. After administration of a contrast agent, this normal subcutaneous layer shows intense enhancement owing to the rich capillary network and blood supply. The multiple fibrotic septations are clearly seen on CT as hyperdense strands highlighted by fat (see Fig. 6-5) and on T1W images (Fig. 6-17) as low-intensity strands highlighted by bright signal from fat.
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FIGURE 6-16 Axial FLAIR MR image of the head. Contrast is relatively similar to that of a T2W image owing to the component of fat in tissue.
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FIGURE 6-17 Coronal T1W MR image of the scalp and skull depicts the thin superficial isointense skin layer, the characteristic high signal, radial septations and thickness of the underlying superficial fascial layer (asterisk), and the vessels (small arrow) that course at the depth of that layer. The combined galea aponeurotica, loose areolar subgaleal connective tissue, and pericranium form a thin, well-defined, nearly isointense layer just external to the outer table of the calvaria. This layer extends laterally and inferiorly to merge with the superficial temporalis fascia external to the temporalis muscles (T).











ANALYSIS


On serial images, the scalp is evaluated for thickness, density, definition of the three discernible scalp layers, and intrinsic vascularity. The scalp should show a well-defined isodense/intense skin layer, a fat-density/intensity, a superficial fascial layer of variable thickness, well-defined perpendicular striations from the reticular fibers within the adipose layer, and a smooth, usually thin, deep layer composed of the galea, loose areolar subgaleal tissue, and pericranium. The underlying bone is then evaluated for the integrity of the external table, the diploë, and the inner table. This analysis extends over the full calvaria and is continued into the attachments of the scalp to the face and neck inferiorly.


Any lesions identified are described in terms of their location, number, demarcation, specific layer(s) of the scalp involved, and their effect on the adjoining soft tissue and bone. Any hypervascularity and contrast enhancement are described. Specific note is made of lacerations, ulcerations, calcifications, cysts, fluid levels within any cyst, or masses. These data are then integrated into the differential diagnosis.


It is beyond the scope of this chapter to describe pathologic processes. However, in case of hemorrhage attention should be given to the scalp layers: a cephalohematoma occurs under the periosteum. A caput succedaneum will occur between the skin and galeal aponeurosis. A subgaleal hematoma will occur in the loose areolar tissue between the galea and periosteum. All three are commonly seen in infants. The last is more common in adults.


A sample report is presented in Box 6-1.





BOX 6-1 Sample Report: MRI of Scalp Lesion






PATIENT HISTORY


The patient presented with a palpable scalp lesion.









TECHNIQUE


MRI of the head was performed utilizing sagittal T1W, axial T1W, axial T2W, axial T2 FLAIR, coronal T2* GRE, and diffusion-weighted sequences. Additional fat-suppressed T1W sequences were obtained after intravenous administration of __ mL of ___ (specific contrast agent)__.









FINDINGS


There is a 1.4 × 1.5-cm well-circumscribed, thin-walled lesion in the superficial fascial layer of the occipital scalp on the right (see Fig. 6-13). The lesion is isointense to gray matter on T1W and T2W sequences. There is no internal fluid level or enhancement after contrast agent administration. The surrounding scalp and underlying bone are normal. These findings are suggestive of a follicular cyst containing complex secretions. The brain parenchyma and ventricular system appear normal.









IMPRESSION


A 1.4 × 1.5-cm nonenhancing lesion is evident in the right occipital scalp. The imaging findings are suggestive of a benign follicular cyst. No additional scalp lesions are identified.














KEY POINTS







[image: image] At present, only three layers of the scalp are demonstrable by imaging. These are the skin, the superficial fascia, and a composite “layer” composed of the galea aponeurotica, subgaleal loose areolar tissue, and pericranium.


[image: image] The superficial fascia layer contains fibroadipose tissue, perpendicular reticular fibers, and the majority of blood vessels in the scalp. This layer links the skin and the galea into a single functional unit that glides over the calvaria along the loose areolar tissue of the subgaleal plane.


[image: image] The galea aponeurotica yokes the paired frontalis muscles with the paired occipitalis muscles to form a single functional unit. The frontalis muscles have no direct bony insertion. Disease processes may extend widely along the subgaleal plane.


[image: image] The vessels of the scalp may connect with the intracranial vessels via emissary veins that enter or traverse the calvaria, channels from the supraorbital and supratrochlear veins to the cavernous sinuses, and multiple external-internal carotid arterial collateral vessels.














SUGGESTED READINGS





 Hayman LA, Shukla V, Ly C, Taber KH. Clinical and imaging anatomy of the scalp. J Comput Assist Tomogr. 2003;27:454–459.


 Seery GE. Surgical anatomy of the scalp. Dermatol Surg. 2002;28:581–587.


 Sharman AM, Kirmi O, Anslow P. Imaging of the skin, subcutis, and galea aponeurotica. Semin Ultrasound CT MR. 2009;30:452–464.











REFERENCES





1 Young B, Lowe JS, Stevens A, Heath J, eds. Wheater’s Textbook of Functional Histology, 5th ed., Philadelphia: Elsevier, 2006.


2 Hori H, Moretti G, Rebora A, Crovato F. The thickness of human scalp: normal and bald. J Invest Dermatol. 1972;58:396–399.


3 Seery GE. Surgical anatomy of the scalp. Dermatol Surg. 2002;28:581–587.


4 Standring S, et al, eds. Gray’s Anatomy, 40th ed., Philadelphia: Elsevier, 2008.


5 Osnis RB, McCarthy JG, Aizenstein RI, et al. Anatomy and imaging of the supraorbital region. Int J Neuroradiol. 1998;4:243–252.


6 Sharman AM, Kirmi O, Anslow P. Imaging of the skin, subcutis, and galea aponeurotica. Semin Ultrasound CT MR. 2009;30:452–464.


7 Kleintjes WG. Forehead anatomy: arterial variations and venous link of the midline forehead flap. J Plast Reconstr Aesthet Surg. 2007;60:593–606.


8 García-González U, Cavalcanti DD, Agrawal A, et al. The diploic venous system: surgical anatomy and neurosurgical implications. Neurosurg Focus. 2009;27:E2.


9 Intenzo CM, Truluck CA, Kushen MC, et al. Lymphoscintigraphy in cutaneous melanoma: an updated total body atlas of sentinel node mapping. RadioGraphics. 2009;29:1125–1135.


10 Hayman LA, Shukla V, Ly C, Taber KH. Clinical and imaging anatomy of the scalp. J Comput Assist Tomogr. 2003;27:454–459.
















CHAPTER 7 Skull




A. Orlando Ortiz









ANATOMY


The skull consists of multiple flat bones joined together by sutures. These flat bones have rounded margins that permit the formation of a vault that is located superior to the skull base. The skull surrounds the outer surface of the brain, whereas the skull base supports and covers the undersurface of the brain.


The skull vault comprises the neurocranium, which is bordered anteriorly by the facial bones or viscerocranium.1 Multiple bones contribute to the formation of the skull vault. These include, in anterior to posterior direction, the frontal bone, the greater wing of the sphenoid bone, the frontal process of the zygoma, the squamous portion of the temporal bone, the parietal bone, and the occipital bone. These bones are connected by fibrous sutural membranes that initially allow for the expansion of the developing brain in early life. Growth of the brain and adjacent skull are also facilitated by the presence of anterior and posterior fontanelles. The anterior fontanelle is located between the frontal and parietal bones at the junction of the sagittal and coronal sutures. The posterior fontanelle is located between the parietal and occipital bones at the junction of the sagittal and lambdoid sutures.


Each of the skull bones is made up of an outer table of cortical bone, a middle table or diploë that contains bone marrow, and an inner table of cortical bone.2 Periosteum covers the outer table of the skull. This periosteum is actually considered to be part of the deepest layer of the scalp. The periosteum is fairly adherent to the bony cortex and is tightly adherent at sutural junctions between adjacent skull bones. The inner table is lined by the dura mater, the most superficial layer of the meninges. Periosteal dura is located immediately adjacent to the inner table cortex. A second layer of dura, the meningeal dura, is apposed to the periosteal dura except where these two dural leaves diverge to form the major dural venous sinuses, the sagittal and transverse sinuses, and the falx cerebri and cerebelli and tentorium cerebelli. Like the periosteum of the outer table, the periosteal dura is tightly adherent to the inner table at the cranial sutures. Despite this close apposition of these fibrous connective tissue structures, the periosteum and the periosteal dura, to their respective cortical layers, a potential space can be found beneath the periosteum, the subperiosteal space, and above or external to the periosteal dura, the epidural space. The subdural space is located deep to or beneath the meningeal layer of dura.


Scattered small vascular channels that transmit tiny vessels may be found anywhere about the skull vault but are most often seen in the vicinity of the major dural venous sinuses. These may involve one or both of the cortical tables of the skull. Arachnoid granulations may also be seen adjacent to the inner table often in the vicinity of the sagittal or transverse sinuses. These normal anatomic structures should not be mistaken for pathologic conditions.









IMAGING






CT


Standard CT with bone algorithm is used to assess the osseous integrity of the bony tables of the skull. Lytic and erosive changes are readily identified as are frank defects within the calvaria. In addition, with CT it is possible to analyze the lesion margins for evidence of sclerotic change, which may suggest a more indolent process. Some soft tissue characterization of the lesion matrix is feasible with CT. CT is capable of detecting pure osseous lesions, trabeculated lesions, fat-containing lesions, cerebrospinal fluid (CSF)-containing lesions, or lesions that demonstrate variable cerebral contents. CT can be performed with a radiopaque skin marker in those instances when a lesion is initially identified as a clinically palpable mass. 2D and 3D CT reformatted images can be helpful in lesion localization and in assessing lesion extent for purposes of pretreatment planning.









MRI


Standard MRI sequences, including T1-weighted (T1W) and T2-weighted (T2W) sequences, in the axial, sagittal, and coronal planes are also useful in lesion localization. Moreover, MRI is extremely helpful in evaluating the marrow within the diploë. Contrast-enhanced sequences with fat suppression can assist in determining the extent of a lesion and whether it invades the epidural space and adjacent brain or dural venous sinuses. MRI is superior for characterization of the lesion contents, particularly for developmental lesions that involve the skull.









Special Procedures


Catheter angiography can be used to further characterize suspected vascular lesions within or about the skull. The arterial supply to the lesion, when present, can be defined as can the venous drainage. This can be helpful in preoperative planning. Presurgical embolization of hypervascular lesions can facilitate resection and minimize intraoperative blood loss.


Skeletal scintigraphy is useful in either assessing or confirming the presence of multiple lesions, which may narrow the differential diagnosis to specific disease entities when lesion multiplicity throughout the skeleton is established.


Plain radiographs of the skull have a small, but important, role in the evaluation of skull lesions. They are helpful in assessing for lesion multiplicity. Additionally, they can help identify whether a lesion is lytic, sclerotic, or osseous and whether the lesion has sclerotic margins. Plain radiographs can help localize a lesion for subsequent cross-sectional evaluation.












HOW A PATHOLOGIC PROCESS ALTERS NORMAL APPEARANCE


Skull lesions present either as clinically palpable masses or as lesions that are incidentally detected during an imaging study obtained for some other clinical indication.3,4 Skull lesions originate within the calvaria proper. Lesions that arise from the scalp or meninges can invade the skull and rarely can simulate primary skull lesions. Furthermore, certain pathologic entities such as those related to trauma, infection, and inflammation can involve multiple contiguous structures and compartments. For the purposes of this chapter, this discussion will focus on those lesions that either arise directly from the skull or those lesions that are typically associated with the calvaria.


