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Diagnostic Imaging
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Magnetic resonance imaging (MRI) performed with
and without intravenous (IV) contrast material is the
technique of choice for imaging abnormalities of the
brain in patients with cancer of the central nervous
system (CNS). The technique provides an excellent
depiction of anatomic detail in multiple planes and
reveals pathologic abnormalities to advantage. The
use of an IV contrast medium results in tissue opaci-
fication. The major reason for using an IV contrast
medium is that it creates a visual distinction between
normal brain capillaries and lesions caused by a
breakdown in the blood—brain barrier (BBB) or by
tumor endothelial cells; these lesions might be pres-
ent but would otherwise remain invisible. In addition
to MRI’s visualization of anatomic detail and its abil-
ity to detect the presence of pathologic abnormalities,
its other advantages are visualization of vascular de-
tail; capability for producing high-resolution images;
and use of thin slices to improve anatomic detail, fat
saturation for improved tissue visualization, and fast
spin-echo and spoiled grass sequences to reduce
imaging time. Other techniques for imaging arteries
and veins may be added to provide additional ana-
tomic information. Thus, the wide range of pulse se-
quences and techniques available with MRI make it
the ideal imaging technique for most cases.
Computed tomography (CT) still has a role in the
evaluation of a patient’s CNS cancer. The CT scans are
sometimes useful to obtain optimum information on
calcification, bony abnormalities, acute hemorrhage,
and subarachnoid hemorrhage. Computed tomogra-
phy is also an excellent modality for examining un-
cooperative or mobile patients and seriously ill pa-

tients with monitoring equipment and for evaluating
subarachnoid spaces and sulci to demonstrate corti-
cal or cerebellar involution.

Magnetic resonance imaging is also advantageous
for visualizing the bony structure of the spine, par-
ticularly marrow spaces and intraspinal contents, in-
cluding leptomeninges, pia arachnoid, spinal cord,
nerve roots, and ganglia. Use of an IV contrast
medium heightens the sensitivity in diagnosis. Mag-
netic resonance imaging is the technique of choice
for demonstrating disease metastatic to osseous struc-
tures because it reveals metastasis even when find-
ings from plain roentgenograms of the bone and bone
scan are negative. This is possible because MRI visu-
alizes marrow space where metastases can localize,
demonstrates seeding of the leptomeninges or pia
arachnoid, and may reveal metastases to the spinal
cord. Of particular benefit to patients with cord com-
pression, MRI demonstrates to advantage the pres-
ence of single or multiple lesions, the site of bony in-
volvement, the extradural component, and the extent
of disease, which allows planning of the appropriate
therapeutic approach. Thus, by replacing myelogra-
phy with MRI for lesions affecting the spinal cord, tu-
mor extent and tissue components can be identified
within the neoplasm.

Computed tomography scans demonstrate osseous
structures to advantage but are not very useful for
evaluating intraspinal contents except when contrast
medium is introduced into the spinal canal (CT myel-
ography). It is an excellent technique for demonstrat-
ing intraspinal pathology, for example, extradural, in-
tradural extramedullary, and intramedullary masses.
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Computed tomography myelography will not, how-
ever, permit visualization of intraspinal tissue changes
except for calcification, fat, or hemorrhage or the
presence of a cavity within the central canal (syrinx).
Computed tomography or CT myelography is thus a
secondary diagnostic option that can be used to ob-
tain complementary information when necessary. CT
myelography may be the examination of choice for
patients suspected of having cord compression who
are unable to undergo MRI.

An MRI examination should not be used for pa-
tients who have a pacemaker, paramagnetic aneurysm
clips, metal within the orbit, or other paramagnetic
devices installed for purposes such as tympanoplasty.
The risk that MRI poses to the fetus, especially dur-
ing the first trimester of pregnancy, is unknown. Most
physicians believe, however, that the risk is certainly
not as great as that from X-rays; thus, depending on
the perceived risk/benefit ratio, MRI may be per-
formed in this setting. The referring physician must
recommend this procedure and discuss it with the
patient. A signed consent form should be obtained to
ensure that the patient has been properly informed
of potential risks. After the first trimester, the risk to

the fetus appears to diminish. Nevertheless, the
risk/benefit ratio should be explained to the patient,
although the probable risks are significantly lessened.

Approximately 10% of CNS cancer patients are
claustrophobic, and these patients may need to be se-
dated before the examination can be performed. The
sedative may be sublingual lorazepam in milder cases
ata dose of 1.0 to 1.5 mg, depending on patient size,
and IV diazepam at a dose of 3 to 5 mg in more se-
vere cases.

This chapter discusses the basic imaging features
of brain and spinal cord tumors and is oriented to-
ward the nonspecialist. For a more detailed presen-
tation, the reader is referred to the articles cited in
the references.

IMAGING OF PRIMARY BRAIN TUMORS

Cerebral Infiltrating Astrocytomas

Cerebral infiltrating astrocytomas vary from low-
grade astrocytomas to high-grade malignant glioblas-

Figure 1-1. Low-grade nonenhancing astrocytoma. Pre-contrast (A) and post-contrast (B) axial MRI images show a nonen-

hancing tumor (arrows).
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toma multiforme. Computed axial tomography and
MRI can usually, but not invariably, predict histologic
staging of astrocytomas. Low-grade gliomas tend to
be nonenhancing to minimally enhancing tumors fol-
lowing the administration of IV contrast material (Fig.
1-1), whereas glioblastoma multiforme shows high-
grade heterogeneous enhancement with variable
zones of necrosis (Fig. 1-2). Anaplastic astrocy-
tomas, which are graded at an intermediate level, re-
veal variable degrees of contrast enhancement with-
out necrosis. Brain tumors not only produce multiple
neurologic deficits but can also result in symptoms
secondary to brain herniations. Occurrences of brain
herniations are secondary to occurrences of in-

tracranial masses and associated vasogenic edema
within the white matter (Fig. 1-2). MRI, with its mul-
tiplanar capability, can easily assess the degree of var-
ious types of herniation associated with cerebral tu-
mors (Fig. 1-2). It is important to recognize
herniation early because immediate therapy may be
necessary to reduce the effect of the mass. The use
of glucocorticoids and/or osmotic agents (e.g., man-
nitol or glycerol) minimizes the degree of edema;
likewise, emergency surgical debulking of the tumor
may be necessary. Despite aggressive therapy,
glioblastoma multiforme can grow like a wildfire,
spreading into the ventricular system and subarach-
noid space and even metastasizing to the spinal cord

Figure 1-2. Glioblastoma multiforme. Post-contrast axial (A, B)
and coronal (C) MRI images. Irregular, thick, nodular, peripher-
ally enhancing mass (smaller white arrows in A, B, C) occupying
the temporal lobe with areas of central necrosis (N in A, B, C) is
a typical feature of glioblastoma. The tumor and the vasogenic
edema resulted in marked subfalcine herniation as noted by a con-
tralateral shift of the septum pellucidum (large white arrows in B
and C) and the third ventricle (black arrows in B and C). There
is also uncal (small white arrow in A) and hippocampal hernia-
tion (open white arrow in A) with midbrain compression.
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Figure 1-3. Patient with multifocal glioblastoma multiforme. (A) T,-weighted image reveals heterogeneous hyperintensity ex-
tending in butterfly fashion from the right parieto-occipital region across the splenium (S) and corpus callosum (C) to the left
hemispheres (arrows). Hypointense (dark) foci within the lesion represent intratumoral hemorrhage. A second right frontal focus
(T) is seen that probably has transcortical connections to the other lesion despite not being observed. (B) Post-contrast T;-weighted
image shows enhancement of the two lesions with a focus of hypointensity within the right frontal convexity lesion not seen in A
that represents a focus of necrosis. The hypointense foci within the butterfly lesion probably represent either hemorrhage, as in A,
and/or necrotic foci. (C) T,-weighted image through centrum semiovale reveals superior extent of right-sided tumor, which is of
heterogeneous hyperintensity with evidence of two round lesions. The more anterior lesion has a fluid level representing a hem-
orrhagic cavity with sediment that is hypointense (black arrow) with the remainder hyperintense (bright) fluid. The more poste-
rior lesion is round and hyperintense and represents a cystic focus. (D) Axial T;-weighted image post-contrast shows contrast en-
hancement of the lesion except for the two round foci observed in C that are now hypointense and represent foci of necrosis, with
the more anterior hypodense lesion showing reversal of densities from C with sediment now bright (arrow).
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Figure 1-4. Patient with glioblastoma multiforme peripherally situated that looks like metastasis. (A) T,-weighted image reveals
peripheral lesion of heterogeneous intensity (t) with surrounding edema (e). (B) T;-weighted image post-contrast shows enhanc-
ing peripheral zone (arrows) with central necrosis (hypointensity within tumor).

and spinal subarachnoid space in a relatively short
period of time (Choucair et al., 1986; Kyritsis et al.,
1993).

When an anaplastic astrocytoma or glioblastoma
originates in the corpus callosum, it can extend
across the midline to involve the opposite cerebral
hemisphere, forming a “butterfly” pattern (Fig. 1-3).
Both anaplastic astrocytoma and glioblastoma multi-
forme can be multifocal in origin (Kyritsis et al.,
1993) (Fig. 1-3). Glioblastomas are rarely circum-
scribed, but on occasion may mimic a metastatic tu-
mor (Fig. 1-4).

Oligodendrogliomas

Oligodendrogliomas are low-grade glial tumors and
have a prognosis similar to that of astrocytomas.
Oligodendrogliomas are usually slow-growing tumors
that elicit chronic symptoms, and patients most often
present with seizures. The presence of calcification is
a characteristic feature of oligodendrogliomas. Com-
puted tomography is more sensitive than MRI for de-
tecting calcifications. Calcification in a tumor is a use-

ful indicator of the benign nature of the malignant
neoplasm. Oligodendrogliomas are sharply demar-
cated on a cortical surface and show only minimal,
if any, enhancement with contrast. As in astrocytomas,
various grades may be observed, depending on the
degree of anaplasia, vascular endothelial prolifera-
tion, and necrosis.

Pilocytic Astrocytomas

Pilocytic astrocytomas are well defined and have a
cystic or multicystic component. They usually occur
in the suprasellar region, arising from the optic ap-
paratus, and in the posterior fossa. Pilocytic astrocy-
tomas are relatively benign and extremely slow grow-
ing. They may be easily removed, depending on their
location, because of the presence of a distinct cap-
sule. Thus, they have a relatively favorable prognosis,
particularly when located in anatomic areas such as
the vermis and the cerebellar hemispheres. Magnetic
resonance imaging is more sensitive than CT in dif-
ferentiating solid from cystic components of pilocytic
astrocytomas.
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Optic Chiasm and Hypothalamic
Astrocytomas

Optic chiasm gliomas are seen most frequently in
children and young adults and can occur in associa-
tion with neurofibromatosis type 1. They are usually
low-grade neoplasms that spread along the visual
pathways. Hypothalamic gliomas behave more ag-
gressively and produce symptoms earlier, such as di-
abetes insipidus, inappropriate antidiuretic hormone
secretion, or disturbances of temperature, appetite,
or metabolism. Frequently, both the optic apparatus
and the hypothalamus are affected, and determining
the site of origin is difficult.

The specific anatomic structural involvement of
optic chiasma/hypothalamic regions by tumor can be
best demonstrated by MRI of the sagittal and coronal
planes (Fig. 1-5). The tumors are often enhanced
with IV contrast medium.

