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PREFACE

The advances in neuroimaging are occurring at a
dizzying pace. It is difficult for trainees in radiology
and others in neurosciences-related disciplines to
keep abreast of the new developments. It is especially
important to design neuroimaging protocols to
evaluate various neurological diseases. It therefore
seems highly desirable that review articles be readily
available that comb through the plethora of literature
and provide state-of-the-art information on neuro-
imaging of neurological diseases. It is this goal that

we wish to accomplish by bringing out a series of
volumes, each dealing with a single theme. The first
one is in your hands.

We wish to express our deepest gratitude to the
distinguished contributors, who have done an out-
standing job. We equally thank our publisher.
Comments are welcome.

MS
SB

xi
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1. MAGNETIC RESONANCE IMAGING OF
INTRACRANIAL HEMORRHAGE

Robert D. Zimmerman

Historical Background

The advent of magnetic resonance imaging led to
attempts to define the appearance of hemorrhage
using this new technique. Early reports focused on
hematomas studied with T1-weighted (T1 W) inver-
sion recovery (IR) Scans performed on resistive MR
imagers. These early studies demonstrated that
hematomas were hyperintense to the brain due to T1
shortening and were easily detected when they were
nearly isodense and thus difficult to visualize on
computerized tomography (CT) {1-5]. With expe-
rience, however, it became clear that hyperintensity
required several days to develop—and when studied
acutely (under three days), hemorrhage was often
difficult to detect because it was nearly isointense to
the brain on T1 W IR and spin-echo (SE) scans {5,
61. Initially, changes in intensity on T2 weighted
(T2 W) scans received much less attention {6} be-
cause these sequences often produced images of poor
quality, and were time-consuming and difficult to
obtain in uncooperative patients. Technical improve-
ments in intermediate-field-strength (.35—.6T) scan-
ners and the introduction of high-field-strength
(1.5T) units made high-quality T2 W imaging
possible. Interest rose markedly when it was noted
that, at high field strength, acute hematomas (one to
seven days) were hypointense on T2 W scans {7]. It
was initially claimed that this effect would make
possible the diagnosis of acute intracranial hemor-
rhage (AIH) on MR, but only for scans obtained at
high field strength. At approximately the same time,
other authors demonstrated that T1 shortening
effects were more obvious at ultralow field strengths
(.027), leading to speculaton that acute hemorrhage
would be more easily detected on these scanners as
well {8]. These confusing and seemingly contradic-
tory claims are not merely of academic interest. The
economic implications are enormous. If MR (or at
least a particular type of MR) can detect AIH with
the same sensitivity and specificity as CT, it might
become possible to replace all hospital-based CT

scanners with MR units. If, however, MR is inferior
to CT in the detection of hemorrhage, hospitals
would still be required to maintain CT scanners,
since -the demonstration of hemorrhage is of para-
mount diagnostic and therapeutic importance in a
patient with acute neurologic ictus.

The confusion and controversy surrounding the
appearance of AIH on MR arises from the complex
nature of this phenomenon. Most attempts to explain
intensity of AIH have been extrapolations from limi-
ted clinical and/or experimental data. This approach
worked well with CT since temporal density changes
are dependent upon essentially one variable, the con-
centration of the globin fraction of the hemoglobin
molecule [9} (figure 1-1). This does not mean
that the evaluation of hemorrhage on CT is always
simple. Factors such as hematocrit, clot formation
and retraction, and hematoma location all affect
density, but the basic temporal changes are quickly
and rapidly understood. Furthermore, extrinsic tech-
nical factors (e.g., type of CT scanner or specific
scanning protocol) have no effect on density. With
MR, the intensity of blood is much more variable,
and it changes rapidly in a bidirectional manner in
the first postictal week {10} (figure 1—1). In a sense,
the complex findings of AIH on MR reflect more
accurately than CT the complex pathophysiologic
and biochemical changes that occur after extravasation
of blood. Included among these changes are the
paramagnetic effects of various blood break-down
products [11}. Since an understanding of these phe-
nomena and their effects on Mr intensity is funda-
mental to the appreciation of the MR features of
hemorrhage, they will be reviewed first.

Paramagnetism (figure 1 —2)

Paramagnetic substances become magnetic when
placed within a strong magnetic field (all of MRI
is therefore dependent upon the paramagnetism of
protons). Substances are paramagnetic when they
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FIGURE 1-1. Time—intensity curves for CT and MR of intracranial hemorrhage. CT density and MR intensity relative
to the brain are plotted versus time. On CT, hematomas are midly hyperdense to the brain for several hours. After clot
formation, they become denser, reaching maximal density within the first 24 hours. Thereafter, density gradually decreases,
with hematomas passing through an isodense phase between the second and third week to become hypodense by the end of
the fourth week. On STR/STE MR, hematomas are initially mildly hyperintense to the brain, but intensity diminishes
to iso- to mild hypointensity over the first 24 hours. On the third to fourth day, intensity rapidly increases, becoming
markedly hyperintense to the brain. Hematomas remain hyperintense for approximately one to two months, then over the
next several weeks, intensity gradually diminishes, passing through a second isointense phase to become hypointense to the
brain and isointense to CSF. On LTR/ITE-LTE scans, the clots are initially hyperintense to the brain, but within the
following 24 hours, there is a marked decrease in intensity as the hematomas rapidly pass through an isointense phase to
become hypointense to the brain (darker on LTR/LTE scans). At about four to five days, intensity once again increases, and
the lesions pass through the second isointense phase to become hyperintense to the brain. After one to three months, there
is a gradual decrease in intensity, with hematomas once again becoming isointense to CSF. Review of the graphs indicate
several important features, including