There are several criteria that can be used to analyze skull lesions. The first of these is the patient’s age. Certain masses, such as developmental lesions, tend to present in early childhood and young children whereas other lesions tend to present in adults (Table 7-1). While the approach to image analysis in adults remains the same, the frequency and types of lesions that are encountered with the skull vault are somewhat different. With respect to developmental lesions, in certain instances, the location of the skull lesion may predispose toward a specific diagnosis. It is extremely important to analyze the skull for the presence, or absence, of more than one skull lesion. The presence of multiple skull lesions usually indicates the presence of a multifocal neoplastic process in adults such as metastatic disease or multiple myeloma. In children, on the other hand, lesion multiplicity may not only reflect the presence of metastatic disease but also be due to an inflammatory process such as Langerhans cell histiocytosis. The next criterion that is used in lesion analysis is an assessment of a given lesion’s margins. A lesion with well-defined, sharp margins and evidence of reactive bone formation on CT or plain radiographs is more likely a benign entity because these features suggest a nonaggressive growth pattern. Lesions that possess ill-defined, irregular margins reflect the presence of a more aggressive process such as that which is seen in a neoplasm. The final parameter that should be included in the evaluation of a skull lesion is the assessment of the lesion matrix. The lesion may be characterized as lytic, sclerotic, or mixed on CT or plain radiographs. Lesion contents such as fat, CSF, or bone, identified with CT or MRI, may suggest a specific diagnosis. The absence of contrast enhancement may indicate the presence of a less aggressive lesion such as a developmental lesion.


TABLE 7-1 Skull Lesions








Pediatric


Developmental



Cephalocele



Dermoid/epidermoid



Arachnoid cyst



Parietal thinning



Sinus pericranii



Hemangioma












Trauma



Cephalohematoma












Leptomeningeal cyst



Burr hole












Inflammatory



Langerhans cell histiocytosis












Neoplasm



Primary



Osteoma



Secondary



Metastasis (neuroblastoma, sarcoma, leukemia)








Adult






Developmental



Epidermoid/dermoid



Arachnoid cyst












Trauma



Burr hole



Cephalohematoma












Inflammatory



Infection












Neoplasm



Primary



Osteoma, hemangioma



Secondary



Metastases



Multiple myeloma











The majority of congenital skull lesions are detected in the pediatric age group (see Table 7-1). Cephaloceles often present at birth as a skin-covered protrusion of variable amounts and types of intracranial contents through a defect in the skull.5,6 They have an incidence of 1 to 3 per 10,000 births. Two thirds of cephaloceles occur within the skull vault and involve the occipital region (Fig. 7-1). In addition to presenting as a palpable mass, the clinical presentation will depend on the extent and severity of associated central nervous system (CNS) anomalies (Fig. 7-2). The latter can be fairly well characterized by MRI, as can the cephalocele contents and the relationship to the superior sagittal sinus (Fig. 7-3). The skull defect can be defined with CT especially using 2D and 3D reformatted images. Dermoids and epidermoids are ectodermal inclusions that can involve the skull.7 Dermoids are often found in a midline location adjacent to the anterior fontanelle. Because of the presence of different ectodermal derivatives such as sweat and sebaceous glands, hair follicles, and teeth, these lesions can demonstrate a variable imaging appearance with certain features predominating within a given modality (Figs. 7-4 to 7-6). Plain radiography and CT are helpful in identifying any tooth-like structures or calcifications. The relationship to the midline as well as the outward beveled margins of the skull can best be seen with CT using multiplanar reformatted images. A focal skull defect may indicate the presence of a dermal sinus tract; the latter may serve as route for the spread of infection (Fig. 7-7). The MR signal characteristics will depend on the cyst contents; if a dermoid contains lipid, hyperintense signal may be seen on T1W images. Epidermoids are usually located within the lateral aspect of the skull vault and present as expansile intradiploic cystic masses. The wall of the epidermoid is lined by stratified squamous epithelium but is rarely seen on imaging because it rarely calcifies and usually does not enhance after intravenous contrast agent administration. On CT, an epidermoid presents as a well-circumscribed hypodense intradiploic expansile mass with smooth, sclerotic margins. The cyst contents show low to intermediate signal intensity on T1W MR images and increased signal intensity on T2W MR images (Fig. 7-8). A few of the congenital lesions that are usually seen in children may occasionally be encountered in adults (Fig. 7-9). These include dermoids and epidermoids where the imaging presentation is similar to that seen with children. Arachnoid cysts are not uncommon in adults, and whereas the majority of these cysts are intracranial extra-axial lesions they sometimes can present as an intradiploic lesion. Arachnoid cysts are intracranial cysts that can rarely present as skull involvement. In the latter situation, the cyst enlarges and gradually erodes, thins, and deforms the adjacent portion of the inner table through CSF pulsations (Fig. 7-10). These are large simple CSF-containing cysts that do not enhance and are readily diagnosed with CT and MRI.8 These arachnoid cysts can be differentiated from parietal thinning, a normal developmental variant of the parietal bones that can present as a palpable skull deformity and may involve either one side or both sides of the skull vault (Figs. 7-11 to 7-13).9
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FIGURE 7-1 Cephalocele: female neonate with occipital mass. A, Unenhanced axial decubitus CT image shows a large occipital soft tissue mass that includes cerebral tissue that has herniated through a large defect in the occipital bone. B, Frontal skull radiograph shows the well-marginated osseous defect within the skull vault.
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FIGURE 7-2 Meningocele: 3-day-old male neonate with palpable mass. A, T1W midline sagittal MR image shows a small hypointense mass within the parietal scalp. B, T2W axial MR image shows hyperintense contents. C, Unenhanced axial CT image shows a small somewhat hypodense soft tissue mass adjacent to the sagittal suture.







[image: image]

FIGURE 7-3 Cephalocele: 1-day-old female neonate with occipital mass. A, Lateral skull radiograph shows the mass. B, T1W axial MR image shows a predominantly hypointense mass; the sagittal sinus is in normal location. C, T2W axial MR image shows increased signal intensity within the herniated sac. Normal flow void is seen within the sagittal sinus, which, in this case, is separate from the lesion.
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FIGURE 7-4 Dermoid: 4-month-old female infant with palpable anterior fontanelle mass. T1W midline sagittal MR image shows a small hyperintense mass just underneath the scalp.
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FIGURE 7-5 Dermoid: 5-year-old girl with incidental parietal mass detected during MRI evaluation for possible seizures. A, T1W midline sagittal MR image shows a hypointense mass that communicates via a stalk or tract with a small midline defect in the calvaria. B, The T1W axial MR image confirms the extracranial location of this hypointense mass. C, The lesion is heterogeneously hyperintense on the T2W MR image and does not communicate with the superior sagittal sinus.
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FIGURE 7-6 Dermoid: male neonate with palpable soft mass. A, Lateral skull radiograph shows small soft tissue parietal mass. B, Close-up view from frontal skull radiograph shows that the lesion is located in the midline and is associated with a small osseous defect. C, Unenhanced axial CT image shows a round, solid, soft tissue mass that is associated with a small defect in the calvaria (the patient was rotated, hence the apparent off-midline appearance).
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FIGURE 7-7 Dermoid: 10-month-old male infant with small mass on forehead. A, Close-up view from lateral skull radiograph shows a small soft tissue mass that is associated with a defect in the frontal bone. B, T1W sagittal MR image shows a small hypointense tract within the frontal bone and no associated intracranial abnormality. C, 3D CT of the skull with surface rendering shows a small right paramedian frontal osseous defect.
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FIGURE 7-8 Epidermoid: 20-year-old woman with incidental skull lesion found during evaluation for headache. A, Close-up view from lateral skull radiograph shows a well-marginated defect that involves the inner table. B, T1W sagittal MR image shows a small, round, hypointense extra-axial mass that erodes the inner table. C, The lesion is heterogeneously hyperintense on the T2W axial image and does not involve the superior sagittal sinus.
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FIGURE 7-9 Epidermoid: 25-year-old woman being evaluated for demyelinating disease. Contrast-enhanced T1W MR image shows non-enhancing, slightly heterogeneous, signal skull lesion. This was an incidental finding.
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FIGURE 7-10 Arachnoid cyst: 50-year-old woman with palpable skull mass. A, Contrast-enhanced direct coronal CT image shows a well-circumscribed nonenhancing cystic lesion that remodels and causes an outward focal bulging of the parietal bone. B, Same image in bone algorithm shows focal thinning but no destruction of the skull vault.
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FIGURE 7-11 Unilateral parietal thinning: 4-year-old girl with palpable bump on left side of head. A, Scout lateral radiograph from CT examination shows a focal bulge in the parietal bone at the vertex. B, T1W sagittal MR image shows focal thinning of the parietal bone with no underlying abnormality. C, Direct coronal CT image in bone algorithm shows focal thinning of the left parietal bone with slight outward bulging.
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FIGURE 7-12 Unilateral parietal thinning: 9-year-old girl with palpable skull vault mass. A, Scout lateral radiograph from CT examination shows a small focal bulge in the parietal bone at the vertex. B, Unenhanced axial CT image shows a small protrusion in the left parietal bone at the vertex with a suggestion of soft tissue underlying this area. C, The same image in bone algorithm shows focal thinning of the skull vault. D, Contrast-enhanced T1W sagittal MR image shows no underlying lesion and focal thinning of the calvaria.







[image: image]

FIGURE 7-13 Bilateral parietal thinning: 5-year-old boy with bump on head. A, Lateral radiograph of skull shows subtle contour change of skull at vertex. B, Close-up view of the lateral skull radiograph shows a focal outward bulge in the parietal bone. C, Contrast-enhanced direct coronal CT image shows no focal abnormalities. D, Same image in bone algorithm shows thinning of the parietal bones at the vertex.




Other developmental lesions in children tend to have a vascular etiology. Sinus pericranii is a venous malformation that results from the communication of subgaleal scalp veins that communicate with the intracranial veins and venous sinuses through ostia or tiny defects in the skull, often in the frontal or parietal bones.10 These slow-growing vascular lesions tend to enlarge as result of Valsalva-type maneuvers such as crying (Fig. 7-14). The vascular nature of these lesions is readily seen as flow voids on MRI or as contrast-enhancing tubular structures on CT or MRI that are located on both sides of the skull vault. CT may show a small focal osseous defect involving all tables of the calvaria. Hemangiomas in pediatric patients usually occur within the soft tissues of the head and neck. Scalp hemangiomas secondarily affect the skull by remodeling or flattening the adjacent portion of the outer table. These hemangiomas show variable soft tissue attenuation on CT, with variable signal characteristics on MRI (hypointense to hyperintense on T1W and heterogeneously hyperintense on T2W MR images) with possible flow voids. Scalp hemangiomas show marked contrast enhancement. Primary hemangiomas of the skull vault proper comprise 10% of primary benign skull tumors, are found in all age groups, and have a 3 : 1 female predilection.1 They occur most frequently as solitary lesions that are incidentally detected; more than one lesion may be seen in up to 15% of cases.11 Skull hemangiomas are usually found within the frontal and parietal bones. They appear on skull radiographs and CT as a lytic lesion that involves all three skull tables and contain a sunburst trabecular matrix that is surrounded by a sclerotic margin. On MRI, skull hemangiomas are hyperintense on T1W images and heterogeneously hyperintense on T2W images (Figs. 7-15 and 7-16). The T2W sequences show stippled hypointense foci that correspond to the prominent trabeculae that are seen on skull radiographs and CT (Fig. 7-17). Unlike scalp hemangiomas, skull vault hemangiomas show variable contrast enhancement. Variable radionuclide uptake is also seen on skeletal scintigraphy.
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FIGURE 7-14 Sinus pericranii: 4-year-old boy with scalp mass that becomes more prominent when child is crying. A, Unenhanced axial CT image at vertex shows prominent scalp soft tissue mass with some motion artifact due to child crying. B, Contrast-enhanced axial CT image obtained while child was sedated shows prominent enhancing vessels on either side of the skull vault. Note the reduced size of the lesion at the vertex. C, Direct coronal CT image in bone algorithm shows the close proximity of the lesion to the sagittal sinus and suture. D, Gradient-echo–weighted coronal MR image shows a prominent vessel that the lesion shared with the sagittal sinus.
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FIGURE 7-15 Hemangioma: 81-year-old woman with incidental skull vault lesion found during evaluation for transient ischemic attack. A, T1W sagittal MR image shows hypointense lesion within the frontal bone. B, The lesion is heterogeneously hyperintense on the T2W MR image with a stippled appearance. C, Prominent enhancement is seen on the contrast-enhanced T1W axial MR image.
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FIGURE 7-16 Multiple hemangiomas: 32-year-old woman with incidental skull vault lesions seen during evaluation for headache. A, T1W coronal MR image shows well-circumscribed hyperintense right frontal intradiploic lesion. B, Contrast-enhanced T1W coronal MR image shows enhancement. C, T1W coronal MR image shows a second hyperintense intradiploic lesion within the left parietal bone. D, Contrast-enhanced T1W coronal MR image shows enhancement.
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FIGURE 7-17 Hemangioma: 45-year-old woman with incidental frontal bone lesion seen during evaluation for headache. Axial CT image in bone algorithm shows a sharply marginated slightly expansile trabeculated lesion that involves all of the skull tables.