Brain Stem Astrocytoma

Brain stem astrocytomas are more common in chil-
dren but also occur in adults. Patients usually pre-
sent with projectile vomiting, ataxia, and multiple cra-
nial nerve palsies. Magnetic resonance imaging is the
modality of choice for diagnosing brain stem gliomas,
and it can easily detect early tumoral involvement of
brain stem and outline the extent of tumor spread.
These tumors are known to infiltrate the midbrain,
pons, medulla, and upper cervical cord. Grossly en-
larged brain stem gliomas can be easily depicted in
sagittal views (Fig. 1-6). Brain stem gliomas show
variable enhancement with contrast. Magnetic reso-
nance imaging is superior to CT in its ability to clearly
differentiate cystic and solid tumor components (Fig.
1-6). A surgical decompression of a cyst can often
aid in relieving symptoms caused by compression of
vital structures by tumor.

Poorly Differentiated Tumors of Neuronal
Cell Origin

Medulloblastomas are tumors that occur in children
second in frequency to astrocytomas. They are highly
cellular and locally invasive and are best represented
in sagittal and axial views of MRI scans. They are char-
acteristically located in the region of the posterior
roof of the fourth ventricle. Medulloblastomas are in-

tensely enhanced by IV contrast (Fig. 1-7). These tu-
mors rarely calcify and often seed into the subarach-
noid space, ventricular system, and spinal canal.

Intraventricular Tumors
Choroid Plexus Papillomas

Choroid plexus papillomas, which are usually seen in
children, originate from the choroid plexus of the lat-
eral ventricles and the fourth ventricle. They account
for less than 1% of all intracranial neoplasms.

Magnetic resonance imaging can easily demon-
strate the intraventricular location of the mass. Cho-
roid plexus papillomas intensively enhance with IV
contrast and are highly vascular. Even when they arise
posteriorly in the lateral ventricles with no apparent
obstruction, a disproportionate degree of hydro-
cephalus develops because of overproduction of cere-
brospinal fluid (CSF), which is a characteristic fea-
ture of choroid plexus papilloma.

Ependymomas

Ependymomas represent about 5% of all primary in-
tracranial gliomas, occurring most frequently in chil-
dren. They originate from the ependymal lining of the
ventricular cavity and are located in the fourth, third,
and lateral ventricles. Ependymomas are slow-
growing malignant tumors that grow by expansion
and infiltration. Ventricular and subarachnoid seed-
ing is common. Magnetic resonance imaging can
demonstrate the intraventricular location of the
mass (Fig. 1-8). Characteristic imaging features of
ependymomas include an intraventricular location,
intense enhancement with contrast, and calcification.
Ependymomas arising within the fourth ventricular
cavity often extend through the foramen of Luschka
region into the cerebellopontine angle regions.

Colloid Cysts

Colloid cysts are rare benign tumors that originate
from primitive neuroepithelium of the roof of the an-
terior third ventricle. These tumors are classically lo-
cated in the foramen of Monro region. Colloid cysts
may have a stalk and can cause intermittent hydro-
cephalus, giving rise to intermittent fainting episodes.
Because of the initial location of the mass, tumors as
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Figure 1-5. Optic chiasma glioma in a patient with neurofibromatosis. Mass involving the optic chiasma (arrows) is clearly shown
in a sagittal non-contrast T;-weighted image of the brain (A). Post-contrast axial Ti-weighted image (B) reveals contrast en-
hancement (open arrows), a feature of optic chiasma glioma.
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Figure 1-6. Brain stem astrocytoma. Post-contrast sagittal (A) and post-contrast axial MRI scans at the mid (B) and upper (C)
pons. The brain stem is markedly expanded by solid (open arrows) and cystic (white arrows) components of tumor. The IV ven-
tricle (curved arrows in A and B) is displaced posteriorly by the brain stem tumor.

small as 1 cm can cause obstructive hydrocephalus.
A well-defined nonenhancing mass in the foramen of
Monro region should favor the diagnosis of colloid
cyst. The diagnosis can be readily made with either
CT or MRL

Subependymal Giant Cell Astrocytomas

Subependymal giant cell astrocytomas involving the
lateral ventricles characteristically occur in patients
with tuberous sclerosis. These are relatively benign

o



3601 _e01 p3-59 2/15/02 3:51 PM Page 11

—p—

Diagnostic Imaging 11

| [

Figure 1-7. Medulloblastoma. Post-contrast sagittal MRI scan shows the tumor located along the posterior roof of the fourth ven-
tricle (white arrows) with extension to vermian (black arrow) and fourth ventricular (open arrow) areas. The location of the mass
and the intense tumoral enhancement are characteristic features of medulloblastoma.

tumors occurring particularly in and around the fora-
men of Monro region, anterior third ventricle, and
frontal horns. These tumors are recognized by their
location, intense enhancement on post-contrast CT or
MRI examinations, and the presence of calcification
(Fig. 1-9).

Intrasellar and Suprasellar Tumors
Chromophobe Adenoma

Chromophobe adenomas are the most common in-
trasellar tumors. They cause the sella to swell into a
balloon shape, and they can grow in all directions.
Suprasellar extension of the tumor can result in op-
tic nerve and optic chiasma compression, which can
cause visual-field defects. The tumors can be easily

diagnosed by MRI examination of the pituitary gland
and are best seen in sagittal and coronal planes as
soft tissue masses within the sella turcica. Intravenous
contrast often results in inhomogeneous enhance-
ment of pituitary tumors (Fig. 1-10).

Other symptoms may develop as a result of hem-
orrhage or pituitary apoplexy (acute hemorrhage into
a pituitary tumor) and may require immediate eval-
uation to determine the need for surgery. Magnetic
resonance imaging is quite sensitive in detecting a
hemorrhage into the tumor. When chromophobe ade-
nomas are less than 10 mm in size, they are called
pituitary microadenomas. Acromegaly and Cush-
ing’s syndrome are often caused by microadenomas.
Magnetic resonance imaging can detect such tumors
as small as 3 mm.
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Figure 1-9. An 11-year-old boy with tuberous sclerosis and with intraventricular masses (subependymal giant cell astrocytoma).
(A,B) Non-contrast CT of the brain. Dense mass with calcifications (black arrow in A) is shown occupying the frontal horns and
body of lateral ventricles (arrows) extending down to the foramen of Monro region (small arrow in A). (C,D) Intravenous con-
trast CT of the brain. Enhancing features of the tumor (arrows) are revealed in post-contrast images.

-
-

Figure 1-8. Ependymoma of the fourth ventricle. Post-contrast sagittal (A) and axial (B) MRI views. Intraventricular enhancing
mass (large arrows) with invasion of medulla (small arrows in A) is clearly depicted by MRI. The mass has produced a tonsillar
herniation (arrowheads in A). The fourth ventricle (open arrow) is expanded by the mass.

13
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Figure 1-10. Pituitary adenoma (prolactinoma). Post-contrast sagittal MRI scans, pre-bromocriptine (A) and post-bromocrip-
tine (B) therapy. There is a very large intrasellar mass (arrows) with a suprasellar extension (open arrows) compressing the op-
tic chiasma and anterior third ventricle (curved arrow) as shown in A. A dramatic decrease in suprasellar and intrasellar tumor
followed bromocriptine therapy (B). Post-contrast coronal MRI of the pituitary (before therapy; C) reveals the intrasellar mass
(large white arrows) and the suprasellar extension (open arrows). The tumor extension to the cavernous sinus (black arrow) and
the relationship of the tumor to the internal carotid artery (small arrow) are best demonstrated in this projection. Post-contrast
axial MRI of the brain (before therapy; D) shows the parasellar (arrow) and posterior fossa (open arrow) extension of the tumor.

Craniopharyngiomas common suprasellar tumors in young children. They

can also occur in adults in the fifth decade of life.
Craniopharyngiomas originate from the epithelial Characteristic imaging features of craniopharyngioma
remnants of Rathke’s pouch at the junction of the in- include suprasellar location, tumor containing solid

fundibulum and the pituitary gland. They are the most and cystic components, and calcifications. Calcifica-
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tions occur in 80% of childhood craniopharyn-
giomas. Solid portions of the tumor enhance with IV
contrast medium.

Pineal Region Tumors

Pineal region tumors are uncommon neoplasms that
account for less than 1% of all intracranial tumors.
Tumors that occur in this location include germ cell
tumors (germinoma, choriocarcinoma, teratoma)
and pineal parenchymal tumors (pinealoblastoma,
pinealocytoma).

Germinomas

Germinomas are the least differentiated germ cell tu-
mor, occurring predominantly in men (boys and
young adult men) and accounting for 50% of all
pineal region tumors. Features of these tumors are
calcifications and intense enhancement with IV con-
trast. Germinomas are readily diagnosed by CT or MRI
examination (Fig. 1-11). The diagnosis of germi-
noma is important therapeutically because the tumor
is extremely sensitive to radiation and can “melt
away” with radiotherapy. Subependymal spread as
well as leptomeningeal seeding may occur with ger-
minomas.

PATO (-

Pinealoblastomas and Pinealocytomas

Pinealoblastomas and pinealocytomas are embryonal
tumors that arise from neuroepithelial cells of the
pineal gland. Pinealoblastoma is a highly aggressive,
infiltrative tumor composed of poorly differentiating
cells. They occur in children and have a poor prog-
nosis due to subarachnoid metastatic tumor seeding.
Pinealocytomas occur in adults. They are well de-
fined, less infiltrative, and less cellular than pinealo-
blastomas.

Tumors of the Cranial Nerves
Vestibular Schwannomas

Vestibular schwannomas are also called acoustic
neurinoma and are the most common cranial nerve
sheath neoplasm. Vestibular schwannomas, the most
commonly occurring cerebellopontine angle tumors,
originate from the VIIIth cranial nerve. Sensorineural
hearing loss and dizziness are the most common pre-
senting complaints. Magnetic resonance imaging can
differentiate acoustic nerve sheath tumors from other
masses that may occur in this location, such as menin-
gioma, arachnoid cysts, and epidermoid tumors. Tu-
mors as small as 3 to 4 mm that arise within the
internal auditory canal (intracanalicular tumors)

PHIOO

Figure 1-11. Pineal mass (germinoma). Pre-contrast (A) and post-contrast (B) MRI scans reveal enhancing posterior third ven-
tricular and pineal region mass (arrows) produced by pathologically proven germinoma. Open arrows in A and B point to the an-

terior portion of the third ventricle.
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Figure 1-12. Vestibular schwannoma. Post-contrast axial MRI scan shows an enhancing right cerebellopontine angle, partially
cystic, mass (arrows) with extension into internal auditory canal (open arrow) in a patient with hearing loss.

can be recognized by MRI due to their contrast-
enhancing features (Fig. 1-12). Large acoustic nerve
sheath tumors may give rise to symptoms related to
brain stem compression.

Trigeminal Schwannoma

Trigeminal schwannomas are recognized by their lo-
cation in the region of the trigeminal ganglion and its
major branches. They occur in and around the re-
gion of petrous apex and in the parasellar region,
presenting in a dumbbell-like fashion in both the pos-
terior and middle fossae. Trigeminal nerve irritation
by tumors can give rise to tic douloureux. Trigemi-
nal neurinoma can be readily diagnosed by CT or MRI
examinations by their enhancing features and their

location along the path of the trigeminal nerve and
its branches (Fig. 1-13).

Tumors of the Reticuloendothelial
System

Primary lymphoma of the brain is rare, occurring in
less than 1% of intracranial tumors and usually in in-
dividuals in the fifth and sixth decades of life. Primary
CNS lymphomas occur in the basal ganglia, hypo-
thalamus, corpus callosum, septum pellucidum, and
paraventricular regions. Following injection of an IV
contrast medium, the tumors show intense homoge-
neous enhancement on CT and MRI scans (Fig.
1-14). GCerebral lymphomas are radiosensitive tu-
mors and can disappear after radiotherapy. In some

o
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Figure 1-13. Trigeminal schwannoma. Pre-contrast axial (A), post-contrast axial (B), and coronal (C,D) MRI scans. A well-de-
fined enhancing mass (arrows in B, C, and D) is seen along the course of the trigeminal nerve. A small portion of the tumor proj-
ects below the skull base enlarging the foramen ovale (black arrow in C).

17
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Figure 1-14. Primary lymphoma of the brain. Non-contrast (A) and post-contrast (B) MRI scans at the level of the lateral ven-
tricles. An enhancing mass involving the splenium of the corpus callosum (arrows) and right paraventricular region (open arrow)
is shown. The location of the mass and the homogeneous enhancement of tumor are commonly seen in lymphoma.

instances, glucocorticoids alone are sufficient to re-
verse the vascular permeability of the tumor and lyse
tumor cells. Imaging features of metastatic lymphoma
of the brain secondary to systemic lymphoma are sim-
ilar to those of primary lymphoma, and calvarial and
meningeal involvements are frequently observed.

Tumors of Developmental Origin

Lipoma, epidermoid tumors, dermoid tumors, and
teratomas are tumors of developmental origin that
may occur intracranially, collectively accounting for
about 1% of all intracranial tumors.

Epidermoid Tumors

Epidermoid tumors result from the inclusion of ec-
todermal elements during closure of the neural tube
between the third and fifth weeks of gestation. They
commonly occur in the cerebellopontine angle cis-
terns, in the suprasellar region, and within the ven-
tricles, pineal region, and spinal canal. Epidermoid
tumors are nonenhancing on CT and MRI examina-

tion but may reveal slight signal increase on proton-
weighted and T,-weighted images (Fig. 1-15). Epi-
dermoid tumors in the cerebellopontine angle region
can cause irritation of the trigeminal nerve, and pa-
tients may present with tic douloureux.

Dermoid Tumors

Dermoid tumors are infrequently occurring lesions
that result from inclusion of epithelial cells and skin
appendages (e.g., hair follicles, sebaceous glands,
and sweat glands) during closure of the neural tube.
They occur within the midline and often contain cal-
cifications and fatty tissue. These tumors can rupture,
with spillage of fatty contents into the ventricular cav-
ity and subarachnoid spaces (Fig. 1-16).

Teratomas

Teratomas contain elements of ectodermal, endoder-
mal, and mesodermal germ cells. They are rare and
occur in the pineal, anterior third ventricular, and
sellar regions.
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Figure 1-15. Epidermoid tumor. The tumor is in the left cerebellopontine angle region in a patient presenting with acute tic
douloureux. Proton-weighted MRI scan reveals hyperintense mass (arrow).

Lipomas

Lipomas are fatty tissue tumors that are considered
an incidental finding and are located in the
quadrigeminal plate cistern (Fig. 1-17), suprasellar
cistern, and cerebellopontine angle cisterns. The fatty
tissue has a unique signal characteristic, as demon-
strated by MRI examination, and thus can be easily
distinguished from other tumors.

Tumors of Blood Vessel Origin
Hemangioblastomas

Hemangioblastomas contain proliferative blood ves-
sels or hemangioblasts and occur in the third and
fourth decades of life. They often have cystic and solid
components with a mural nodule. Magnetic reso-
nance imaging can clearly identify the cystic com-
ponent of tumor and the solid mural nodule that are
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Figure 1-16. Dermoid cyst. Sagittal T;-weighted images of the brain (A,B). Huge frontal lobe dermoid cyst (arrows) with fatty
tumor rupturing into the ventricular cavity with fat-CSF level (fat, small white arrow; CSF, black arrow in B) and into the sub-
arachnoid space of the posterior fossa (large arrow in A). (continued)

enhanced strikingly with a contrast medium. Heman-
gioblastomas are highly vascular tumors, and a vas-
cular nodule can be readily identified by angiogra-
phy. Hemangioblastomas may be observed in younger
patients with von Hippel-Lindau disease, a familial
disorder that is composed of angiomatosis retinae
and pancreatic cysts and that can result in renal cell
carcinoma. Hemangioblastomas often occur as mul-
tiple lesions. Cerebral angiography may be required
to confirm their diagnosis even if only a solitary le-
sion has been identified on CT or MRI examination.

Cavernous Angiomas

Cavernous angiomas can present as an intracranial
mass and may mimic a neoplasm. These lesions of-
ten contain blood, and MRI signal characteristics are
able to differentiate old blood from new areas of
hemorrhage. These malformations also contain cal-
cifications. Unlike primary gliomas and metastases,
cavernous angiomas do not grow rapidly, and follow-
up examinations may be useful in differentiating cav-
ernous angiomas from neoplasms. They also do not
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Figure 1-16. (Continued)

usually show contrast enhancement and frequently
occur as multiple lesions.

Tumors of Mesodermal Origin
Meningiomas

Meningiomas account for 15% of all intracranial tu-
mors and are the most common type of extra-axial
benign neoplasm. They originate from the dura or
arachnoid and occur in middle-aged adults. The tu-
mors grow slowly and may be present for years be-
fore symptoms are evident. Meningiomas commonly
occur in the parasaggital region; over the cortex,
sphenoid wings, parasellar region, and cerebello-
pontine angle; and from the tentorium.

Meningiomas can be easily recognized on CT
scans. In non-contrast CT, meningiomas appear
dense, and in post-contrast images, intense enhance-
ment is evident. The tumors also frequently contain
calcification and induce reactive hyperostosis of ad-
jacent bone, which is a characteristic feature of
meningioma. Magnetic resonance imaging is also sen-
sitive in detecting meningiomas (Fig. 1-18). The
extra-axial nature of the meningioma can be easily
depicted by MRI examination. Meningiomas are
highly vascular and demonstrate homogeneous tumor
blush on angiography. A meningeal reaction
(meningeal tag) is often observed and may be sec-
ondary to tumor involvement or a reaction to the pres-
ence of the neoplasm.
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Figure 1-17. An incidental lipoma of the brain. Non-contrast axial MRI of the brain at the level of the midbrain. A bright signal
intensity mass (arrow) is seen posterior to the midbrain within the quadrigeminal plate cistern, producing no mass effect. Note
that the signal intensity of the mass is similar to that in subcutaneous fatty tissue of the calvarium (arrow) in this T,-weighted pulse
sequence. The mass also behaved like the signal intensity of fat in a T,-weighted pulse sequence. The lesion did not enhance with

contrast.

IMAGING OF SPINAL CORD TUMORS

Intramedullary Primary Tumors
Astrocytomas

Astrocytomas represent 40% of spinal cord neo-
plasms. Astrocytomas in the spinal cord are often less
malignant than those that occur within the brain.
Small cord astrocytomas occur most often in patients
between 30 and 40 years of age. The usual clinical
symptoms are spasticity, stiffness in the legs, sensory
changes, and urinary incontinence.

Magnetic resonance imaging is extremely sensitive
in the detection of primary spinal cord neoplasms.
Combined sagittal and axial post-contrast images with
gadopentetic acid clearly outline the intramedullary
location of the tumor, which is enhanced following

administration of an IV contrast medium (Fig. 1-19).
Magnetic resonance imaging is also useful in differ-
entiating the solid from the cystic components of this
tumor. These neoplasms are often infiltrating with
poorly defined margins. In addition, cystic compo-
nents are common above, below, or within the neo-
plasm. Approximately 75% of the lesions occur at the
thoracic and cervical levels. Lumbar lesions are un-
common.

Ependymomas

Ependymomas are slow-growing, benign neoplasms
that arise from the ependymal cells in the central
canal or in ependymal rests that are present in the
filium terminale. Ependymomas represent 60% to
70% of spinal cord tumors. They typically occur be-
tween the third and sixth decades of life. They are fre-
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quently well circumscribed, surgically resectable, and
potentially curable. Ependymomas may occur any-
where in the spinal cord. Sixty percent commonly oc-
cur within the cauda equina or filium terminale.
Contrast-enhanced MRI scans clearly outline these tu-
mors (Fig. 1-20).

Hemangioblastomas

Hemangioblastoma, as described previously, is a be-
nign tumor that originates from endothelial cells. The

Figure 1-18. Meningioma. Pre-contrast axial MRI (A) demon-
strates a large mass (arrows) occupying the right parietal high-
convexity region. The tumor lights up like a bulb in post-contrast
images (arrows in B), a characteristic feature of meningioma.
Post-contrast coronal images (C) further reveal the extra-axial lo-
cation of the mass (white arrows) with its broad base touching
the inner table of the calvarium and compressing the adjacent lat-
eral ventricle (black arrows).

tumor, composed of a dense network of capillary and
sinus channels, may present as a solitary lesion or as
multiple tumors and is associated with von Hippel-
Lindau disease in young patients. Patients with this
disorder have angiomatosis retinae and pancreatic
cysts and may develop renal cell carcinoma. Heman-
gioblastomas characteristically have a cystic compo-
nent with a mural nodule. Magnetic resonance imag-
ing is useful in identifying the cystic component of the
tumor and the mural nodule, which intensely en-
hances with contrast.
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Figure 1-19. Astrocytoma of the cervical cord. Pre-contrast (A) and post-contrast (B) sagittal and axial (C) T;-weighted images
of the cervical cord show enhancing intramedullary tumor (arrows in B and C).

Intramedullary Spinal Cord Metastasis

Metastasis to the spinal cord is a rare occurrence,
observed in 1% to 3% of patients with tumors. Com-
mon systemic tumors are lung and breast cancers.
Melanoma and lymphoma can also metastasize to the
spinal cord. Tumors metastasize to the spinal cord
via the hematogenous route and by leptomeningeal
tumor spread with penetration into the spinal cord.
Leptomeningeal tumors are pathologically character-
ized by sheets of tumor cells coating the leptomen-
inges (Fig. 1-21). The clinical presentation includes
backache, plexopathy, myelopathy, and cranial nerve
defects. The most common primary CNS tumors are
glioblastoma multiforme, ependymoma, and medul-
loblastoma. Dissemination is typically via the sub-
arachnoid space and, less often, via the central canal.

Post-contrast MRI scans reveal solitary and multi-
ple metastatic sites that are seen as enhancing nod-
ules or linear bands reflecting pial involvement (Fig.
1-22). Leptomeningeal tumor infiltration is readily
recognized in the entire subarachnoid space, al-
though it is more common in the lumbar area. Infil-

tration is identified by the presence of enhancing tu-
mor nodules, matting, and irregular nodular thick-
ening of nerve roots.

Intradural Extramedullary Tumors
Meningiomas

Meningiomas occur most commonly in females and
in adults, with a peak incidence at 45 years. They of-
ten occur in the thoracic spinal canal. On post-
contrast MRI scans, meningiomas are clearly visual-
ized as a homogeneously enhancing intradural mass
that is usually situated dorsally. The extent of cord
compression by these tumors can be readily evalu-
ated through MRI scanning.