A leptomeningeal cyst is an acquired post-traumatic skull lesion that is seen in approximately 1% of children with skull fractures.12 In these cases, a dural tear is associated with the skull fracture. The exposed arachnoid mater insinuates itself into the fracture line and, over time (weeks to months) with CSF pulsations, expands the fracture. Imaging with plain radiography or CT shows an expanded fracture plane with greater involvement of the inner table as compared with the outer table. The osseous margins are often smooth, and a beveled appearance may be seen involving either the inner or the outer table of the skull vault. As the lesion expands a cyst forms; this CSF-containing cyst and its relation to the adjacent intracranial contents is seen on both CT and MRI (Fig. 7-18). The wall of the cyst may show mild contrast enhancement. Cephalohematomas are also post-traumatic hemorrhagic collections that form beneath the periosteum of the outer table of the skull (Figs. 7-19 and 7-20).13 Many occur as a result of birth trauma and involve the parietal bones. The majority of these lesions resolve over time; however, some lesions may persist and calcify to the point that they merge imperceptibly with the outer table cortex (Figs. 7-21 and 7-22). These may present later in life as a palpable hard mass. Imaging with CT or MRI can show variable findings depending on the stage of the hemorrhagic collection. Chronic calcified cephalohematomas are hyperdense on CT, have smooth margins, and may sometimes show a sharp transition between the lateral margin of the lesion and the outer table of the skull. Chronic cephalohematomas may also be seen in adults but these are often heavily calcified or ossified and demonstrate an imaging appearance that reflects the presence of this type of matrix.
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FIGURE 7-18 Leptomeningeal cyst: 4-month-old female infant with prior history of head trauma. A, Axial CT image shows ex vacuo dilatation of the right lateral ventricle and a large cyst that extends through a large skull defect. B, T2W axial MR image confirms the cystic contents of the extracranial portion of the lesion. C, T1W coronal MR image shows that even a portion of the expanded right lateral ventricle extends through the defect in the calvaria.
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FIGURE 7-19 Acute cephalohematoma: 11-month-old male infant with head trauma. A, Axial CT image shows hyperdense area of scalp soft tissue swelling. B, Axial CT image in bone algorithm at the same level shows a linear parietal skull fracture. Note that the soft tissue swelling extends to the coronal and lambdoid sutures. C, T1W sagittal MR image shows hypointense to isointense fluid collection. D, The collection is predominantly hypointense on the T2W axial MR image.
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FIGURE 7-20 Subacute cephalohematoma: 4-month-old male infant with fluctuant scalp mass. A, T1W sagittal MR image shows a small hyperintense fluid collection. B, T2W axial MR image shows a predominantly hyperintense fluid collection with slight flattening of the adjacent portion of the parietal bone.
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FIGURE 7-21 Chronic calcified cephalohematoma: 4-month-old male infant with palpable mass. A, Lateral skull radiograph shows large round density overlying the parietal bone. B, The frontal skull radiograph shows that the lesion has increased density and is separate from the right parietal bone. C, Axial CT image at level of convexity shows that the periphery of the lesion has a thick high attenuation wall. D, Axial CT image in bone algorithm shows that the mass is densely calcified with residual lower attenuation tissue in the center.
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FIGURE 7-22 Chronic ossified cephalohematoma: 45-year-old man with palpable mass. A, Axial CT image shows focal thickening of the right parietal bone. B, Axial CT image in bone algorithm shows an osseous lesion that is well defined and is predominantly contiguous with the outer table. A small cleft separates the anterior portion of this lesion from the outer table.




Langerhans cell histiocytosis is an idiopathic systemic disorder in children characterized by the deposition of Langerhans histiocytes. Skull involvement occurs in 28% of cases.1 Unlike the majority of calvarial lesions, Langerhans cell histiocytosis skull lesions may be painful and can be tender to palpation. Moreover, these lesions tend to have a variable clinical course that includes progression or lesion coalescence or frank lesion regression. Plain radiographs of the skull show well-defined variable-sized lytic foci (Fig. 7-23). Coalescence of these lytic foci is responsible for the “geographic” skull appearance that may be observed on skull radiographs. The outer table is often involved to a greater extent than the inner table, leading to a beveled-edge appearance of the lesion margin when the lesion is viewed in profile. Occasionally a focal residual focus of bone or “button sequestrum” is seen centrally within an area of lysis. These imaging findings are also seen on CT as sharply defined hypodense intradiploic lesions. On MRI the lesions show lowto-intermediate signal intensity on T1W images and increased signal intensity on T2W images. Variable radionuclide uptake is observed on skeletal scintigraphy, but small lesions tend to show increased uptake and large lesions may not show any radionuclide uptake. Primary infections of the calvaria are extremely rare in the United States.4 When present they may be due to bacterial, mycobacterial, fungal, or parasitic causes. Many of these infections are related to either trauma or previous surgical intervention. Imaging studies will show a destructive skull lesion that is ill defined and associated with focal scalp soft tissue swelling (Fig. 7-24). Increased radionuclide uptake is usually seen on skeletal scintigraphy.
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FIGURE 7-23 Langerhans cell histiocytosis: 5-year-old boy. A, Skull radiograph shows multiple lytic lesions, many of which are beginning to coalesce. B, Axial CT image in bone algorithm shows several lytic foci with asymmetric erosions involving variable amounts and surfaces of the skull tables.
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FIGURE 7-24 Calvarial osteomyelitis: 25-year-old immunocompromised male. Direct coronal CT image in bone algorithm shows destructive lesion involving the vertex with associated soft tissue swelling.




Primary pediatric and adult skull vault tumors are rare. Osteomas are benign primary tumors that involve intramembranous bone and tend to arise from the outer table of the skull.14 These occur in children and adults. On plain radiographs and CT they appear as sharply marginated hyperdense round foci that protrude slightly from the outer table. Given their fibro-osseous matrix, the lesions are uniformly hypointense on all standard MRI sequences (Fig. 7-25). They do not show contrast enhancement on CT or MRI. Malignant primary tumors of the skull are also rare. Malignant fibrous histiocytoma is derived from histiocytes and is more often seen in adults. This tumor can arise either de novo or in association with prior radiation therapy or preexisting Paget’s disease.15 These neoplasms present as poorly marginated lytic lesions on plain radiographs and CT. They are heterogeneously hypointense to isointense on T1W MR images and hyperintense on T2W MR images (Fig. 7-26). Contrast enhancement is seen on both CT and MRI because these neoplasms tend to be hypervascular. Catheter angiography may be performed to define the arterial supply and to potentially perform external carotid artery branch embolization to devascularize these tumors before surgical resection. Sarcomas such as Ewing’s sarcoma and osteogenic sarcoma are other potential malignant tumors that can be found within the calvaria. Osteosarcoma can also arise from underlying pagetoid bone.16 Skull radiographs and CT will often show a complex set of findings, including lytic foci and sclerotic areas that contain calcification or an osseous matrix (Fig. 7-27). MRI will show mixed signal characteristics on T1W and T2W images and contrast enhancement.17 In general, skeletal scintigraphy will demonstrate increased radiotracer uptake in all of these neoplasms. It should be emphasized that the diagnosis of metastatic disease or myeloma should still be considered whenever a solitary malignant-appearing tumor is identified within the skull vault.4
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FIGURE 7-25 Osteoma: 6-year-old boy with palpable skull mass. A, Frontal projection from bone scan shows focal increased uptake in the right frontal bone. B, Contrast-enhanced coronal T1W MR image shows a nonenhancing mass that protrudes from the outer table. C, Direct coronal CT image in bone algorithm shows a small, round, hyperdense mass that is well marginated and projects from the outer table.
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FIGURE 7-26 Malignant fibrous histiocytoma: 75-year-old woman with palpable mass. A, T1W coronal MR image shows large solid left parietal mass with intracranial and extracranial components. The mass is isointense to brain and contains flow voids. B, The mass is hyperintense on the T2W axial MR image and contains serpentine vascular structures. C, Contrast-enhanced coronal image shows that the lesion enhances and contains a cystic component. D, Lateral projection from arterial phase during external carotid artery injection shows a hypervascular mass that is supplied by branches from the middle meningeal and superficial temporal arteries.
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FIGURE 7-27 Osteosarcoma: 55-year-old man with rapidly growing skull mass. A, Contrast-enhanced coronal CT image shows a markedly enhancing right parietal mass. B, Coronal CT image in bone algorithm shows marked destruction of the adjacent portion of the skull vault.




Metastatic neoplasms are more common than primary tumors in the calvaria. Tumors that may metastasize to the skull in children include neuroblastoma, leukemia, lymphoma, rhabdomyosarcoma, and primitive neuroectodermal tumors (Fig. 7-28). In adults, the presence of multiple skull lesions should raise the possibility of either multiple myeloma or metastatic disease (Fig. 7-29). The imaging findings on plain radiographs and CT will depend on whether the metastatic lesions are osteolytic (e.g., multiple myeloma, breast or lung carcinoma metastases) or osteoblastic (e.g., prostate or colon carcinoma metastases). The key imaging finding is the presence of multiple lesions that show variable contrast enhancement and demonstrate radionuclide uptake on skeletal scintigraphy (Figs. 7-30 to 7-32). The clinical history of a prior primary neoplasm assists in confirming the diagnosis of metastatic disease. MRI will show a multifocal marrow replacement process within the diploë that manifests as decreased signal intensity on T1W images and increased signal intensity on T2W images and enhances on fat-suppressed, contrast-enhanced T1W images.18,19
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FIGURE 7-28 Metastatic sarcoma: 3-year-old boy with 3-week history of bump on head. A, T1W axial MR image shows a very large right parietal skull vault lesion that has a large intracranial component and a smaller left frontal calvarial lesion. Both lesions are isointense to the brain. B, The lesions remain isointense to brain on the T2W axial MR image. C, Contrast-enhanced T1W axial MR image shows intense enhancement within both lesions.







[image: image]

FIGURE 7-29 Multiple myeloma: 70-year-old man with positive bone scan. Contrast-enhanced axial CT image shows enhancing expansile lytic lesion that involves all three tables of the left frontal bone. A second lesion is seen with the right parietal bone.
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FIGURE 7-30 Metastatic breast cancer: 49-year-old woman with known history of skeletal metastases. A, Lateral projection from skeletal scintigram shows multiple foci of increased radiotracer uptake in the skull. B, Axial CT image in bone algorithm at level of vertex shows ill-defined, irregular, permeative lesion within the left parietal bone.
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FIGURE 7-31 Metastatic prostate cancer: 68-year-old man with markedly elevated prostate-specific antigen level. Axial CT image in bone algorithm shows diffuse involvement of the calvaria by a predominantly permeative sclerotic process.
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FIGURE 7-32 Metastatic thyroid cancer: 55-year-old woman with rapidly growing, large frontal scalp mass. Contrast-enhanced axial CT image shows intensely enhancing mass with prominent intracranial and extracranial components that is associated with destruction of the frontal bone.
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FIGURE 7-33 Lateral scout image showing evidence of prior left craniotomy.
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FIGURE 7-34 Axial CT image showing sharp margins of lytic lesion in temporal squamosa. Note the inner table is more eroded than the outer table.
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FIGURE 7-35 T1W axial MR image showing focal extension of cerebral tissue through the lytic skull defect.
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FIGURE 7-36 T2W axial MR image confirming that this is cerebral cortex.
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FIGURE 7-37 T1W axial image at the level of the left parietal skull lesion showing a well-defined and slightly hypointense round mass.
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FIGURE 7-38 T2W axial image at the level of the left parietal skull lesion showing a well-defined and slightly hyperintense round mass.
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FIGURE 7-39 Fat-suppressed, contrast-enhanced, T1W coronal MR image showing prominent enhancement within the parietal lesion and no evidence of associated epidural or scalp soft tissue component.