Schwannomas

Schwannomas (neurinomas) are benign nerve
sheath tumors that usually originate from the sensory
nerve roots. Neurinomas predominantly occur in
males. Intraspinal neurinomas can protrude into the
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paraspinal region through an enlarged neural fora-
men, and the tumors often take on a dumbbell-like
shape. On post-contrast MRI, neurinomas appear as
a well-defined, intradural enhancing mass.

Neurofibromatosis

Multiple cranial and spinal nerve neurofibromas are
associated with neurofibromatosis type 1 (Fig. 1-23).
Astrocytomas and ependymomas can also occur in
neurofibromatosis. Neurofibroma can undergo ma-
lignant degeneration into neurofibrosarcoma.

Figure 1-20. Ependymoma. Post-contrast sagittal (A) and axial
(B) images of the lumbar spinal cord. An enhancing mass (ar-
rows) is seen in the upper lumbar subarachnoid space. Axial im-
ages reveal the central location of the mass (arrows in B), favor-
ing the diagnosis of ependymoma. The tumor is only faintly visible
in the non-contrast image (C).

Congenital Tumors

Teratomas, epidermoid tumors, and dermoid tumors
are congenital tumors that arise within the spinal
cord. Teratomas, although rare, may be readily diag-
nosed by MRI, which can distinguish various com-
ponents of the tumor, fat, bone, and teeth. A fatty mass
combined with solid and cystic components of tumor,
particularly located in the sacro-coccygeal region, are
classic characteristics of teratomas. These tumors
may be seen at birth. Magnetic resonance imaging
can distinguish various components of the tumor.
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Figure 1-21. Melanoma with leptomeningeal metastatic tumor infiltration of the lumbar nerve roots. Post-contrast sagittal MRI
scan shows that the lumbar subarachnoid space is filled with metastatic tumor (arrows). Lumbar nerve roots are markedly thick-
ened with nodular enhancement (small arrows), indicating tumor infiltration.

IMAGING OF BRAIN METASTASES that secondary tumors will grow only 1 to 2 mm if no
angiogenesis is present. When Frank et al. (1987) in-

Metastatic tumor growth, as in most neoplasms, de- jected VX2 rabbit carcinoma cells into the internal
pends on angiogenesis, which is the development of carotid artery of rabbits, 93% developed metastases;
new blood vessels. Blood and Zetter (1990) found ocular metastases appeared in 86% of animals, with
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Figure 1-22. Medulloblastoma with dropped metastasis to
the lumbar subarachnoid space. Post-contrast sagittal Ti-
weighted images of the spine reveal dropped metastasis to the
caudal end of the lumbar subarachnoid space (arrow) and at
the L3 level (arrowhead).

anterior chamber involvement observed by the third
day. These tumors were as large as 6 mm in diame-
ter and demonstrated contrast enhancement after ad-
ministration of IV gadopentetic acid, evidence that tu-
mor endothelial cells were leakier than the
blood—brain or blood—ocular barriers.

Either delaying the time between injection and scan
or increasing the amount of contrast medium ad-
ministered can enhance the appearance of a tumor
on a CT scan. Davis et al. (1991) demonstrated that
double doses delayed contrast infusion and that CT
scans detected more lesions and provided additional
information in 67% of cases examined.

Similar approaches in MRI have also yielded bet-
ter detection of brain metastases. Yuh et al. (1992)
examined 51 patients with MRI immediately after the
administration of gadoteridol (Squibb, Princeton, NJ)
in single and triple doses. No adverse effects were ob-
served. In 10 of 27 cases examined with the triple-
dose technique, improved lesion conspicuity and new
lesion detection resulted in alterations to these pa-
tients’ therapeutic regimens. Schorner et al. (1986)
demonstrated the advantages of delaying imaging af-
ter IV contrast infusion during MRI by up to 68.5 min-
utes and found optimum imaging between 8.5 and 30
minutes after injection. Under these conditions, per-
ifocal edema was minimally enhanced and was often
visually less intense than normal brain, whereas ne-
crosis was characterized by a slow, continuous in-
crease in signal intensity, with maximum intensity
reached toward the end of the examination but still
continuing to rise. This effect probably reflects
changes in variable tumor capillary permeability.

Sze et al. (1990) recommended that the MRI of
the patient suspected of metastases should first in-
clude a pre-contrast axial short TR scan to determine
if bone lesions or hemorrhage are present. Intra-
venous contrast should then be administered, fol-
lowed by long TR scans and then by a short TR scan
to demonstrate the presence of abnormal accumula-
tions of contrast enhancement.

Elster and Chen (1992), in a study of patients with
systemic cancer, demonstrated that nonenhancing
white matter lesions have little chance of being a met-
astatic focus. Heier and Zimmerman (1992), in their
comment on the Elster and Chen paper, are in gen-
eral agreement with the caveat; however, they also
concluded that white matter lesions without contrast
enhancement that are localized, sharply defined, in
proximity to subcortical U fibers, and have neurologic
symptoms could be metastatic lesions.
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Figure 1-23. Plexiform neurofibromatosis involving the cervical
and thoracic spinal canal in a patient with neurofibromatosis. (A)
Post-contrast sagittal T;-weighted image of the cervical spine re-
veals an intradural neurofibroma (large white arrows) at the
C1-C2 level, causing cervical cord compression (open arrow).
Multiple neurofibromas are also seen at the C4, C5, C6, and C7
levels (small white arrows). (B) Pre-contrast axial T;-weighted
image at the C1—C2 level reveals a bilateral dumbbell-shaped neu-
rofibroma with intraspinal (large white arrows) and extraspinal
(black arrows) components passing through and enlarging the
neural foramen (arrowheads). Note that the spinal cord (open ar-
rows) is being squeezed on either side by bilateral neurofibromas.
(C) Post-contrast sagittal T,-weighted image of the thoracic spine
reveals neurofibromas originating from the nerve roots at levels
T11 and T12 (arrows). (continued )
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Figure 1-23. (Continued)

Presentation of Metastases

Tumors that metastasize to the brain have myriad ap-
pearances. They are often visualized as multiple met-
astatic foci of different sizes located on the meningeal
surface in proximity to the subcortical U fibers or at
the corticomedullary junction, with variable amounts
of surrounding edema (Fig. 1-24). Lesions are soli-
tary in as many as 50% of cases (Fig. 1-25). Intra-
tumoral hemorrhage is observed, particularly in pa-
tients with melanoma (Fig. 1-26) and germ cell
tumors (Fig. 1-27). In some instances, these hem-
orrhagic lesions must be distinguished from cav-
ernous angiomas (Fig. 1-26). The edema pattern, ac-
cording to Cowley (1983), migrates along short- and
long-association bundles. The corpus callosum, al-
though a major white matter tract, tends to be resis-
tant because of a variation in makeup unless directly
affected.

Leptomeningeal metastasis indicates involvement
of the subarachnoid space. The outer border of the

subarachnoid space is formed by the arachnoid
mater. The inner border represents pia mater that is
closely applied to the surface of the brain and the ac-
companying sulci. Leptomeningeal spread of metas-
tases may occur in systemic neoplasms in either lo-
calized or diffuse patterns (Fig. 1-28). These lesions
have to be distinguished from infections, stroke, and
postoperative occurrences with meningeal enhance-
ment following shunt procedures, multiple lumbar
punctures, and the presence of postural hypotension.
Infective lesions often appear identical to leptomenin-
geal metastasis, so a history may be helpful. Because
cancer patients are often immunocompromised,
however, infections as well as neoplastic spread may
develop. In stroke patients, differential features in-
clude gyral prominence on T,-weighted images and
enhancement patterns with visualization of affected
arteries in the region early in the disease course. In
another group of patients, lesions principally affect
the dura mater and are usually unchanging.

Solitary nonmetastatic lesions, including inflam-
matory lesions, granulomas, and glioblastoma multi-
forme, may appear similar to metastatic lesions (Fig.
1-4), whereas multiple lesions on occasion may not
be metastatic but rather are inflammatory, granuloma
multifocal, or multicentric glioblastomas (Fig. 1-3).
The presence of multicentric glioblastoma multiforme
indicates that the tumor arises from separate sites of
origin, whereas multifocal glioblastoma multiforme
indicates that a communication exists between the
multiple lesions. Calvarial metastases may be visual-
ized on pre- and post-contrast imaging studies (Fig.
1-29). Cerebral abscess, glioblastoma multiforme, or
metastasis may present on CT or MRI as a ring le-
sion. A simple ring lesion will usually be a metasta-
sis or an abscess, but a complex ring lesion is usu-
ally a glioblastoma multiforme (Figs. 1-2 and 1-3).

Triple-dose examinations may be indicated for pa-
tients with solitary lesions who have negative single-
dose studies but a positive history (Fig. 1-30) to ex-
clude the presence of more lesions or to confirm
whether a questionable lesion is a tumor (Yuh et al.,

1992).

METASTASIS TO THE SPINE AND
EPIDURAL TUMORS

Disease that is metastatic to vertebral bodies is usu-
ally blood borne. In pelvic neoplasms, the transport
of tumor cells via the lumbar spine is secondary to
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Figure 1-24. Multiple melanoma metastases. Post-contrast coronal T;-weighted images (A,B) reveal multiple metastases of vari-

able size (arrows). (continued)

transport via Batson’s venous plexus. The spinal canal
is involved secondarily, with epidural tumor produc-
ing spinal cord compression. Magnetic resonance
imaging is very sensitive in detecting spinal vertebral
body metastasis, including the presence of an
epidural component and the degree of spinal cord
compression. Primary tumors of the bone affecting
the spinal canal are rare; however, tumors such as
chordoma (Fig. 1-31) and aneurysmal bone cysts
can produce expansile destructive changes in the

bone, giving rise to epidural tumors with subsequent
spinal cord compression. The entire spinal column
can be easily studied without invasive procedures.
Thus, MRI has proved to be the imaging modality of
choice when dealing with patients who present with
symptoms of acute spinal cord compression.
Carcinomas of the breast, lung, kidney, and
prostate most commonly metastasize to the spine.
Others include sarcomas, neuroblastomas, and mel-
anomas. Most metastatic tumors are destructive (os-
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Figure 1-24. (Continued)

teolytic) in nature (Fig. 1-32). Common osteoblas-
tic metastases are prostate and breast (Fig. 1-33).
Because it demonstrates marrow replacement, MRI
is more sensitive than **™Technetium bone scanning
in detecting early bone marrow metastasis before de-
structive changes take place.

Lymphoma readily infiltrates the vertebral marrow
cavity, and the replacement of marrow by tumor cells
can be easily diagnosed using MRI scans. Lymphoma
can also infiltrate the epidural space, spinal cord, and
roots (Fig. 1-34). A characteristic feature of epidural
lymphoma is the long extent of the tumor.

Multiple myeloma comprises approximately 34%
of malignant bone tumors, with a peak incidence at
50 to 70 years of age. Malignant proliferation of
plasma cells in the bone marrow of the spine results
in tumor replacement of normal marrow. The in-
volved vertebral body may show localized masses and
pathologic fracture. The presence of epidural tumor
and spinal cord compression may be best evaluated
through MRI. Early identification of vertebral body in-
volvement by myeloma may permit prevention of
many neurologic sequelae by directing the early in-
stitution of radiotherapy or chemotherapy.

o



3601 _e01 p3-59 2/15/02 3:52 PM Page 32 $

15+

Figure 1-25. Solitary metastasis in a patient with non—small cell lung cancer. An axial T,-weighted image (A) reveals multilob-
ulated tumor (#) with surrounding edema (E). The post-contrast axial T,-weighted image (B) reveals a focal multilobular-enhancing
lesion with a central low-intensity zone representing necrosis.