ANALYSIS


In most cases when multiple calvarial lesions are present, the diagnosis will be known or suggested by the patient’s clinical presentation. In adults, for example, the diagnosis is either going to be metastatic disease or multiple myeloma. Knowledge of the patient’s age is an extremely useful piece of information because certain types of calvarial lesions are predisposed to children, whereas others more commonly occur in adults (see Table 7-1). It is in the case of the solitary calvarial lesion when the imaging analysis may help to either narrow the differential diagnosis or suggest a specific diagnosis. The analysis in this case should include the location of the lesion because many midline lesions have a developmental etiology. Additionally, the analysis should focus on the margins and the matrix of the lesion. In rare instances the matrix may have a relatively typical appearance that suggests the diagnosis, such as a dermoid or hemangioma. Irregular or disrupted margins tend to suggest aggressive processes such as infection or malignant neoplasm. Sharp, well-defined margins tend to indicate a benign or nonaggressive pathologic process. Diagnostic clues should be gleaned from all imaging studies available, and it may be prudent to suggest performing an additional study to refine the differential diagnosis or confirm a diagnosis.


A sample report is shown in Box 7-1.





BOX 7-1 Sample Report: Seizure Disorder






PATIENT HISTORY


An 18-year-old woman presented with an acute seizure. She had a history of seizure disorder.









TECHNIQUE


An unenhanced CT of the brain is ordered by the emergency department physician. No other studies are available.









FINDINGS


The lateral scout image (Fig. 7-33) shows evidence of prior left craniotomy. Additionally, two calvarial lesions are identified. Both of the lesions have well-defined margins, but the more superior lesion has sclerotic margins and is seen adjacent to the craniotomy site. Each lesion has a distinct matrix. The superior parietal lesion has a heterogeneous, perhaps slightly stippled matrix, and the more inferior lesion has a lucent, or lytic, appearance. Axial CT image in a bone algorithm (Fig. 7-34) shows the sharp margins of the lytic lesion within the temporal squamosa; the inner table is eroded more than the outer table. There is perhaps focal soft tissue fullness in the adjacent scalp soft tissues. The parietal lesion was not well visualized on the axial CT images.









IMPRESSION


Incidental detection of two calvarial lesions, each with a distinctly different imaging appearance in a young patient with prior history of craniotomy. These appear to be due to a nonaggressive process and may have a benign etiology; however, follow-up study with MRI is advised. The latter study can be performed in conjunction with the patient’s seizure evaluation.


An MRI was obtained to further evaluate these lesions. The T1W axial MR image (Fig. 7-35) shows focal extension of cerebral tissue through the lytic skull defect. The T2W axial MR image (Fig. 7-36) confirms that this is cerebral cortex. The findings are consistent with a lateral cephalocele, a rare location for cephaloceles. The T1W axial image (Fig. 7-37) at the level of the left parietal skull lesion shows a well-defined slightly hypointense round mass that is slightly hyperintense on the T2W axial image (Fig. 7-38). Close inspection of the lesion matrix shows a subtle stippled appearance. This lesion involves all three tables of the skull. The fat-suppressed, contrast-enhanced, T1W coronal MR image (Fig. 7-39) shows prominent enhancement within the parietal lesion and no evidence of associated epidural or scalp soft tissue component. These findings are most consistent with a hemangioma.














KEY POINTS: DIFFERENTIAL DIAGNOSIS







[image: image] The patient’s age (pediatric or adult) influences the differential diagnosis.


[image: image] The differential diagnosis can be narrowed when multiple skull vault lesions are present and includes Langerhans cell histiocytosis or metastases in children and metastases or myeloma in adults. A prior history of primary neoplasm may further narrow the differential diagnosis.


[image: image] A solitary calvarial lesion in a child is likely developmental, whereas it may still have a neoplastic cause in the adult age group.


[image: image] Specific lesion matrix contents may suggest a tissue-specific diagnostic entity (e.g., dermoid, hemangioma, osteoma).


[image: image] The presence of well-defined, sharp or sclerotic lesion margins usually indicates a slow-growing/forming indolent process.
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CHAPTER 8 Cranial Meninges




Merav W. Galper, Thomas P. Naidich, George M. Kleinman, Evan G. Stein, Patrick A. Lento





The term cranial meninges refers to the three tissue layers that ensheathe the brain deep to the skull. From superficial to deep, these are the dura mater, the arachnoid mater, and pia mater.


The dura mater is also termed the pachymeninx (thick meninx). The arachnoid and pia mater, together, are the leptomeninges (thin meninges).1,2






EMBRYOLOGY


The cranial dura is mesodermal in origin, derived from the sclerotomes. The leptomeninges are ectodermal in origin, derived from the neural crest.1 The meninges form in three stages.2,3









Stage 1


From 22 to 40 days’ gestation, migrating mesenchymal cells surround the neural tube to form a reticulum between the developing nervous system and the superficial ectoderm. A vascular tunic containing immature hematogenous elements forms within this mesenchymal layer, close to the developing neural tissue.3 No distinct meninges are yet present.









Stage 2


The superficial portion of the reticulum condenses into a compact lamina that is three to four cells thick. Loosely organized mesenchyme remains deep to this lamina, between the lamina and the deeper vascular tunic. This mesenchyme is poorly cellular and has copious extracellular ground substance (glycosaminoglycans). From superficial to deep, the tissue layers are surface epithelium, compact cell lamina, poorly cellular loose mesenchyme, vascular tunic, and neuroepithelium.3 With further development, the compact cellular layer will form the outer arachnoid membrane, the dura mater, and the skull. The poorly cellular loose layer will form the subarachnoid space. Primitive pia-arachnoid cells first begin to be seen at stage 2.3









Stage 3


There is growth of the meninges and increased tissue between blood vessels.3 The compact cellular layer differentiates further into a deeper portion that will become the outer arachnoid layer and a more superficial portion that will become the dura mater. The outermost layer of the arachnoid (arachnoid barrier cell layer) is directly continuous with the innermost layer of the dura (dural border cell layer) throughout all further development. No true subdural space can be identified between the dura mater and the arachnoid.3 There is no preexisting subdural space comparable to the pleural or peritoneal cavities.4 In this stage, cerebrospinal fluid issues out from the ventricles into the poorly cellular loose mesenchyme, washes away the original extracellular ground substance, and replaces it with fluid, now designated cerebrospinal fluid (CSF). This process creates the “new” substantial, fluid-filled “layer” designated the subarachnoid space. That is, the subarachnoid space is really just a hugely expanded extracellular space. The primitive pia-arachnoid interface is organized in a simple laminar layer; in some areas, a single cell contributes different processes to both the pial surface and the inner portion of the arachnoid. Even in mature meninges, the distinction between these two layers remains difficult.3 The pial cover of the cerebral surface is incomplete in many areas. At these sites, the basal lamina of the glia limitans comes into direct contact with the subarachnoid space.3















INTERNAL ORGANIZATION/LAYERS OF AREA






Dura Mater


The cranial dura forms the thick protective layer over the brain (Fig. 8-1). It is formed of an outer endosteal layer and an inner meningeal layer.1 The outer endosteal layer is composed of elongated fibroblasts and osteoblasts. Large amounts of extracellular collagen give it strength.1 This layer attaches directly to the inner table of the skull, forming the inner periosteum of the calvaria. With advancing age, this endosteal layer becomes progressively more adherent to the skull, may calcify, and may ossify into the inner table.5
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FIGURE 8-1 Anterolateral aspect of the convexity dura seen in situ after removal of the calvaria. Fresh gross anatomic specimen.




The meningeal and endosteal layers of dura remain tightly fused over most of their surface but separate from each other at two major sites. Within the skull, the inner meningeal layer of each side delaminates from the endosteal dura, reflects inward, and merges with its mate to form the double-layered dural partitions, which include the falx cerebri (Fig. 8-2), the tentorium cerebelli, and the falx cerebelli. The dural venous sinuses form where the meningeal layers delaminate from the endosteal layer of dura (e.g., superior sagittal and transverse sinuses) and in spaces left between the two meningeal layers (e.g., inferior sagittal sinus, straight sinus). At the foramen magnum, the inner meningeal layer delaminates from the endosteal dura to form the thecal sac of the spinal canal while the outer endosteal layer remains with the bone to form the periosteum of the spinal column. The fat and vascular structures of the spinal epidural space lie between the inner meningeal layer (now thecal sac) and the outer endosteal layer of dura.
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FIGURE 8-2 A, Diagram of the separation of the endosteal dura (arrowheads) from the meningeal dura (arrow). The two layers of meningeal dura fold inward to establish the falx and enclose the superior sagittal sinus (SSS). The cerebral (neuropial) veins drain into the convexity dura lateral to the sinus and travel within intradural channels (C) to enter the lateral angles of the sinus. Specialized diverticula of the arachnoid designated arachnoid granulations (G) protrude into the SSS to help reabsorb cerebrospinal fluid into the general circulation. (See also Fig. 8-6.) B, Histologic specimen. Trichrome stain shows dura as bright blue, arachnoid and associated vessels as light blue and red, and the brain as deeper red (original magnification, ×100). The superior sagittal sinus (s) is partially collapsed. Metaplastic bone is seen formed along the inner aspect of the high convexity dura. The thin arachnoid and a bridging vein lie deep to the dura.








Falx Cerebri


The falx cerebri is a broad, “sickle-shaped” double fold of meningeal dura mater that reflects downward into the interhemispheric fissure (Fig. 8-3). The outer edge of the falx attaches to the inner table of the calvaria at or near the midline. Anteriorly, it adheres to the internal frontal crest and the crista galli. Posteriorly, it adheres to the internal occipital crest and the internal occipital protuberance.6 The deep, inner edge of the falx presents a free inferior margin anteriorly but attaches strongly to the upper surface of the tentorium in the midline posteriorly. The anteriormost point at which the falx attaches to the tentorium lies at the apex of the incisura (see later) and is designated the confluence of the falx and tentorium. The superior sagittal sinus lies within the outer, attached margin of the falx superficially. The inferior sagittal sinus lies in the inner, free margin of the falx anteriorly. The straight sinus lies within the inferior margin of the falx along its attachment to the tentorium (see Fig. 8-3).7
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FIGURE 8-3 Falx cerebri and falcine incisura. Anterior is to the reader’s left. A, Formalin-fixed gross anatomic specimen in situ, viewed from the side after removal of much of the ipsilateral cerebral hemisphere. B, Contrast-enhanced T1W midsagittal MR image. The outer margin of the falx (F) attaches to the inner table of the skull along the superior sagittal sinus (sss) and to the tentorium along the straight sinus (str). The free margin of the falx (open white arrowheads and white arrows) descends into the interhemispheric fissure less deeply anteriorly and more deeply, posteriorly leaving a falcine incisura that is more widely open anteriorly and narrow posteriorly. The anterior cingulate gyrus (Cg), adjacent medial surface of the frontal lobe, and a large portion of the pericallosal artery lie just to each side of the falcine incisura. Further posteriorly, the free margin of the falx approximates the upper surface of the corpus callosum and the branches of the pericallosal artery pass superior to the free margin of the falx. As a consequence, midline shift is associated with greater displacement of the anterior than posterior cerebrum. In severe cases, compression (“pinching”) of the pericallosal arteries against the free margin may lead to distal pericallosal infarctions. The veins of the medial surface of the brain drain upward into the superior sagittal sinus. In A, note the relationships among the corpus callosum (cc), the anterior limb (a) and genu (g) of the internal capsule, the putamen (P), external (e) and internal (i) nuclei of the globus pallidus (g), and the thalamus (th). T, remnant of the ipsilateral tentorial leaf.


(Specimen courtesy of Drs. B. Moriggl, Munich, and T. A. Yousry, London.)





The falx develops first as two anterior and posterior portions that become a single continuous structure later.7 The anterior falx is typically shorter and thinner than the posterior portion (see Fig. 8-3) and may be perforated or even dehiscent when the posterior portion is robust (Figs. 8-4 and 8-5).7 Rarely, the anterior falx may be completely absent.7 The height of the falx varies from 28 to 48 mm anteriorly, from 41 to 62 mm in the middle, and from 40 to 62 mm posteriorly.8 As a consequence, the opening beneath the falx (incisura of the falx) is far larger anteriorly and smaller posteriorly, permitting ready shift from side to side anteriorly but limited shift posteriorly.
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FIGURE 8-4 Falx cerebri and falcine incisura. Fresh gross anatomic specimen in situ (same specimen as in Fig. 8-9). A, View from above and the side after removal of all the supratentorial brain tissue by section through the plane of the tentorial incisura. A midline “bucket handle” of bone remains to anchor the falx to the skull. Anteriorly, the sickle-shaped falx cerebri (F) attaches to the calvaria along the internal frontal crest and descends from there to insert onto the crista galli (c) and the floor of the anterior fossa in the midline. Posteriorly, the falx attaches to the superior midline segment of the tentorium (T), enclosing the straight sinus (black arrowheads). The superior sagittal sinus (sss) courses posteriorly along the periphery of the falx. The falx is thin, shallow, and widely fenestrated (large white arrows) anteriorly leaving a wide falcine incisura (ring of small white arrows). The anterolateral edge of the tentorium (T) attaches to the superior ridge of the petrous pyramid. The free medial border (white arrowheads) of the tentorium defines the tentorial incisura. The structures within the tentorial incisura are shown in Figure 8-9. A, anterior clinoid processes; M, middle cranial fossa on each side; pl, planum sphenoidale. B, Earlier stage in the same dissection and with external compression applied to the right hemisphere. Opening the cranium and resecting the ipsilateral cerebral hemisphere exposes the falx (F), the tentorium (T), and the superior sagittal sinus (sss) that drains posteriorly into the torcular Herophili (To). The medial surface of the contralateral hemisphere is seen through the incisura of the falx, including the corpus callosum (CC), cingulate gyrus (CG), and inferior portion of the superior frontal gyrus (SFG). Marked thinning and fenestration of the anterior falx (white arrowhead) exposes more of the medial surface than is usually observed (see Fig. 8-3). Because the vertical section through the brain entered the contralateral lateral ventricle, the head of the caudate nucleus (Ca), thalamus (Th), and choroid plexus of the opposite hemisphere are also visible. The strength of the falx and the variable relationship of its free inferior margin to the cingulate gyrus and corpus callosum determine how easily the brain may shift side to side and the point at which that shift will compress the pericallosal arteries to produce distal anterior cerebral artery infarction.


(Courtesy of John Deck, MD.)
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FIGURE 8-5 Falx and falcine incisura. Midsagittal reformatted CT scans with faint residual contrast hours after unrelated thoracoabdominal studies in two patients. The size, position, and configuration of the falx and falcine incisura (white arrows) are displayed in relation to the structures of the medial surface of the cerebral hemispheres. A, The falx is typical in configuration. B, The anterior falx is markedly hypoplastic creating a very large falcine incisura. Coronal images (not shown) confirmed the near absence of the anterior falx. The tentorial index is measured as the length of the closed tentorium along the straight sinus (between the two white asterisks) divided by the length of the open tentorium from the dorsum sellae (black asterisk) to the confluence of the falx and tentorium (upper white asterisk).




The falx is partially calcified in 7% of normal adult skull radiographs and partially ossified in 11% of cases.9–11 Complete ossification of the human falx is exceptionally rare.10 The calcification and ossification typically appear at the periphery of the falx in relation to the superior sagittal sinus (Fig. 8-6) and/or as islands of bone on the lateral surface of the anterior falx.9,10 These islands may contain bone marrow. Small fat deposits are found within the falx cerebri in 7.3% of cases.12
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FIGURE 8-6 Ossification of the lateral wall of the superior sagittal sinus (SSS). Coronal sections. A, Gross formalin-fixed specimen. The superior sagittal sinus is thrombosed in this specimen. B, Noncontrast reformatted CT scan of a different patient. The dural walls of the SSS commonly ossify at the angle between the convexity and the sinus (arrow) and along the side wall (arrowheads). The cerebral veins do not drain directly into the side or inferior angle of the sinus. Rather, they first drain into the dura lateral to the SSS and course within the dura to enter the sinus through channels (C) leading to the lateral angles of the sinus. (See also Fig. 8-2.)


(A, Courtesy of John Deck, MD.)












Falx Cerebelli


The falx cerebelli is a midline, sickle-shaped fold of the occipital dura mater that descends from the internal occipital protuberance into the posterior fossa. It attaches peripherally to the posterior inferior surface of the tentorium cerebelli and the internal occipital crest (Fig. 8-7). Its free margin projects into the posterior cerebellar notch between the left and right cerebellar hemispheres.13,14 The falx cerebelli is typically 2.8 to 4.5 cm in length and 1 to 2 mm thick.14 It is commonly “duplicated,” even “triplicated,” forming multiple dural folds in 15.4% to 76% of cadaver dissections.14–16 The outer peripheral margin of the falx cerebelli encloses the occipital dural venous sinus.
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FIGURE 8-7 Falx cerebelli. Contrast-enhanced CT scan in sagittal reformatted (A), coronal reformatted (B), and axial (C) planes. The falx cerebelli (arrowheads) attaches along the inferior margin of the torcular (To) and straight sinus (Str) above and along the internal occipital crest behind to project anteriorly into the posterior cerebellar notch. It lies inferior to the tentorium (small arrows), between the two cerebellar hemispheres, and posterior to the vermis (V). It aligns only imperfectly with the falx cerebri (F, white arrow) above. In C, the lateral aspect of the right transverse sinus (Tr) shows a filling defect (small black arrow) representing a pacchionian granulation. The superior semilunar lobule (S) is separated from the inferior semilunar lobule (I) by the great horizontal fissure (ghf). 4, fourth ventricle; G, vein of Galen; sss, superior sagittal sinus.











Tentorium Cerebelli


The tentorium cerebelli (“tent”) is a taut extension of the dura mater interposed between the cerebral hemispheres above and the cerebellar hemispheres below (Fig. 8-8). The tentorium is present only in mammals and birds. It is absent in fish, amphibians, and reptiles. Like the falx cerebri, the tentorium may be partially calcified or ossified.17,18 In cats, and some other animals, the tentorium is completely ossified.17
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FIGURE 8-8 Tentorium, incisura, and related dural venous sinuses. Fresh cadaver specimen seen from above after removing the cerebrum by section through the midbrain. The posterolateral borders of the two tentorial leaves (T) attach to the occipital bone along the transverse sinuses (Tr) and to the petrous ridges along the superior petrosal sinuses (Spr). The deoxygenated blood within the venous sinuses appears intensely blue. The free margins of the tentorium form a gothic arch that sweeps forward from its apex at the confluence of the falx and tentorium to insert into the anterior clinoid processes (A) bilaterally. The hiatus between the free margins is the tentorial incisura. It contains the culmen (C) of the vermis posteriorly, the midbrain (mid) and perimesencephalic cistern in the midportion, and the prepontine-suprasellar cistern anteriorly. The intracranial segments of the optic nerves (II) enter the suprasellar cistern medial to the anterior clinoid processes (A) and cross to form the optic chiasm (obscured here by residual hypothalamic tissue). Also seen are the cut anterior end of the straight sinus (s), the dura-covered veins (V) on the floor of the middle cranial fossae, the lesser wings of the sphenoid bone (sph), the planum sphenoidale (planum), and the sigmoid sinuses (Si).




Peripherally, the tentorium attaches to the rigid bony walls of the skull and encloses specific venous sinuses. The posterolateral margins of the tentorium attach to the transverse occipital ridges and the internal occipital protuberance and enclose the paired transverse sinuses and the midline torcular Herophili (confluence of the sinuses).18 The anterolateral margins of the tentorium attach to the superior surfaces of the petrous pyramids along the petrous ridges and extend from there onto the posterior clinoid processes as the petroclinoid ligaments. The anterolateral margins of the tentorium enclose the superior petrosal sinuses. In the midline superiorly, the tentorium inserts into the inferior margin of the posterior falx cerebri and encloses the straight sinus. The vein of Galen typically joins the anterior end of the straight sinus at the confluence of the falx and tentorium. It then drains through the straight sinus and torcular Herophili into the transverse sinuses.18


Centrally, the free medial margins of the tentorium sweep forward and medially from the confluence of the falx and tentorium, pass just above and lateral to the petroclinoid ligaments and posterior clinoid processes, and insert onto the anterior clinoid processes. This anatomic relationship is made possible because the interanterior clinoid distance is wider (22 to 32 mm) than the interposterior clinoid distance (17 to 25 mm) in each patient,19 allowing the free margins of the tentorium to pass lateral to the posterior clinoid processes.









Tentorial Incisura


The tentorial incisura (tentorial hiatus, tentorial notch) is the gap between the two free margins of the tentorium. The incisura has the shape of a “gothic” arch, with its apex at the confluence of the falx and tentorium and its base on the anterior clinoid processes (Fig. 8-9; see also Fig. 8-8). Its anteroposterior length is 46 to 75 mm (average, 52 mm) and its transverse width is 26 to 35 mm (average, 29.6 mm).18 For comparative anatomy and human malformation, the length of the closed tentorium along the straight sinus may be compared with the length of the open tentorium along the incisura to indicate how completely the right and left leaves of the tentorium fused together in the midline. This proportion is given as a tentorial index, defined as the length of the straight sinus from the confluence of the falx and tentorium to the torcular divided by the length of the incisura from the dorsum sellae to the confluence of the falx and tentorium (see Fig. 8-5).17 By this index the tentorium is best developed in the human and the vervet monkey.17 Note, however, that the index specifically excludes the portion of the open tentorium anterior to the dorsum sellae.
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FIGURE 8-9 Tentorial incisura. Fresh gross anatomic specimen in situ, viewed from above and the side. Anterior is to the reader’s left (same specimen as Fig. 8-4). The free medial margins (arrowheads) of the tentorium (T) define the tentorial incisura. The incisura is shaped like a gothic arch with its apex at the confluence (CFT) of the falx (F) and tentorium (T) posteriorly and its base at the anterior clinoid processes (A) anteriorly. Because the width between the anterior clinoid processes is greater than the width between the posterior clinoid arteries, the free margins of the tentorium pass above and lateral to the posterior clinoid processes en route to the anterior clinoids. The anterior incisural space lies anterior to the midbrain (mid) and contains the prechiasmal intracranial optic nerves (o), the optic chiasm (II), the supraclinoid segments of the internal carotid arteries (c), the proximal posterior cerebral arteries (p), and the oculomotor nerves (small white arrows). The middle incisural space lies to each side of the midbrain. The posterior incisural space lies behind the midbrain.


(Courtesy of John Deck, MD.)





The tentorial incisura provides the only path for CSF and brain structures to pass from the supratentorial to the infratentorial compartments in either direction (Fig. 8-10; see also Fig. 8-9). When viewed from above (after removal of the cerebrum), the incisura contains the sella turcica, the brain stem, the culmen of the vermis, and the related subarachnoid cisterns. When viewed from below (after removal of the cerebellum), the incisura contains the unci of the temporal lobes, the parahippocampal gyri, the brain stem, and the related subarachnoid cisterns.18 The plane of the tentorium typically crosses the midbrain at the level of the transverse intercollicular groove between the superior colliculi above and the inferior colliculi below.
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FIGURE 8-10 Tentorial incisura and the incisural CSF spaces. Axial 3T T2W MR images displayed from caudal (A) to cranial (C). A, Just inferior to the plane of the incisura, the MR image displays the junction of the pons with the midbrain (po-mid), the sella turcica containing the pituitary gland (p), and the cavernous sinuses containing the cavernous segments of the internal carotid arteries (a). B, In the plane of the incisura, the free margins of the tentorium (black lines indicated by white arrows) insert onto the anterior clinoid processes (A). The posterior clinoid processes, seen faintly, clearly lie medial to the free margins. The oculomotor nerves (CN III) (black arrows) arise from the interpeduncular fossa of the midbrain (mid) and pass forward to run in the lateral walls of the cavernous sinus. The internal carotid arteries ascend immediately medial to the anterior clinoid processes to become the supraclinoid segments of the internal carotid arteries in the next-higher section. C, Just superior to the incisura, the optic nerves (2) decussate within the suprasellar cistern, giving rise to the optic tracts (t). The amygdala (Am) forms the anteriormost wall of the temporal horn (white arrows) of the lateral ventricle. The uncus (U) forms the lateral wall of the suprasellar cistern anterior to the temporal horn. The hippocampal formation (H) forms the inferior medial wall of the temporal horn and the medial surface of the temporal lobe. The perimesencephalic cistern surrounds the midbrain. It is often divided into a crural cistern situated between the uncus and the cerebral peduncle (P) and an ambient cistern situated between the hippocampal formation and the posterolateral surface of the midbrain.