Figure 1-26. Multiple melanoma metastases with hemorrhage and leptomeningeal metastases. (A) Axial T,-weighted image re-
veals multiple foci of edema of variable size (e) also with hemorrhagic metastasis and fluid level (black arrows). (B) Post-con-
trast axial T;-weighted image at almost the same level with parenchymal metastases (white arrow) and leptomeningeal metastases
(open arrows). (C) Axial T,-weighted image at the ventricular level demonstrates multiple foci of edema (e) as well as a focus of
heterogeneous signal intensity on the left with both hyperintensity and hypointensity in the region of the basal ganglia—paraven-
tricular region (black arrowhead) and a paraventricular focus on the right (black arrowhead). (D) Post-contrast axial T;-weighted
image at the ventricular level reveals diffuse leptomeningeal disease involving arachnoid and pia mater (open arrows) and also
arising from the ependyma of the lateral ventricles (closed arrows). (continued)

32
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Figure 1-26. (Continued)

Figure 1-27. A patient with a metastatic germ cell tumor. Proton density-weighted image at the level of the centrum semiovale
(A) reveals a target lesion with a hypointense black rim (arrow) and a central hyperintensity. This image raised the possibility of
a cavernous angioma. (B) The post-contrast T;-weighted image reveals contrast enhancement medially and superiorly (arrow).
The hypointense margin is less distinct, although the central hypointensity is unchanged. The contrast enhancement favors the di-
agnosis of hemorrhagic metastases rather than cavernous angioma.

33
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Figure 1-28. Child with medulloblastoma and leptomeningeal seeding. Post-contrast T;-weighted image reveals diffuse,
dural-arachnoid (open arrows) and pial enhancement (black arrows).

PLEXOPATHY

Patients with CNS malignant tumors can present with
symptoms similar to those that occur with nerve root
compression. The most common cause of neuralgia
in these patients is the coexisting herniated disc in
the cervical or lumbar region. Magnetic resonance
imaging can clearly distinguish nerve root compres-
sion caused by a herniated disc (Fig. 1-35) from

nerve root infiltration by malignant tumors (Fig.
1-21).

Magnetic resonance imaging is also sensitive in de-
tecting lesions affecting nerve roots outside the spinal
canal, such as brachial plexus (Fig. 1-36) and lum-
bosacral plexus. Lesions that can give rise to brachial
plexus neuralgia are Pancoast tumors, metastatic lym-
phadenopathy, malignant spinal tumors, radiation fi-
brosis, and benign tumors such as nerve sheath tumors.
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Figure 1-29. Calvarial metastases in a patient with breast cancer. (A) Axial proton density-weighted image shows extensive hy-
perintensity within frontal bone due to metastases (arrows), whereas uninvolved calvarium is hypointense (black). (B) The post-
contrast axial T,-weighted image shows contrast enhancement of the diffuse calvarial metastatic lesion (arrows) compared with
the remainder of the calvarium, which shows heterogeneous hyperintensity reflecting marrow replacement by fat.

IMAGING OF RADIATION DAMAGE

Basis for Radiation Changes

Radiation damage to the CNS has been observed with
increasing frequency because of treatment sequenc-
ing hyperfractionation, the use of radiation doses over
60 Gy, more older patients receiving radiation, ad-
junctive chemotherapy given during and after radio-
therapy, and the increased duration of patient sur-
vival (Kyritsis et al., 1993; Fike et al., 1984; Ball et
al., 1992; Burger and Boyko, 1991). Effects from ra-
diation may be divided into early, early delayed, and
delayed reactions (Hoffman et al., 1979; Fike et al.,
1984; Ball et al., 1992; Burger and Boyko, 1991; Cas-
tel and Caille, 1989).

Early reactions are caused by acute or subacute
effects that persist as long as 6 weeks after therapy.
These reactions may follow conservative radiation
treatment and leave no lingering effects, although
in rare cases permanent sequelae or death may re-
sult. In early reactions a transient vasodilatation oc-
curs with a breakdown of the BBB and development
of vasogenic edema (Fike et al., 1984; Ball et al.,
1992; Burger and Boyko, 1991; Castel and Caille,
1989).

In patients with early delayed injury, capillary va-
sodilatation, capillary permeability and breakdown of
the BBB, vasogenic edema, and demyelination may
develop, but may be transient (Hoffman et al., 1979;
Ball et al., 1992; Burger and Boyko, 1991). The risk
period is generally considered to be 4 to 18 weeks
after the completion of irradiation (Hoffman et al.,
1979).

A delayed reaction can occur months to more than
a decade following treatment. In patients with delayed
injury, severe changes occur, which tend to be per-
manent. Among these are vascular endothelial injury
with infarction and white matter changes, including
focal or diffuse demyelination or necrosis (Ball et al.,
1992). The mechanisms that contribute to the resul-
tant brain damage are incompletely understood, but
likely include alterations of fibrinolytic enzymes, di-
rect injury to white matter, direct damage to glial
cells, immune mechanisms, and vascular-related
effects.

Authors disagree about which pathologic changes
occur first. Although one factor might be more im-
portant than another, it is most probable that a com-
bination of changes occur simultaneously as a reac-
tive cascade of events. Vascular changes are obviously
important because they result in ischemia, infarction,
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Figure 1-30. Triple-dose contrast agent demonstrates a meta-
static focus. (A,B) Axial T-weighted images after a single dose of
contrast material reveals, on two slices 6.5 mm apart, no evidence
of enhancing lesion, although an edematous focus is present (ar-
rows). (C) T;-weighted image after a triple dose of contrast ma-
terial at the same level as in B now demonstrates a single meta-
static focus (white arrow). Black arrows point to edema
surrounding the tiny metastatic focus.

and edema. Positron emission tomography (PET)
studies demonstrate significant effects on metabolic
activity (Doyle et al., 1987; Valk and Dillon, 1991).
Oligodendrocytes, which have a large composition of
myelin, are damaged early (Fike et al., 1984). Myelin

is hydrophobic, and its loss is associated with in-
creased extracellular fluid (Fike et al., 1984). Direct
injury to cerebral tissue causes structural changes
that result in decreased brain volume (Ball et al.,
1992).
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Figure 1-31. Chordoma involving the clivus (black arrow), C1, and C2 vertebral bodies. The chordoma is associated with a large
epidural tumor (black arrow), producing cervical cord compression (open arrows). There is also a prevertebral soft tissue tumor
(white arrows). Curved white arrows point to artifacts created by surgical clips.

Radiation-Induced Damage to the Brain

Magnetic resonance imaging is far more sensitive
than CT in detecting radiation-induced damage to
the brain. The severe form of radiation-induced
damage to the brain is radiation necrosis, the end
result of perivascular coagulative necrosis affecting
the white matter. As would be expected, radiation
necrosis occurs most commonly at the site of max-

imum radiation delivery in the immediate vicinity of
the tumor site and surrounding the surgical cavity
of a partially or totally resected tumor (Fig. 1-37).
Radiation necrosis can resemble recurrent tumor
on MR or CT imaging because of the following
shared characteristics: (1) origin at or close to the
original tumor site, (2) contrast enhancement,
(3) growth over time, (4) edema, and (5) exertion
of mass effect.
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Figure 1-32. Patient with carcinoma of the breast with a history of back pain and osteolytic metastases. (A,B) Plain roentgenograms
of the thoracic spine in the lateral and anterior posterior projections were normal. A bone scan was also normal. (C) Sagittal mul-
tiplanar-gradient echo T,-weighted image reveals multiple hyperintense foci (arrows) indicating osteolytic metastases. (D,E) Sagit-
tal T;-weighted images of thoracic and lumbar spine reveal multiple hypointense foci (arrows) affecting almost all of the visual-

ized vertebral bodies. (continued)

With respect to the MRI characteristics of radia-
tion necrosis, most lesions consist of an enhancing
mass (Figs. 1-37 to 1-42) with a central area of ne-
crosis. The lesions are single or multiple. The en-
hancing characteristics of radiation necrosis com-

monly seen are a ring lesion with a central “soap bub-
ble"—like interior (Fig. 1-38E), solid lesions (Fig.
1-40), or a “Swiss cheese’—like interior (Fig.
1-41A,B). Contrast enhancement of these lesions is
secondary to radiation-induced endothelial damage,
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Figure 1-32. (Continued)

which leads to the breakdown of the BBB. The use
of platinum-based chemotherapy drugs such as cis-
platin and carboplatin combined with radiation ther-
apy (RT) may contribute to the development of radi-
ation-induced necrosis (Kumar et al., 2000).

In addition to the most common form of radiation
necrosis, which consists of a single lesion arising at
the site of the original primary tumor (Fig. 1-37),
other less common patterns may be observed, such
as (1) multiple lesions (Fig. 1-41); (2) lesions oc-
curring within the ipsilateral hemisphere distant from
the site of primary tumor (Fig. 1-38A-E); (3) lesions
in the contralateral hemisphere (Fig. 1-39); and
(4) lesions arising remotely from a primary site, for
example in the cerebellum (Fig. 1-40), brain stem
(Fig. 1-37), and subependymal lesions. Periventric-
ular white matter is especially vulnerable to radiation
necrosis. This neuroanatomic region has a relatively
poor blood supply from long medullary arteries that
lack collateral vessels, creating a susceptibility to
ischemic effects produced by postradiation vascu-
lopathy (Moody et al., 1990; Nelson et al., 1991). The
corpus callosum is also vulnerable to radiation ne-
Crosis.

The incidence of radiation necrosis after conven-
tional therapy ranges from 5% to 24%, with higher
rates at autopsy (Burger et al., 1979; Marks et al.,

1981). Kumar et al. (2000) have reported results
from a cohort of 148 adult patients who underwent
surgical resection of malignant brain (glial) tumors.
The patients were subsequently entered into a re-
search protocol that consisted of accelerated RT with
carboplatin followed by chemotherapy (procar-
bazine, lomustine, vincristine). Pure radiation ne-
crosis developed in 20 patients (13.5%). Sixteen pa-
tients (10.8%) manifested a mixture predominantly
of radiation necrosis with limited recurrent and/or
residual tumor (less than 20% of resected tissue).
These findings were demonstrated by histopathologic
examination at surgery or autopsy in 22 of the 56 pa-
tients with anaplastic gliomas (VA Levin, unpublished
information, 2001) and in 14 of the 92 patients with
glioblastomas under protocols DM 88—133 (Levin et
al., 1995). The necrosis of the brain was attributed
to the combined effects of RT and chemotherapy.
Radiation-induced necrosis is a dynamic patho-
physiologic process with several possible clinical out-
comes. Although continued necrotic growth with at-
tendant cytologic edema and mass effect is commonly
seen, lethal progression is not inevitable. Some le-
sions will stabilize, whereas others will regress (Fig.
1-42). In some cases, surgery may be required to
reduce mass effect and, despite advances in special
imaging techniques, to establish an accurate histo-
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logic diagnosis. Finally, even after gross total surgi-
cal resection, radiation necrosis recurrence will be
observed in some cases. The MRI spectrum of RT-
induced injury to the brain includes, in addition to
necrosis, radiation-induced vasculopathy, white mat-
ter demyelination (Fig. 1-43), radiation-induced cra-
nial neuropathy, mineralizing microangiopathy (Fig.
1—44), and radiation-induced neoplasms. The role of
single-photon emission tomography and PET in dis-
tinguishing recurrent brain tumor from radiation ne-
crosis is discussed in more detail in Chapter 2.