The incisura is divided into anterior, middle and posterior incisural spaces in relation to the brain stem. The anterior incisural space lies anterior to the brain stem, the paired middle spaces lateral to the brain stem, and the posterior space behind the brain stem. The anterior incisural space lies anterior to the midbrain and pons. It includes the chiasmatic and interpeduncular cisterns, so it extends from the lamina terminalis above to the interpeduncular fossa below.18 The posterior portions of the olfactory tracts (CN I), the optic nerves (CN II), and the oculomotor nerves (CN III) pass through this space. It also contains the circle of Willis, the proximal anterior choroidal arteries, the proximal superior cerebellar arteries, and the thalamoperforating arteries. The basal veins of Rosenthal course through the anterior space (and subsequently the middle and posterior spaces) to empty into the vein of Galen.18


The middle incisural space lies lateral to the brain stem and is intimately related to the hippocampal formations of the medial temporal lobes. The middle space includes the ambient and crural cisterns. The trochlear nerves (CN IV) and trigeminal nerves (CN V) pass through this space.18,20–22


The trochlear nerves arise from the dorsal surface of the brain stem just caudal to the inferior colliculi, inferior to the tentorium. They typically then course parallel to the free margins of the tentorium, immediately inferior to and 2 to 4 mm lateral to the free margins of the tentorium. This position places them at risk during surgery in the high cerebellopontine angle and incisura. The trigeminal nerves arise from the lateral surface of the pons, pass up and over the petrous apices (creating the trigeminal impressions), and then pass under the petroclinoid ligaments to enter Meckel’s cave (see later). The major vessels traversing the middle incisural space are the anterior choroidal, posterior cerebral, and superior cerebellar arteries and the basal veins of Rosenthal.


The posterior incisural space is located behind the midbrain and corresponds to CSF cisterns, variably designated the quadrigeminal plate cistern, the peripineal cistern, or the cistern of the vein of Galen. The trunks and branches of the posterior cerebral and superior cerebellar arteries traverse this space. In this space, the paired internal cerebral veins join the paired basal veins of Rosenthal, the pineal veins, and the superior (galenic) veins of the posterior fossa to enter the vein of Galen.18









Meckel’s Cave


Meckel’s cave is a dural pocket situated along the medial wall of the middle fossa. It contains the trigeminal ganglion (CN V), the central processes of the trigeminal ganglion that pass posteriorly to enter the pons, and a variably large pool of CSF designated the trigeminal cistern (Fig. 8-11).22 The medial wall of Meckel’s cave is dura propria. The lateral wall is the external periosteum. The opening into Meckel’s cave lies just beneath the petroclinoid ligament where the anterolateral margin of the tentorium attaches to the posterior clinoid process. Therefore, the subarachnoid space extends into Meckel’s cave from the lateral pontine cistern of the posterior fossa, even though the dural pocket itself lies within the middle fossa. The trigeminal ganglion is situated along the anteroinferolateral wall of Meckel’s cave and there gives rise to the first (ophthalmic), second (maxillary), and third (mandibular) divisions of the trigeminal nerve.
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FIGURE 8-11 Meckel’s cave. Axial (A) and coronal (B, C) T2W MR images. The side walls of the sella turcica are the cavernous sinuses, containing the cavernous segments of the internal carotid arteries. Segments of cranial nerves III, IV, V1, and V2 run in the lateral wall of the cavernous sinus on each side. Meckel’s caves (white arrowheads) lie lateral to the cavernous sinuses. The medial wall of Meckel’s cave parallels the cavernous sinus. The lateral wall angles laterally, creating a triangular, CSF-filled pocket of dura situated lateral to and just slightly posterior and inferior to the cavernous sinus. The trigeminal ganglion lies along the anteroinferolateral wall of the cave. The trigeminal ganglion (CN V) gives rise to a spray of multiple thin fibers that course through the cave, join into a thick defined root (5) at the posterior aspect of the cave, and then cross the petrous apex to reach the side of the pons. The mandibular division of the trigeminal ganglion (V3) is often seen to exit the skull through the foramen ovale just inferior to Meckel’s cave.














Epidural Space


Within the cranium, there is no preexisting epidural space. An intracranial epidural space is created only when the endosteal layer of the dura detaches from the bony skull. However, meningeal arteries and veins normally course between the dura and the calvaria, forming grooves in the inner table of the skull (Fig. 8-12).1
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FIGURE 8-12 Epidural plane. Fresh gross postmortem specimen. A, Outer surface of the convexity dura. B, Inner surface of the apposing calvaria. The slight yellow cast is due to the patient’s jaundice. The endosteal dura adheres to the bone, leaving no normal epidural space. The middle meningeal artery (white arrow) enters the skull base at the foramen spinosum, travels laterally across the middle fossa within the epidural plane, and ascends over the convexity on the outer surface of the dura just posterior to the coronal suture (c). This artery shows modest tortuosity over a short segment inferiorly and then divides into two straighter frontal (1) and parietal (2) branches. The middle meningeal veins parallel the artery. The middle meningeal grooves in the inner table of the calvaria mirror the vessel course.











Subdural Space


There is no preexisting normal subdural space, potential or otherwise (Figs. 8-13 and 8-14).4,23–28 Studies of human cranial meninges fixed in situ show that the outermost layer of the arachnoid (arachnoid barrier cell layer) is directly continuous with, and fused to, the innermost layer of the dura (dural border cell layer).29 The dural border cell layer itself is characterized by an absence of collagen, by few intercellular connections, and by large extracellular spaces. The cells adhere very poorly to each other. Indeed, the cells of the dural border layer are more closely attached to the arachnoid barrier cell layer than to each other (see Fig. 8-14).23 This anatomic arrangement provides little cellular cohesion.29 When observed, the so-called subdural space actually results from tissue damage/trauma that shears along the dural border cell layer, creating a cleavage plane within the deepest layer of the dura.26,28 Histologic study of “subdural” collections created in guinea pigs, with special care taken to remove the meninges intact, confirmed that there were no obvious fluid-filled spaces or gaps between the dura and the arachnoid.27
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FIGURE 8-13 Histology of dura (trichrome stain, original magnification, ×100). From its external (Ex) to its internal (In) surfaces, the densely collagenous dura (intense blue stain) shows multiple parallel layers. The middle meningeal artery (A) lies at the external surface of the dura. Its adventitia is continuous with the outer layer of the dura. The loose arachnoid mater (Ar) is continuous with the internal aspect of the dura.
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FIGURE 8-14 Undisturbed arachnoid-dural interface (fine structure, ×12,400). The interface layer (IL) lies between the subarachnoid space (SA) with its arachnoid trabeculae (AT) and the dura (D). This layer contains the arachnoid barrier (AB) cell layer and the dural border (DB) cell layer. The AB cell layer shows profuse junctional complexes with little extracellular space. The DB cell layer shows few junctional complexes. It lacks collagen and manifests multiple large empty extracellular cisterns.


(From Friede RL: Developmental Neuropathology, 2nd ed. Berlin, Springer-Verlag, 1989.)












Arachnoid Mater


The cranial arachnoid mater is a very thin membrane situated between the dura mater and the pia mater. It ensheathes the brain and continues along the cranial nerves to their point of exit from the skull.1 Grossly, the arachnoid appears lucent and glistening at the cerebral convexities. It is thicker and more opaque in the parasagittal region in relation to the arachnoid granulations and also thicker and more opaque along the skull base (Figs. 8-15 and 8-16). The arachnoid mater is avascular and receives nutrients by diffusion.
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FIGURE 8-15 Arachnoid and pia mater of the convexity. A, Fresh gross anatomic specimen in situ, viewed from above and the side after removal of the hemicalvarium and convexity dura. Anterior is to the reader’s left (same specimen as in Fig. 8-4). The glistening arachnoid and pia mater ensheathe the brain. The arachnoid lies close to the crowns of the gyri and bridges over the sulci, creating cisterns. The pia mater is closely adherent to the brain surface and extends deeply into the depths of the sulci. The vessels tend to run within the sulci but do cross over the crowns of the gyri as they course over the brain. B, Young patient. Fresh gross anatomic specimen of the high convexity-parasagittal surfaces of the two hemispheres across the interhemispheric fissure (I). The parasagittal arachnoid (black arrows) is thicker and less translucent in the regions of the arachnoid villi than over the mid convexity. Opening (white arrow) of the arachnoid reveals the glistening pia deep to the subarachnoid space. C, Older patient. The parasagittal arachnoid displays thickening and prominent granulations resembling sesame seeds.


(A, Courtesy of John Deck, MD.)
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FIGURE 8-16 Gross anatomic specimens of the outer surface of the dura (A) and corresponding inner surface of the calvaria (B). A, Formalin-fixed specimen. The parasagittal dura (black arrows) is thickened along the line of arachnoid granulations. B, Fresh specimen. The inner table of the skull shows multiple corresponding corticated impressions (black arrows) of variable depth to each side of the sagittal suture (s) and multiple ostia of emissary veins (black arrowheads). (See also Fig. 8-2.)




Histologically, the arachnoid consists of two or three tiers of flattened cells. The outer, arachnoid barrier cell layer is characterized by tightly spaced cells, cytoplasm that is more electrolucent than the cytoplasm of the overlying dural cells or the deeper arachnoid cells, many intercellular junctions, and a characteristic cytoplasmic “fuzz” on either side of these cell junctions. The inner arachnoid cell layer is composed of more loosely organized, less flattened cells connected by gap junctions and desmosomes. The junctions contain small lacunae of collagen fibrils with distinctly smaller diameter than the collagen fibrils of the dura (Fig. 8-17).26
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FIGURE 8-17 Histology of the arachnoid and subarachnoid space (trichrome stain, original magnification, ×2). The outer condensed layer of arachnoid (black arrow) abuts the dura. Delicate strands of fibrous tissue cross the subjacent subarachnoid space to join the pia mater overlying the cerebral cortex (C). The cut cross sections of an artery (A) and vein (V) overlie the sulcus. A vein (white arrow) ascends within the sulcus toward the subarachnoid space.








CSF-Blood Barrier


The dural border cell layer lacks collagen, has large extracellular spaces with few intercellular connections, and has no tight junctions. Therefore, the dural border cell layer does not form a barrier to diffusion of materials.26 Conversely, the arachnoid barrier cell layer is composed of larger cells with many different cell junctions (desmosomes, tight and gap junctions, hemidesmosomes, and intermediate junctions) and has very little extracellular space. The presence of numerous tight junctions is unique to the arachnoid barrier cell layer. It helps to create a barrier that is impermeable to the movement of fluids (including CSF), large molecular weight substances, and ions.2,5,26









Arachnoid Granulations


Arachnoid villi are microscopic structures that may be found within the superior sagittal sinus of fetuses and newborns. Arachnoid granulations (pacchionian granulations) are larger more complex protrusions of the arachnoid membrane and subarachnoid space into the dural venous sinus, usually at points where the veins enter the sinuses (Fig. 8-18).30 They are most numerous along the lateral margins of the superior sagittal sinus, the transverse sinuses, and the sigmoid sinuses.30–32
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FIGURE 8-18 Anatomy of the granulation. Diagram of the structure of an arachnoid granulation. A thin neck of arachnoid mater protrudes into the venous sinus through an ostium in the dura. This base expands into a series of channels within a core of collagenous trabeculae. A cap of arachnoid cells, approximately 150 μm thick, surrounds the core. The arachnoid cap is thin laterally and thickest at the apex of the granulation. Over most of the granulation, a fibrous dural cupola separates the core and arachnoid cap from the sinus endothelium. At the apex, however, the fibrous cupola thins out. The arachnoid cap thickens and attaches to the sinus endothelium over an area of approximately 300 μm. At this apex, small channels pass through the cap to reach the subendothelial layer of the granulation.


(From Standring S, et al. [eds]: Gray’s Anatomy: The Anatomical Basis of Clinical Practice, 40th ed. Philadelphia, Elsevier, 2009.)