ADVANCED MAGNETIC RESONANCE
IMAGING TECHNIQUES IN
NEUROIMAGING

From the mid-1980s through the mid-1990s, proton
density-weighted (PDW), T,-weighted (T1W) with
and without contrast agent enhancement, and T,-
weighted (T2W) acquisitions provided the standard
set of MR images with which intracranial lesions were
evaluated. In the mid-1990s, fluid attenuated inver-
sion recovery (FLAIR) and magnetization transfer
contrast sequences were added to, or used in place
of, one or more of the standard set of PDW, TIW, and
T2W images.

The FLAIR images have significantly improved vi-
sualization of neoplasm versus edema, cortical
strokes, and periventricular multiple sclerosis
plaques, for example, where magnetization transfer
contrast images have been reported to improve the
conspicuity of small metastases. These two additional
sequences are not, however, radical departures from
the standard imaging sequences used since the mid-
1980s. Instead, they have essentially been made ro-
bust and rapid enough for routine clinical applica-
tions.

In the late 1990s significant improvements were
made in the magnetic gradient field subsystems of
commercial scanners. The maximum gradient field
amplitudes (Tesla/meter, T/m) increased by a factor
of 2 to 4, and the time required to switch the gradi-
ent fields on and off (the rise time, in seconds) de-
creased by nearly equal factors. This results in gra-
dient field slew rates (T/m/sec) that increased by
factors of 4 to 16. Coupled with improvements in the
data acquisition sampling rates, these gradient sub-
system changes resulted in scan times as rapid as 30

Figure 1-33. Patient with prostatic cancer and multiple os-
teoblastic metastases within the lumbar spine. (A) Antero-pos-
terior projection of lumbar spine reveals multiple large and
small nodules of increased density within the lumbar spine
and sacrum, which look like cotton balls. (B) Sagittal T;-
weighted image of the lumbar spine shows multiple hy-
pointense foci (arrows) affecting all lumbar vertebral bodies
and the sacrum. (C) Sagittal T,-weighted image reveals that
all lesions remain hypointense, indicating that the lesions are
osteoblastic metastases. (continued )

to 50 msec/image. Such acquisition rates have opened
up entirely new neuroimaging options that result in
images that depict not only anatomy but function. This
section discusses some of these new options in neu-
roimaging, each of which depends on high-speed im-
age acquisition techniques. In addition, advances in
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Figure 1-33. (Continued)

spectroscopic data acquisition and processing capa-
bilities, which may have important applications in the
management of tumor patients, are briefly reviewed.

Perfusion Imaging Pulse Sequences

It is commonly accepted that tumors cannot grow be-
yond a few millimeters in diameter without altering
the local vascular environment. Furthermore, tumors
with highly permeable and plentiful blood vessels ap-
pear to be more likely to metastasize and, in general,
are associated with a poorer prognosis. Treatment-
related changes, on the other hand, are variably as-
sociated with increases in vascular density and per-
meability. Therefore, the ability to assess vascular
volume, flow, and permeability may be highly valu-
able in the noninvasive characterization of intra-
cranial lesions and may provide a means of more
reliably determining tumor progression versus
treatment-related changes that are often difficult or

impossible to distinguish even with the wide range of
image contrasts provided by standard MRI tech-
niques. Techniques available to noninvasively moni-
tor tissue vascularity should prove highly useful for
assessing the efficacy of antiangiogenic agents cur-
rently in clinical trials.

Two MR-based techniques have been developed
for mapping regional cerebral blood flow (rCBF) and
regional cerebral blood volume (rCBV). The first
technique, often referred to as dynamic susceptibil-
ity contrast (DSC) mapping, takes advantage of the
transient susceptibility change that occurs as a bolus
of paramagnetic contrast agent passes through the
microvascular vessels (Sanders and Orrison, 1995;
Ostergaard et al., 1996a,b; Sorensen and Rosen,
1996; Sorensen et al., 1997). These transient sus-
ceptibility changes are manifested as short-lived, lo-
calized, inhomogeneities in the local magnetic field.
Such changes cause enhanced dephasing of the local
nuclear spins by decreasing the “apparent” T, relax-
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Figure 1-34. Hodgkin’s disease of the lumbar spinal canal with epidural mass. (A,B) Post-contrast sagittal T,-weighted images.
(A) There is extensive ventral and dorsal epidural tumor (open arrows) squeezing the lumbar subarachnoid space and nerve roots
(white arrows). (B) Post-radiation therapy follow-up MRI scan reveals near-complete disappearance of the epidural tumor with
expansion of the lumbar subarachnoid space, which shows an excellent response to therapy. Some residual thickening of the nerve
roots (arrows) is noted.

ation time (T*). This dephasing results in a transient
decrease in signal intensity on T2W or T2*W images
as the bolus passes (Fig. 1-45). The higher the rCBYV,
the greater the magnitude of the transient signal loss.
Assuming that the contrast agent remains in the vas-
culature, that is, there is no BBB break down, such
images can be used to construct maps of rCBV (Fig.
1-46). If, however, the BBB is fenestrated and con-
trast agent “leaks” from the vascular to the intersti-
tial space, the DSC mapping technique can underes-
timate the rCBV measures due to loss of
compartmentalization of the contrast agent and local
decreases in the T, relaxation times (Sorensen and
Rosen, 1996).

This can be particularly problematic with the cur-
rent class of commonly utilized paramagnetic con-

trast agents that are FDA approved for clinical use.
All three of these agents, gadolinium dimeglumine,
gadodiamide, and gadoteridol, have relatively small
molecular weights (on the order of 600 daltons) and
readily extravasate in cases of BBB fenestration. Sev-
eral higher molecular weight (greater than 25,000
dalton) contrast agents are currently in phase I and
phase II clinical trials and promise to greatly expand
the use of DSC mapping of vascular volume and flow
in both neuroimaging applications and body imaging
applications, where the absence of a BBB exacerbates
the contrast leakage problem. An advantage of the
DSC technique, however, is the favorable signal-to-
noise ratio of the resulting rCBV maps, particularly if
double-dose bolus injections are utilized. If the mean
transit time (MTT) of the contrast agent can be de-
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Figure 1-35. Patient with melanoma who presented with acute
radiating pain to the arm. Sagittal T;-weighted image of the cervi-
cal spine reveals a herniated disc at the C4—C5 level (white ar-
row) with cervical cord compression (black arrow). A smaller
herniated disc is also seen at the C6—C7 level (open arrow).

Figure 1-36. Dumbbell-shaped neurofibroma involving the right brachial plexus. There is a large neurofibroma originating from
the left brachial plexus (white arrows) compared with the normal brachial plexus on the right (open arrows).

43
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Figure 1-37. Post-contrast axial T;-weighted MR image. Irregular enhancing lesions (arrow) posterior to the surgical cavity
within the left temporal lobe and in the midbrain (arrowhead) were proved to be radiation necrosis at autopsy. The patient was
status postsurgery with accelerated radiation therapy and chemotherapy for an anaplastic astrocytoma.

termined (e.g., from the signal intensity change in an
intracranial artery) then the rCBV can be converted
to rCBF using the central volume theorem, rCBF =
rCBV/MTT.

The second MR technique used for assessing cere-
bral microvascular changes requires no exogenous
contrast agent. This technique, known as arterial
spin tagging (AST), relies on time-of-flight signal loss
in an imaging section that occurs from inversion of
flowing spins in a section a few centimeters away (De-
tre et al., 1992; Edelman et al., 1994; Alsop and De-
tre, 1996). The inverted spins from the “tagged” sec-

tion vield decreased signal intensity when imaged in
the section of interest. Knowing the location of the
tagging section, the T; relaxation times in the section
of interest, and the blood—tissue partition coefficient
(approximately constant with a value of ~0.9), rCBF
can be computed in the section of interest. The to-
tally noninvasive nature of the AST rCBF measures
makes this approach more advantageous than the DSC
approach described above. The signal-to-noise ratio
of the DSC technique is significantly higher, however,
and obtaining good-quality AST measures of rCBF
from multiple sections is more difficult due to mag-
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Figure 1-38. Post-contrast MR images (A—E). A nonenhancing tumor (arrow) with an enhancing nodule (arrowhead) occupy-
ing the right frontal lobe high-convexity region was noted in a 29-year-old male (A). The tumor was resected (resection cavity is
shown in B, arrow). The tumor was an oligodendroglioma, and the patient was treated with radiation therapy (RT) and chemo-
therapy. The patient developed a small enhancing lesion in the right frontal lobe 8 months after completion of RT (arrow in C)
that progressively increased in size in follow-up studies (arrows in D and E). There is also a progressive increase in the degree of
edema (E) and mass effect on the right lateral ventricle. Surgical excision of the mass at this point revealed extensive radiation ne-
crosis. Radiation necrosis affecting the corpus callosum is also shown (open arrows in D and E). Note that the radiation necrosis
within the right frontal lobe (C—E) occurred remotely from the primary tumor (A).

netization transfer effects. Because of the lower sig- static magnetic fields at or greater than 3 Tesla, how-
nal-to-noise ratio, obtaining AST acquisitions is cur- ever, may provide adequate AST signal-to-noise ratios
rently more time consuming than obtaining DSC ac- in scan times that begin to rival those required for
quisitions. More recent ultra-high-field systems, with current DSC techniques.
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Figure 1-39. Post-contrast coronal T;-weighted MRI of the brain. Biopsy-proven radiation necrosis affected the contralateral
hemisphere (arrow) and involved the corpus callosum (C). The patient was status post-resection of glioblastoma in the left frontal
lobe (arrowhead points to craniotomy site) followed by radiation and chemotherapy.

It should be noted that both the DSC and AST tech-
niques for mapping rCBV and/or rCBF require very
rapid imaging capabilities. Typically, this is best
achieved using systems capable of single-shot, spin-
echo, echo-planar imaging (EPI) techniques, which
allow image acquisition rates as high as 50 msec/im-
age.

Dynamic Contrast Magnetic Resonance
Imaging Techniques

The use of static pre- and post-contrast agent-
enhanced MR scans has been routine in neuroimag-
ing since the mid-1980s. However, the kinetics of
contrast agent uptake are infrequently used. The rapid
acquisition of TIW images before, during, and after

the infusion of a bolus of paramagnetic contrast agent,
however, allows the rates of contrast agent uptake and
washout between a lesion and the vasculature to be
assessed. In theory, simple two-compartment phar-
macokinetic modeling of the contrast agent kinetics
can be used to (7) map the fractional plasma volume
(vascular volume), (2) determine endothelial trans-
fer coefficient (permeability—surface area product)
when contrast leakage is not flow rate limited,
(3) assess extraction-flow product when leakage is
great enough to be flow limited (Tofts, 1997), and
(4) obtain the contrast agent reflux rate. Such non-
invasive measures of vascular endothelial parameters
might be highly useful in determining the penetration
of novel chemotherapeutic agents, assessing the effi-
cacy of novel antiangiogenic agents, and more specif-
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Figure 1-40. Post-contrast coronal T;-weighted MRI of the brain shows radiation necrosis of the cerebellar hemispheres (ar-
rows) that developed after resection of a parietal lobe glioblastoma and accelerated radiation therapy with chemotherapy to the

brain (arrowhead points to the surgical cavity).

ically characterizing lesions in a noninvasive manner
(e.g., differentiating between tumor progression and
treatment-related changes).

Qualitative or semiquantitative applications of dy-
namic contrast agent—enhanced MRI to neuroimag-
ing of patients with intracranial neoplasms have been
previously reported. The utility of such scans in dif-
ferentiating treatment-related changes from primary
brain tumors, metastases, and meningiomas has been
previously described (Hazle et al., 1997), and signif-
icant correlations between outcome measures and dy-

namic contrast MRI measures in anaplastic astrocy-
toma and glioblastoma multiforme patients have been
reported by Wong et al. (1998). In addition to these
studies based on empirical modeling of the dynamic
data, several pharmacokinetic studies have been re-
ported in which the endothelial transfer coefficient,
contrast reflux rate, and fractional plasma volume
have been determined (Larsson et al., 1990; Tofts and
Kermode, 1991; Tofts, 1997; Parker and Tofts, 1999).
When such calculations are performed on a pixel-by-
pixel basis, the rapidly acquired source images can
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Figure 1—41. Post-contrast coronal T;-weighted MR images (A,B) of the brain show extensive heterogeneous enhancing lesions
involving both frontal lobes (arrows) with “Swiss cheese”like interior, produced by radiation necrosis. Despite the large sized le-
sions, there is no mass effect secondary to involution of the brain. The patient was status postsurgery with accelerated radiation
therapy and chemotherapy for a right frontal lobe anaplastic astrocytoma.

oy

September 11, 1992 November 13, 1993 February 15, 1995

Figure 1-42. Post-contrast axial T;-weighted MR images of the brain show spontaneous regression of radiation-induced en-
hancing lesions (arrows) within lesions in the left frontoparietal lobe. The patient is status postsurgery with accelerated radiation
therapy and chemotherapy for a nonenhancing anaplastic astrocytoma involving the parietal lobe.
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Figure 1-43. Axial T,-weighted images (A—C) of the brain demonstrate radiation- and chemotherapy-induced periventricular
leukoencephalopathy affecting the white matter (arrows in A) and two tracts (arrows in B and C).

be used to generate maps of each of the above pa-
rameters (Parker et al., 1997). Such parametric
maps allow for improved assessment of lesion het-
erogeneity, thereby avoiding the potential for “sam-
pling error,” which is commonly a point of concern
in histopathologic analyses of tissue samples. Exam-
ples of parametric maps of fractional plasma volume
and endothelial transfer coefficient in a patient with
pathologically proven anaplastic astrocytoma are
shown in Color Figure 1-47.

As with perfusion imaging techniques, dynamic
contrast agent—enhanced scans require rapid image
acquisition rates, particularly to obtain fractional
plasma volume measures. Furthermore, if accurate
measures of permeability—surface area product are
desired, contrast agents with larger molecular weights
than those currently available may be required for le-
sions associated with significant BBB breakdown.
Otherwise, as mentioned above, contrast agent ex-
travasation may be flow limited, leading to possible
erroneous permeability—surface area measurements.
As an example, extracranial lesion studies in animals
have previously demonstrated improved correlations
between permeability—surface area product and
fractional plasma volume with histopathologic re-
sults when using higher molecular weight agents
(~90,000 daltons) compared with FDA-approved
low molecular weight agents (~600 daltons) (Dal-
drup et al., 1998).

Diffusion Imaging Techniques

If appropriate gradient pulses are applied within the
echo time of a spin-echo EPI sequence, the resulting
image contrast can be made to depend strongly on
the rate of diffusion, or Brownian motion, of the nu-
clear spins of interest. The larger the area under the
applied diffusion-sensitizing gradients, the greater the
influence of diffusion on the image contrast. This area
is directly related to the often-quoted “b-factor” value.
More specifically, the degree of attenuation of the sig-
nal from a given tissue in diffusion-weighted images
is proportional to e %", where & is the b-factor value
and D is the diffusion coefficient. Thus, for a given
b-factor, larger diffusion coefficient levels are asso-
ciated with larger degrees of signal attenuation. Sim-
ilarly, for a given diffusion coefficient level, the degree
of signal attenuation increases with increasing values
of b. Therefore, in diffusion-weighted images, re-
gions where diffusion is more restricted are hyperin-
tense relative to regions of unrestricted diffusion.

In general, to obtain the degree of diffusion sen-
sitization necessary for acceptable image contrast, the
b-factor values must be rather large (e.g., 1000
sec/mm?). Therefore, the areas of the diffusion-
sensitizing gradient pulses are large, and the mini-
mum echo time is relatively long, resulting in T2W
source image contrast. Because the images are T2W,
substances with long T, values may not be as hy-
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Figure 1-44. Radiation-induced mineralizing microangiopathy in a 13-year-old girl who underwent resection of an astrocytoma
of the vermis followed by 45 Gy to the posterior fossa and 30 Gy to the whole brain. The patient developed multifocal calcifications
3 years after treatment. Non-contrast axial CT scan of the brain at that time revealed dense calcifications involving the basal gan-

glion (arrows) and subcortical white matter (arrowheads).

pointense as expected based solely on the rate of dif-
fusion, resulting in “T shine-through” of such sub-
stances in the diffusion-weighted images. To remove
such confounding shine-through effects, image con-
trast may be based on the “apparent diffusion coeffi-
cient” (or ADC) (Le Bihan et al., 1992; Le Bihan and
Turner, 1993; Sanders and Orrison, 1995). The ADC
images are computed from a set of diffusion-weighted

images obtained with multiple (~2 to 5), b-factor
values. Of note is the fact that the contrast on ADC-
weighted images is the inverse of the contrast ob-
tained on diffusion-weighted images; regions where
diffusion is restricted are hypointense, and regions
where diffusion is unrestricted are hyperintense.

Of importance also is the fact that diffusion in some
tissues is anisotropic (Moseley et al., 1990). For ex-
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Figure 1-45. Dynamic susceptibility contrast (DSC) regional cerebral blood volume (rCBV) mapping. (Top) A typical signal in-
tensity versus time curve from a region of interest in the parietal cortex. Note the dramatic signal loss in the cortex during the bo-
lus transit and the recovery to baseline following the first pass. (Bottom) The change in signal intensity can be converted to a
change in apparent T, relaxation rate (AR2*). Because rCBV o« [Gd] o AR2*, the regional cerebral blood volume can then be

determined (see Ostergaard et al., 1996b, for complete details.)

ample, diffusion along white matter tracts is much
less restricted than diffusion across the tracts (Fig.
1-48). Therefore, if diffusion-sensitizing gradient
pulses are applied only in one direction, it is difficult
to know if signal variations in the image plane are
due to true differences in diffusion rates or to white
matter diffusion anisotropy. To remove this confound,
diffusion-sensitizing gradients are typically applied in
each of the three orthogonal directions, and the re-
sults are averaged together to yield the average or
“trace” diffusion-weighted image in which the
anisotropic diffusion rate information is suppressed
(Fig. 1-48). On the other hand, the fact that white
matter tract diffusion is anisotropic does allow the
use of diffusion tensor imaging techniques for non-
invasively mapping the white matter tracts (Fig. 1-49)

(Pierpaoli et al., 1996; Pajevic and Pierpaoli, 1999;
Virta et al., 1999).

Thus far, the primary clinical application of diffu-
sion imaging has been the detection of acute stroke
(van Gelderen et al., 1994; Sorensen and Rosen,
1996; Beauchamp et al., 1998). On diffusion-
weighted images, areas of restricted extracellular wa-
ter diffusion, secondary to increased cellular volume,
appear hyperintense in acute ischemic injury. These
signal changes have been shown to occur well before
detectable changes occur on T2W or FLAIR images
and have been useful in the detection and staging of
ischemic injury. Coupled with perfusion imaging tech-
niques, diffusion imaging techniques might permit as-
sessment of the ischemic penumbra and assist in
treatment decisions using current and novel stroke
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Figure 1-46. Dynamic susceptibility contrast (DSC) regional cerebral blood volume (rCBV) maps showing normal perfusion con-
trast (left) and increased rCBV (right) in a patient with pathologically proven anaplastic astrocytoma (right).

therapies (Beauchamp et al., 1998). Furthermore,
quantitative diffusion imaging, by providing a means
of noninvasively assessing the degree of cellularity
(Chenevert et al., 1997), may prove useful in im-
proved characterization of intracranial lesions.

As with perfusion imaging techniques, diffusion
imaging requires very high-speed imaging capabili-
ties. In fact, of all of the current advanced neu-
roimaging techniques, diffusion imaging is the most
demanding of the MR scanner hardware. The large
gradient field pulses push the limit of even state-of-
the-art scanners and typically require relatively long
echo times, potentially increasing the T, shine-
through problem. Furthermore, the large amplitude
of rapidly switched gradient field pulses requires
good eddy current compensation performance to
prevent unacceptable levels of artifact. (Eddy currents
induced in the surrounding metallic components in
the magnet give rise to transient magnetic fields that
oppose the applied gradient fields and limit the speed
with which the images can be acquired without sub-

stantial artifacts.) Typically, single-shot, spin-echo
EPI sequences are used for diffusion imaging to cap-
ture the small-scale motion represented by the diffu-
sion process in a background of larger scale motions
due to involuntary and voluntary patient motion and
motion due to CSF pulsation.

Functional Imaging of Neuronal
Task Activation

Before recent developments in MRI, the only image
modality that was capable of imaging areas of neu-
ronal function was PET. Other techniques for map-
ping areas of activation (e.g., electroencephalogra-
phy [EEG] and magnetoencephalography [MEG]),
were not image based, and spatial localization of the
activated areas was coarse, at best. In 1991 and 1992,
two new functional MRI (fMRI) techniques for indi-
rectly mapping areas of neuronal activation in re-
sponse to a visual stimulus were reported (Belliveau
etal., 1991; Kwong etal., 1992). The underlying phys-
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Figure 1-48. Diffusion-weighted MR images with diffusion-sensitizing gradients applied in the superoinferior (top left), right—left
(top right), and anteroposterior (bottom left) directions. Note the dramatic differences in image appearance due to the anisotropic
nature of water diffusion within the white matter tracts (arrows). Signal intensity is hypointense in directions of less restricted dif-
fusion (along the tracts). The trace image (lower right) does not exhibit such anisotropic effects.

iologic principle of both techniques is that the neu-
ronal activation that occurs in response to a stimu-
lus, such as a visual task, results in local vasodilata-
tion and a concomitant local increase in rCBV and
rCBF. The first fMRI technique used to map this in-
crease was the bolus contrast agent—enhanced DSC

perfusion imaging acquisition discussed previously.
First, a resting rCBV map was acquired. Then, during
a given functional task, a second bolus of contrast
agent was administered and a second rCBV map was
obtained. The difference in the two images provided
a map of areas of the brain that exhibited increased
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Figure 1-49. Diffusion tensor imaging to depict white matter tracts. (Left) T1W image. (Right) MR “tractogram.”

rCBV during the task. The advantage of the DSC fMRI
technique is that the signal intensity change between
rest and activation is approximately 30% at 1.5 Tesla.
The disadvantage of this technique is that it requires
two contrast agent infusions per set of functional im-
ages and limits the number of tasks that can be eval-
uated in a single imaging session as well as how soon
sessions can be repeated.