Arachnoid granulations large enough to be visible to the naked eye are first seen at age 18 months at the midposterior portion of the superior sagittal sinus where the central and parieto-occipital veins drain into the sinus. The granulations increase in size and frequency with age, appear in the transverse sinuses by 3 years, and appear in other regions of the superior sagittal sinus by 4 years.33 Ultimately, granulations are seen in 66% of cadaveric dissections and 90% or more of normal adults in vivo.4,34–36


The arachnoid granulations serve to resorb CSF into the vascular system and may help to dissipate the arterial pressure wave that enters the skull with each cardiac systole.1 The size of each granulation varies as it functions, since the granulations distend and regress as they transport CSF from the subarachnoid space into the dural venous sinuses. On average, the mean diameter of the granulations is 1.5 mm at the superior sagittal sinus, 4.1 mm along the transverse sinuses, and 3.8 mm at the straight sinuses.31 Their combined surface is 78.63 mm2 over the whole brain.30 Large arachnoid granulations commonly form depressions within the inner table and diploë of the skull (see Fig. 8-16). Very large granulations may even protrude through the skull to present beneath the pericranium.












Subarachnoid Space


The intracranial subarachnoid space is a true preexisting space situated between the arachnoid mater and the pia mater and entirely filled with CSF (see Figs. 8-17 and 8-18). Its size varies with location. The arachnoid lies relatively close to the pia over the convexities, so the convexity cisterns are relatively small.1 The arachnoid is widely separated from the pia at the skull base, so the cisterns at the base are far larger. The arachnoid fuses with the pia at the level of the sella turcica (hypophyseal fossa).1


The subarachnoid space is in direct communication with the fourth ventricle by means of the median foramen of Magendie and the paired lateral foramina of Luschka. It is in direct communication with the spinal subarachnoid space via the foramen magnum. The size of the subarachnoid space varies widely among individuals. It definitely increases in size with advancing age beyond young adulthood. The specific subarachnoid cisterns, their relationships, and their contents are detailed in Chapter 13.









Pia Mater and the Perivascular (Virchow-Robin) Spaces


The pia mater consists of two layers: a superficial, epipial layer composed of collagenous fibers and an inner, intima pial layer composed of reticular and elastic fiber.1 The superficial epipial layer is itself covered by a single layer of flattened mesothelial cells. The inner intima pial layer has a glial membrane that anchors the pia to the underlying cortex.1 The intima pia, like the arachnoid, is avascular and derives its nutrients by diffusion from the CSF and the underlying nervous tissue.26 The pial cells are flattened fibroblasts, similar to those of the arachnoid membrane but with thinner processes, on the surface of the brain. They have few or no cell junctions (gap junctions and desmosomes but no tight junctions). Water and low molecular weight solutes may pass freely through the pia, but erythrocytes from subarachnoid hemorrhage, particles, bacteria, and some metabolites are selectively blocked from entering the central nervous system through the pia mater.5


The pia mater invests the surface of the brain but is separated from the brain surface by a subpial layer (Fig. 8-19).37 As the arteries and veins emerge from the brain, the pia encloses them in a perivascular pial sheath that isolates the vessels from the CSF. This leaves a subpial perivascular space between the pial sheath and the outer surface of these traversing vessels.37 As the arteries and veins extend through the cortex, however, the pia forms two distinctly different relationships with the intracortical vessels.





[image: image]

FIGURE 8-19 Diagram of the pia mater and the perivascular (Virchow-Robin) spaces. The pia mater invests the arteries and the cortex but is separated from both of these by a subpial space. As the arteries penetrate into the cortex, they carry with them their pial investment and its subpial space. Within the cortex, therefore, the periarterial space has two concentric portions: an outer epipial sleeve of fluid situated between the pia and the glial limiting membrane of the cortex and an inner subpial sleeve of fluid situated between the pia and the outer wall of the artery. As the arteries penetrate deeper into the cortex and morph into arterioles and capillaries, their pial sheath becomes progressively more perforated until it disappears. The smooth muscle and elastic lamina of the arterial wall gradually thin, dehisce focally, and then disappear at the capillary level. With increasing depth into the cortex, therefore, the periarterial-subpial spaces gradually become less well defined and then obliterated by fusion of the basement membrane of the vascular endothelium with the glia limitans of the cortex.37 The pia mater invests the veins within the subarachnoid space but does not invest the veins within the cortex. Within the cortex, therefore, there is no subpial perivenous space. Instead, any perivenous space lies between the glia limitans of the cortex and the outer wall of the vein.


(From Standring S, et al. [eds]: Gray’s Anatomy: The Anatomical Basis of Clinical Practice, 40th ed. Philadelphia, Elsevier, 2009.)









Veins


The pial sheath does not extend into the brain along the veins. Within the brain, therefore, the veins lie within a space delimited by the glial basement membrane of the brain peripherally and the outer surface of the venous wall centrally.37 At the surface, this space becomes confluent with the subpial layer of the brain surface. Within the brain, therefore, there is no perivenous pial sheath or subpial perivenous space.37









Arteries


The periarterial pial sheath and subpial periarterial space do extend into the brain with the penetrating artery. As a consequence, the periarterial space consists of two concentric “hollow tubes”: an outer tube situated between the glial basement membrane of the brain and the pial sheath and an inner tube situated between the pial sheath and the outer wall of the artery. This inner subpial periarterial space is directly continuous with the subpial periarterial space that surrounds the larger arteries traversing the subarachnoid space (see Fig. 8-19).37 As the artery penetrates deeper into the brain and morphs into arterioles and capillaries, the arterial wall gradually loses its internal elastic lamina. The coat of smooth muscle thins and shows gaps, and then is lost at the capillary level. Concurrent with that change, the periarterial pial sheath gradually becomes perforated. The perforations become larger. The pial coat becomes incomplete and then disappears. The subpial periarterial space gradually becomes less well defined and is then obliterated by fusion of the basement membranes of the endothelium with the glia.37 The role of the perivascular space is uncertain. One role may be to prevent peripherally produced catecholamines from entering the brain.37












Arterial Supply to the Dura


The dura receives arterial supply from multiple branches of both the anterior (carotid) and the posterior (vertebrobasilar) circulations.






Anterior Circulation


The anterior circulation supplies the cranial dura via five major routes:




1. The external carotid artery usually gives rise to the middle meningeal artery. This artery typically enters the skull through the foramen spinosum and courses extradurally along the floor of the middle fossa to the external surface of the convexity dura (Fig. 8-20). There it typically divides into two branches: a larger frontal branch that supplies the outer surface of the dura from the frontoparietal convexity to the vertex and a smaller parietal branch that supplies the posterior dura and cranium only.1 On occasion, the middle meningeal artery arises, instead, from the ophthalmic arterial branch of the internal carotid artery.


2. The external carotid artery may also give rise to an accessory meningeal artery that supplies the dura of the parasellar region and the trigeminal ganglion.1


3. The cavernous segment of the internal carotid artery gives rise to the meningohypophyseal trunk that divides into three major branches. The dorsal meningeal branch supplies the dura overlying the dorsum sellae and upper clivus and extends to the dura of the internal auditory canal. The tentorial branch extends along the medial free margin of the tentorium to supply that plus the adjacent dura. The inferior hypophyseal branch supplies the pituitary gland and adjacent portions of dura.1


4. The cavernous segment of the internal carotid artery supplies an anterior meningeal branch to the dura along the floor of the anterior fossa.1


5. The ophthalmic branch of the internal carotid artery gives rise to the lacrimal, posterior ethmoidal, and anterior ethmoidal arteries. The lacrimal artery gives off the recurrent meningeal artery to the dura of the anterior wall of the middle fossa. The posterior ethmoidal artery supplies the dura overlying the planum sphenoidale, the posterior half of the cribriform plate, and the ethmoidal air cells. The anterior ethmoidal artery gives off the anterior falcine branch to supply the anterior falx.1








[image: image]

FIGURE 8-20 Arterial supply to the dura: middle meningeal arteries. A, Three-dimensional CT reformatted image of the inner table of the skull (lateral view). The grooves (black arrows) for the middle meningeal artery pass upward and posteriorly, branching into progressively smaller channels. B, Selective external carotid arteriogram displays the proximal portion of the middle meningeal artery (arrows).











Posterior Circulation


The posterior circulation supplies the cranial dura via two major routes (Fig. 8-21):




1. At approximately C2, the vertebral artery gives off an anterior meningeal branch to supply the dura of the anterior margin of the foramen magnum and the inferior clivus.


2. At approximately C1, the vertebral artery gives off a posterior meningeal branch to supply the dura along the posterior margin of the foramen magnum, the falx cerebelli, and the posterior medial portion of the wall of the posterior fossa. This artery may ascend external to the dural venous sinuses to supply the occipital dura superior to the tentorium.1








[image: image]

FIGURE 8-21 Arterial supply to the dura: meningeal branches of the vertebral artery. Arterial phase lateral projection vertebral angiogram. The anterior meningeal branch (arrowhead) of the vertebral artery to the clivus arises at C2. The posterior meningeal branch (black arrows) of the vertebral artery to the occipital dura arises at C1.














Venous Drainage


The dural venous sinuses lie between the inner meningeal layer of dura and the outer endosteal layer of dura mater (Figs. 8-22 and 8-23). They collect blood from the brain, meninges, and calvaria and deliver it to the internal jugular veins and the pterygoid venous plexus at the skull base. The sinuses contain thin (1 to 2 mm) uniform, non-nodular trabeculations (partial septations) first described by Willis and known as Willis cords.38 These are seen most frequently in the superior sagittal sinus, then the transverse sinuses. They are postulated to tether the vessel walls to limit the expansion of the lumen or to serve as valves that prevent reflux of blood from the dural sinuses into the cortical veins.38 The dural venous sinuses may be considered in two groups.
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FIGURE 8-22 Dural venous sinuses. Lateral (A) and frontal (B) projections of right internal carotid arteriogram (venous phase). The superior sagittal sinus (sss) drains along the outer margin of the falx to reach the torcular (To). Blood then flows preferentially to the right transverse sinus (white Tr), sigmoid sinus (s) and jugular vein (J). At the torcular, some blood passes leftward into the smaller left transverse sinus (black Tr). A single sss may normally be absent anterior to the coronal suture. In such case, the frontal drainage passes via anterior longitudinal veins (v) to reach the sss behind the coronal suture. The inferior sagittal sinus (ISS) drains posteriorly along the free margin of the falx to reach the anterior end of the straight sinus (Str) at the confluence of the falx and tentorium. The cavernous sinus (c) drains into the jugular system via the inferior petrosal sinus (IPS). The deep venous system of the brain also drains to the straight sinus, including the septal vein (1), thalamostriate vein (2), internal cerebral vein (3), basal vein of Rosenthal (4) and the vein of Galen (G). The convexity veins (5) drain into the superior sagittal sinus (sss).
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FIGURE 8-23 Dural venous sinuses. Three rotations from a contrast-enhanced time-of-flight MR venogram: posterior (A), posterior oblique (B), and lateral (C) views. The superior sagittal sinus (SSS) drains more nearly equally into the two transverse sinuses (Tr). The inferior sagittal sinus (ISS) and the thalamostriate (2) and internal cerebral (3) veins of the deep system drain through the straight sinus (5) to the “confluence” of the sinuses. The confluence more closely resembles a series of adjacent channels than a true merging of flows. The vein of Labbe (6) drains into the left transverse sinus. s, sigmoid sinus; J, jugular veins.








Superior Group


The superior group of venous sinuses drains the majority of the brain and skull. This group includes the superior and inferior sagittal sinuses, the straight sinus, the occipital sinus, the transverse sinuses, and the sigmoid sinuses.39 These sinuses converge toward the torcular Herophili (confluence of the sinuses) just anterior to the internal occipital protuberance but do not necessarily merge together. Often these channels appear contiguous but are not confluent. That is, the flow through them is directed into isolated channels resembling the traffic through a cloverleaf interchange rather than into a parking lot.