The second fMRI technique is based on blood oxy-
gen level dependent (BOLD) contrast and is currently
the most commonly used approach for imaging ar-
eas of neuronal activation. In this technique, no ex-
ogenous contrast agent is administered. Instead, ad-
vantage is made of the fact that deoxyhemoglobin is
a paramagnetic substance and oxyhemoglobin is a
diamagnetic substance. As noted with the DSC perfu-
sion imaging technique, paramagnetic substances
cause increased dephasing of the MR signal on T2W
or T2*W images due to susceptibility effects. On the
other hand, diamagnetic substances have minimal ef-
fect on signal dephasing. Therefore, a given amount
of deoxyhemoglobin (paramagnetic) results in more
signal loss relative to the same amount of oxyhemo-
globin (diamagnetic). In regions of neuronal activa-
tion, local increases in rCBV and rCBF result in local
increases in the oxyhemoglobin concentration, and,

as shown by previous PET studies (Fox and Raichle,
1986), the rate of oxygen extraction is significantly
less than the rate of oxyhemoglobin delivery. There-
fore, in areas of activation, there is a net increase in
the oxyhemoglobin/deoxyhemoglobin ratio and a
concomitant increase in signal intensity on T2W and
T2*W images.

The key advantages of this technique are that it is
totally noninvasive and the resolution of the resulting
activation maps is on the order of 1.5 to 2.0 mm, sig-
nificantly better than those obtained using PET. How-
ever, the change in signal intensity at 1.5 Tesla is only
about 1% to 3%, requiring excellent stability of the
MR scanner and well-designed test paradigms and
signal processing strategies. (The BOLD signal in-
creases supralinearly with field strength, and much
of the recent interest in 3 and 4 Tesla scanners stems
primarily from the improved BOLD signal response
relative to 1.5 Tesla scanners.)

Since the publication of the first fMRI studies of
neuronal function in 1991, there have been many re-
ports of BOLD fMRI studies for widely varying appli-
cations, including studies of visual stimulation, audi-
tory stimulation, memory, language, sensorimotor
stimulation, psychiatric disorders, and pain (e.g.,
Sanders and Orrison, 1995; Sorensen and Rosen,
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1996; Buckner and Koutstaal, 1998; Tootell et al.,
1998; Turner et al., 1998; and references therein).
Examples of fMRI mapping for presurgical planning
purposes are given in Color Figure 1-50.

In Vivo Spectroscopic Techniques

One of the earliest practical applications of the nu-
clear magnetic resonance phenomenon was the de-
termination of chemical structure based on MR spec-
tral data. It is not surprising, therefore, that
investigators began developing and attempting to ap-
ply in vivo MR spectroscopy (MRS) techniques to
whole-body scanners as soon as they were commer-
cially available (in the mid-1980s). Clinical MRS ap-
plications have, however, lagged significantly behind
rapidly advancing imaging capabilities. Nevertheless,
the promise of being able to obtain biochemical in-
formation in a completely noninvasive manner con-
tinues to drive the transition of in vivo MRS from a
research tool to a clinical application. Furthermore,
many of the advances in scanner hardware that have
allowed imaging techniques to evolve from a means
of obtaining purely anatomic information to a means
of obtaining physiologic information have also greatly
improved MRS capabilities on state-of-the-art scan-
ners.

It is well beyond the scope of this section to pro-
vide detailed descriptions of the acquisition, pro-
cessing, and clinical applications of in vivo MRS. In-
stead, each of these topics is briefly reviewed and
references are made to the rather extensive literature
available on these subjects.

There are three basic requirements for perform-
ing an in vivo MRS examination on a clinical imaging
system. First, an appropriate non-zero spin nucleus
must be selected, and the system must be capable of
transmitting and receiving signals at the frequency ap-
propriate for the chosen nucleus of interest. Although
it is theoretically possible to obtain MRS data from a
range of different nuclei in the human body, natural
abundance and relative MR sensitivity considerations
generally limit clinical applications to 'H and 3'P
studies. The second basic requirement is 2 means of
accurately localizing the region from which the MRS
data are obtained. Numerous localization schemes
have been proposed, but the most commonly used
techniques in clinical applications are the single voxel
(8V) technique and the spectroscopic imaging (SI)
technique (Fig. 1-51). In the SV technique, spectral

data are acquired from a single volume of interest
(VOI) at a time. (An SV 'H spectrum from a patient
with glioblastoma multiforme is shown in Fig. 1-52.)
On the other hand, SI techniques acquire spectral
data from a number of VOIs simultaneously.

Both techniques have advantages and disadvan-
tages. For example, one key criterion for obtaining
good quality spectral data is that the magnetic field
in the VOI is highly uniform. The magnetic field ho-
mogeneity can typically be better optimized on a small
volume of tissue, like the VOI in an SV acquisition,
than the larger volume typically examined using SI
techniques. The SI technique, however, allows for ob-
taining spectra from multiple VOIs that are individu-
ally much smaller than an SV VOI, thereby permitting
assessment of the heterogeneity of a given lesion and
surrounding tissue. Furthermore, low-resolution
“metabolite maps” can be computed from the SI data,
allowing visualization of the spatial distribution of var-
ious compounds (Color Figs. 1-53 and 1-54). An
additional requirement of the chosen acquisition
technique, at least for '"H MRS acquisitions, is the abil-
ity to suppress the signal from water, as the concen-
trations of the compounds of interest are typically
5000 to 10,000 times less than the concentration of
water.

The third basic requirement for clinical MRS ex-
aminations is a means of analyzing the spectral data.
Spectral data can be analyzed in three primary ways.
The first is visual inspection of the spectral peaks—
clearly the simplest, but most highly subjective,
method to implement. The second commonly used
method is to form ratios of spectral peak heights, or
areas, with respect to a chosen reference peak. With
'H brain spectra, for example, the most common ref-
erence peak is the creatine/phosphocreatine reso-
nance, which varies minimally with spatial position
within the brain. This approach is more quantitative
and less subjective than the visual inspection method.
In disease processes, however, changes in spectral
peak ratios may reflect concentration changes in the
compound of interest, in the reference compound, or
in both.

The third method for analyzing spectral data is to
obtain absolute metabolite concentrations from the
associated spectral peak areas. Although obviously
the most objective technique, this method of analysis
is notoriously difficult. To convert from peak areas to
absolute concentration requires a reference peak
from a compound with known concentration. This
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Figure 1-51. Proton MRS localization techniques. (Left) Single voxel (SV) technique used to acquire spectral data from one vol-
ume of at a time. The intersection of three planes, defined by the through-plane slice and two orthogonal “slices” (dotted lines),
defines the VOI (black square). (Right) Spectroscopic imaging (SI) technique used to obtain spectral data from multiple VOIs in
a single acquisition. Typically, a large volume is initially defined as in the SV technique (black rectangle). Phase-encoding tech-
niques are then used to obtain individual spectra from multiple VOIs within the large volume of interest.

reference compound may be either an internal—
most commonly water—or an external standard from
which a spectrum is obtained just before or just af-
ter in vivo MRS data acquisition. The internal stan-
dard approach may be problematic in disease states
where the internal reference compound concentra-

Choline

Creatine +
Phosphocreatine

tion changes, whereas in the external standard ap-
proach it can be difficult to position and obtain a
spectrum from the reference standard under the same
conditions that occurred during in vivo MRS acquisi-
tion. Given the lack of objectivity of the visual in-
spection technique and the inherent difficulties of the

NAA Lactate
T T T T —T
4 3 2 1 0
ppm

Figure 1-52. SV spectrum (echo time = 30 ms, repetition time = 2000 ms) from a glioblastoma multiforme showing greatly
decreased levels of N-acetylaspartate, elevated lactate, and elevated choline.
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absolute concentration technique, many investigators
have settled on spectral peak ratios as the method of
choice for routine analysis of spectral data. Because
the T; and T, relaxation times of the various com-
pounds of interest vary, however, it should be noted
that the spectral peak heights, areas, and ratios de-
pend strongly on echo time (TE) and, to a lesser de-
gree, on repetition time (TR). Therefore, when com-
paring spectral data to literature values or between
examinations, it is most important to take the TE and
TR values into account. Several review articles and
texts describe the wide range of clinical applications
of in vivo MRS (Cady, 1990; Negendank, 1992; Barker
et al., 1993; Howe et al., 1993; Ross and Michaelis,
1994, 1996; Vion-Dury et al., 1994; Cox, 1996; Falini
et al., 1996; Danielsen and Ross, 1999; Jackson,
1999; Nelson et al., 1999).

Although many research investigations using both
'H and 3'P MRS, as well as other less abundant nu-
clei, have been reported, undoubtedly the most com-
mon clinical application is "H MRS of the brain. In a
normal human brain spectrum, the most prominent
spectral peak is due to N-acetylaspartate (NAA). Al-
though the exact biochemical role of NAA has yet to
be fully elucidated, it is present in abundance only in
viable neurons (Birken and Oldendorf, 1989). Re-
ductions in the normal levels of NAA are sensitive in-
dicators of neuronal degradation, but are nonspecific.
The next most prominent spectral peaks in the nor-
mal brain spectrum are due to creatine/phosphocre-
atine and choline-containing compounds. Less
prominent peaks due to #yo-inositol and, for short
TE spectra, glutamate/glutamine, are also visible. Lac-
tate peaks are typically below detection limits in nor-
mal brain tissue, but may be visible in disease states,
including ischemic injury and some neoplasms. Spec-
tral peaks from lipids, abundant in the myelin, are
not seen in normal brain due to the rigid structure
of the lipids within the myelin. In some disease states,
however, lipid peaks and peaks from macromolecu-
lar breakdown products may be present in spectra
acquired with short echo times. (The effective T, re-
laxation times of these breakdown products are rel-
atively short, resulting in the absence of peaks in spec-
tra such as are acquired with long echo times.) In
neoplastic lesions, the most common findings are el-
evated levels of choline-containing compounds, de-
creased levels of creatine/phosphocreatine, and de-
creased levels of NAA. Lactate peaks may, or may not,
be present. Therefore, using the spectral peak ratio

method of analysis, the most common finding in neo-
plastic lesions is elevated choline/creatine and
choline/NAA ratios relative to normal brain tissue lev-
els. Treatment-related changes, such as radiation ne-
crosis, do not typically demonstrate such highly ele-
vated choline/creatine ratios and are often associated
with the presence of peaks due to lipids and other
macromolecular breakdown products (in short TE
spectra).

Outside of the brain, the most common clinical on-
cologic application of in vivo MRS has been in the
prostate, where the level of citrate in 'H spectra has
been used to differentiate between benign prostate hy-
perplasia and neoplasm (Hahn et al., 1997; Heer-
schap et al., 1997, Liney et al., 1999).

Summary of Advanced MRI Techniques

In the last 5 years, significant improvements in MR
scanner technology have allowed for new neu-
roimaging techniques, which have changed MRI from
a means of acquiring images with exquisite anatomic
detail and soft tissue contrast to a means of acquir-
ing images of tissue function. Whereas many of these
functional imaging techniques are currently in a tran-
sitional stage from basic research to clinical practice,
several are poised to make a significant impact on
clinical patient management and outcome. Newer
imaging techniques, including more specific contrast
agents and novel image contrast mechanisms, will un-
doubtedly continue to propel the expanding use of
MRI in neuroimaging applications. In addition, sig-
nificant improvements in automated SV and SI in vivo
MRS data acquisition and processing techniques have
allowed for “routine” acquisition of biochemical in-
formation that can be used, for example, to aid in the
often difficult differentiation between tumor progres-
sion and treatment-related changes.
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