The superior sagittal sinus courses along the midline where the periphery of the falx cerebri joins the inner table of the calvaria. It is triangular in cross section with a transverse diameter of 4 to 10 mm (see Figs. 8-3, 8-22, and 8-23). It receives the superior convexity veins, usually joins with the straight sinus at the torcular, and drains from there into the transverse sinuses (into the right three times more frequently than the left).39 The precise pattern of drainage is variable. Often the superior sagittal sinus drains into the right transverse sinus near the torcular without actually forming a confluence with the other venous sinuses.40


The inferior sagittal sinus courses in the midline just inside the free margin of the falx (see Fig. 8-22). It begins above the anterior body of the corpus callosum. It receives tributaries from the superior surface of the corpus callosum, the medial cerebral hemispheres, and the falx cerebri. The inferior sagittal sinus then drains into the anterior end of the straight sinus to reach the torcular and the transverse sinuses. By petalia (see Imaging, later), the inferior sagittal sinus and the straight sinus often drain to the smaller transverse sinus on the left side while the superior sagittal sinus drains directly into the larger transverse sinus on the right side. The inferior sagittal sinus appears to be more pronounced in infants and young children.39 It may communicate with the superior sagittal sinus via intrafalcine veins.39


The straight sinus lies along the union of the inferior margin of the falx cerebri with the upper surface of the tentorium cerebelli (see Figs. 8-3, 8-22, and 8-23). It receives drainage from the distal end of the inferior sagittal sinus and the vein of Galen. It may drain into the confluence of the sinuses or may be directed instead into one of the two transverse sinuses, usually the smaller left sinus.39


The transverse sinuses course along the outer margin of the tentorium cerebelli from the internal occipital protuberance to the lateral edge of the petrous temporal bone (see Figs. 8-22 and 8-23). The transverse sinuses receive blood flow from the superior and inferior sagittal sinuses, the straight sinus, veins along the inferior and lateral surfaces of the temporal and occipital lobes, including the vein of Labbe, and the veins of the cerebellar hemispheres. In turn, the transverse sinuses drain into the jugular veins at the jugular fossae.39 By petalia (see Imaging, later), the left transverse sinus is typically lower than the right.39 Overall, the transverse sinuses are estimated to be asymmetric in about half of cases. The right transverse sinus is larger than the left in 73% of asymmetric cases.40 The left is atretic in up to 20% of cases.40


The occipital sinus is a common but inconstant venous sinus running along the inferior internal occipital crest from the torcular Herophili to the posterior edge of the foramen magnum. It may appear as a single midline sinus when the falx cerebelli is single or as paired paramedian sinuses when the falx cerebelli is duplicated. It is present in about 65% of cadavers.41


The falcine sinus is a midline channel between the posterior portion of the superior sagittal sinus and the inferior sagittal sinus or vein of Galen. It is normally present in embryonic life but becomes closed after birth.42 On occasion, it persists into adult life as a normal variant, in addition to or replacing the straight sinus. It may also be seen in association with diverse congenital malformations.42 Study of 610 patients undergoing CT angiograms of the head found falcine sinuses in 12 (2.1%) patients. Eleven of the 12 had no associated congenital anomaly or sinus occlusion.42 One of the 12 had concurrent malposition of the proximal superior sagittal sinus.42









Inferior Group


The inferior group of venous sinuses drains the superficial sylvian veins, the basal and medial portions of the undersurface of the brain, and the orbits. This group includes the sphenoparietal sinuses, the cavernous sinuses, the superior and inferior petrosal sinuses, and the basal pterygoid venous plexus.39


The sphenoparietal sinus (sinus of Breschet) is the medial extension of the superficial middle cerebral vein along and beneath the lesser wing of the sphenoid. It may drain into the cavernous sinus, the pterygoid venous plexus, or the inferior petrosal sinus.39


The cavernous sinuses lie lateral to the body of the sphenoid bone and run from the superior orbital fissure to the petrous apex. They typically are compartmentalized sinuses, with different portions of the sinus receiving flow from different tributaries and directing the flow outward to different drainage fields. The anterior cavernous sinuses receive blood from the superior and inferior ophthalmic veins and the sphenoparietal sinus. The posterior cavernous sinuses receive flow from the superior petrosal sinus and drain through the inferior petrosal sinus into the jugular vein.39


The superior petrosal sinuses run along the petrous ridges where the tentorium cerebelli inserts onto the superior margin of the petrous temporal bone. These sinuses extend from the transverse sinus to the cavernous sinus on each side. The superior petrosal sinus receives the petrosal vein, the lateral mesencephalic vein, cerebellar veins, and veins draining the tympanic cavity.39


The inferior petrosal sinuses lie within the grooves between the clivus and the petrous apices on each side. They drain from the cavernous sinus into the anterosuperior portion of the jugular bulbs.


The pterygoid venous plexus lies around and partly within the lateral pterygoid muscle. Its tributaries correspond to the branches of the three parts of the maxillary artery. It communicates with the facial vein through the deep facial vein, with the cavernous sinus by means of one or more emissary veins passing through the foramen ovale, and with the inferior ophthalmic vein through the inferior orbital fissure. It drains through the maxillary vein. The plexus may be difficult to find in the cadaver where it is empty of blood but in the living subject is frequently a prominent feature.43









Intradural Venous Plexus


The dura mater itself contains a diffuse plexus of venous sinusoids that give it a sponge-like consistency. That is, the dura is not a fixed leathery sheet of collagen but an expansile structure. Engorgement of the intradural plexus of venous sinusoids may thicken the dura mater to greater than 1 cm over large expanses of the skull base, the dural partitions, and the convexity. The degree of sinus engorgement and the degree of dural thickening are directly related to the intracranial pressure and vary together, in both directions, with fluctuations in intracranial pressure. This phenomenon is particularly evident in patients with intracranial hypotension, in whom low CSF pressure is associated with marked thickening of the dura and in whom the dura decreases in thickness as the CSF pressure rises toward normal. It is thought that a small pressure gradient is needed to drive the CSF across the arachnoid granulation into the venous sinus. When the pressure in the CSF falls (intracranial hypotension), the body pools blood within the intradural venous plexus. This acts to reduce the intrasinus pressure below CSF pressure and maintain the gradient of pressure needed to resorb CSF.44,45


In the neonate, extensive dural venous plexi are found within the tentorium, posterior falx, and dura of the floor of the posterior cranial fossa.34 These intrinsic dural plexi are thought to play a role in cases of nontraumatic infantile subdural hematoma.4,34 Over time, these plexuses (of unknown function) disappear, leaving only the familiar major sinuses of the adult dura.34









Innervation of the Dura


The dura is innervated primarily by the three divisions of the trigeminal nerve (CN V), the dorsal sensory rami of the first three cervical spinal nerves, and the cranial sympathetic trunk. The recurrent branch of the ophthalmic nerve (V1) supplies portions of the tentorium. The recurrent branch of the maxillary nerve (V2) is distributed with the frontal branch of the middle meningeal artery to innervate the dura of the anterior portion of the middle fossa.46 There are additional contributions from the facial (CN VII), glossopharyngeal (CN IX), vagus (CN X), and hypoglossal (CN XI) nerves.1















IMAGING






CT


Noncontrast CT has limited value for displaying the parietal dura of the convexity and skull base. It can display the inner dura of the falx and tentorium, especially when the subarachnoid cisterns are large, so the dura is surrounded by low-density CSF. Noncontrast CT does not display the normal pia or arachnoid mater. Dural calcification appears as linear to nodular foci of increased density along the planes of the dura (Fig. 8-24). Ossification appears as islands of increased density with corticated margins and lower-density centers (Fig. 8-25). Distinguishing dural calcification from ossification can be medically significant, because the marrow present within falcine ossifications may participate in extramedullary hematopoiesis, systemic leukemias, and metastases to the marrow. Small deposits of fat appear as well-defined foci of low density along or within the dura (Fig. 8-26).





[image: image]

FIGURE 8-24 Calcification of the falx. A, Axial noncontrast CT shows increased density and slightly irregular thickening of the falx (white arrowhead). B, Corresponding T1W MR image shows paired parallel lines of increased signal flanking a midline low signal structure. Trace minerals in the calcific deposits outline the low signal fibrous falx.
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FIGURE 8-25 Ossification of the falx. Axial soft tissue (A) and bone (B) algorithm images display focal well-corticated, centrally less dense mineralization along the right lateral border and inferior margin of the anterior falx. C, Sagittal reformatted CT image displays the position of the mineralization with respect to the falcine incisura and medial surface of the hemisphere. Other smaller foci of ossification are also seen along the falx.
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FIGURE 8-26 Fat deposits along the falx. Axial (A) and coronal reformatted (B) CT scans demonstrate a small, sharply marginated deposit of low density fat along the side of the falx. These are common, do not constitute “lipomas,” and are not presently known to have pathologic significance.




Contrast-enhanced CT displays all of the layers of the dura better than does noncontrast CT. The normal dura shows uniformly thick, homogeneous enhancement with a characteristic progression of anatomic features from superior to inferior in axial images (Figs. 8-27 and 8-28) and from anterior to posterior in coronal images (Fig. 8-29). Contrast-enhanced CT usually does not display the normal pia or arachnoid matter.





[image: image]

FIGURE 8-27 Diagram of the relationships of serial axial CT sections to the falx and tentorium. View from above and lateral. From craniad to caudad, contrast-enhanced CT sections will display the following: A, An uninterrupted length of the falx in sections superior to the falcine incisura, B, Short anterior and long posterior discontinuous lengths of falx in sections through the falcine incisura but superior to the tentorium, C, Y to V “wine glass” shapes in sections through the upper tentorium superior to the torcular, D, An M shape in sections directly through the torcular, and, E, paired diverging lines of tentorium in sections wholly inferior to the torcular. The M shape is most obvious in patients with especially flat angles of the tentorium or in studies using thicker sections. It arises in sections through the torcular, because the upper portion of the section lies above the torcular, producing a deep V while the lower portion of the same section passes inferior to the torcular, producing diverging bands. Caught just right, these merge into an M.
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Sequence Types Basics Contrast
SE spinecho 5B 90-degree exciation pulse TiorT2
180.degree refocusing pulse
Rapid acquisition with refocused echo (RARE): also known as  90-degee pulse T or T2 (blurring increases with echo
st spin.echo (FSE) or turbo spin-echo (TSE) Multiple 180degree pulses trin length)
Half Fourier acquisition single-shot turbo spin-echo (HASTE), 90degree puse Ustally T2 (severe T2 blurring due o
single-shot fist spirvecho (SSFSE) Multiple 180-degree pulses to fill half of very long echo triin length)
space (other half inferred)
Inversion recovery: Fluidattenuated inversion recovery (FLAIR)  Preparatory 180 degee inversion pulse. Mixof T1 and T2
and short tau inversion recovery (STIR) 90degree puise
Single or multiple 180degree pulses
GRE  Gradient echo (GRE) <90-degree pulse TlorTz
No 180-degree pulse
Spolled/incoherent Transverse magnetization is destroyed T

Spoiled racientrecalled-echo (SPGR), Tweighted fast field
echo (TLEFE), fast low-angle shot (FLASH)

Unspoiled/coherent:

Gradientrecalled acquisiion in steady state (GRASS), fat feld-
echo (FFE), fust imaging with steady-stae free precession
@sp)

Balanced:

Fast imaging employing steady:state acquisition (FIESTA),
balanced FFE, trueFIsP

Echoplame imaging (EPD

Steady-state free precession

Steady-state free precession

Single excitation pulse to fl all of kspace

Mixof TI, T2, T2

Mixof 1 and T2

T2* (can also have T2 f spinvecho EPD)
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Name Method TR (ms) TE (ms) ness/Skip (mm) _FOV (mm) Matrix NEX  Time (min)
pwI SEER 8000 110 (= 1000 ymm) 50 360 25 1 10
AsL SE BRI 925% 1928 s 260 128 3 60
DCE GE3Dvol 5061 1756 Mpe=10) 3/0 28 slces) 260 256 (12 phases) 1 60
DSC_ GEERL 1500 s6 W0 240 128 1 15
HIMRS Single voxel 1500 25,144,288 0 240 1 8 3

D mutivoxel 1100 25, 144, 288 20 240 18 1 i

3D mutivoxel 1100 25, 144, 288 10 160 120x120x800r 1 1216

160 % 160 x 80

DWI, diffusion weighted imaging; TR repetition time; AS

DS

erdientecho 3D volumetric; GE EPL, gradient.echo/echoplanar imaging.

. arterial spin labeling; TE, echo time; DCE, dymmic contrastenhanced; b, diffusion sensidvity parameter;
dynamic susceptbilty weighted contrast-enhanced; FOV, field of view: SE EPL, spin-echo/echoplanar imaging; NEX, number of acquisitions; GE 3D vol,
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