1. No single intensity is characteristic of hemorrhage, since a full range of intensity is encountered on all pluse sequences;
Hematomas becomes isointense at several points in time, so contrast between the hematoma and the adjacent brain is
variable;

3. Therefore, no single pulse sequence provides contrast at all times or allows for characterization of the hemorrhagic nature
of the lesion;

4. However, a combination of multiple pulse sequences always produces some contrast between the lesion and the adjacent
brain; and

S. The pattern of internsity on multiple pulse sequences may allow for characterization of the lesion as a hemorrhage.
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FIGURE 1-2A. Effects of water content and hemoglobin state on intensity.

Stage I (initial 0—6/24 hours)—Hematoma prior to and during early clot formation has high water and protein content.
These are major determinants of intensity, since hemoglobin is predominantly in the form of diamagnetic (no unpaired
electron) oxyhemoglobin, which produces no PRE. T1 is intermediate between the brain and CSF, proton density is high,
and T2 is prolonged. On STR/STE scans, AIH is mildly hyperintense to the brain because the high PD and long T2 are
combined with only minimal T1 prolongation. Hyperintensity is more marked on LTR/ITE-LTE scans. Stage II (6/24
hours—3/4 days)—Clot formation and retraction cause a decrease in the amount of water, shortening T1 and T2. The major
determinant of intensity at this stage is paramagnetic deoxyhemoglobin located within intact RBCs. It produces hetero-
geneous magnetic fields, with stronger fields within the RBCs where the deoxyhemoglobin is located than in the extra-
cellular space. The protons which freely diffuse across the cell membrane dephase rapidly, producing T2 shortening.

contain unpaired spins (electrons, protons, and even
neutrons) {12—14}.

The greatest degree of paramagnetism is produced
by unpaired electrons. There are two paramagnetic
relaxation enhancement (PRE) effects that are im-
portant in the evaluation of hemorrhagic lesions
[15}. The first, Proton—Electron Dipole—Dipole
(PEDD) interaction, produces T1 (and to a lesser
extent T2) shortening. PEDD is dependent upon the
molecular structure of the paramagnetic substance
and is unrelated to its biologic distribution. If the
molecular structure is such that the unpaired elec-
trons can come within three angstroms of the pre-
cessing proton, and if they have appropriate resonant
frequencies, they may improve coupling between
protons, which in turn facilitates the exchange of
energy between the excited protons and their molecu-
lar environment (the lattice). This causes rapid longi-
tudinal relaxation or T1 shortening. The second
paramagnetic effect is preferential T2 shortening
(PT2) {15—17}. This phenomenon may occur with

any paramagnetic substance since PT2 is dependent
upon the biological distribution of the paramagnetic
substance and not on its molecular structure. Prefer-
ential T2 shortening occurs when the paramagnetic
substance is heterogeneously distributed within the
sample. For instance, in acute hemorrhage, para-
magnetic deoxyhemoglobin is located purely within
intact red blood cells (RBCs). This alters the mag-
netic susceptibility (the ratio between the applied
external magnetic field and the internal field gener-
ated within the sample). Within the intact RBCs,
the presence of paramagnetic deoxyhemoglobin pro-
duces stronger magnetic fields than in the adjacent
extracellular space, a situation that in turn generates
magnetic gradients between the intracellular and
extracellular spaces (figure 1—2). The protons freely
diffuse across the cell membrane, and therefore they
experience these gradients as external field inhomo-
geneities {7, 17]. Thus, a group of protons whose
theoretical T2 is the same (isochromates) will de-
phase rapidly, relative to each other, because they



FIGURE 1-2B. Stage III (3/4—6/7 days)—Multiple effects occur. In the presence of oxygen, deoxyhemoglobin is converted
to methemoglobin, which produces T1 shortening due to PEDD interaction. Hematomas, therefore, become hyperintense
on STR/STE scans. If the methemoglobin is intracellular, T2 shortening will also occur because it will remain hetero-
geneously distributed. With RBC lysis, methemoglobin and deoxyhemoglobin become extracellular and homogeneously
distributed, eliminating the T2 shortening effect. Intensity increases on LTR scans because of the high PD and long T2 of
this proteinaceous fluid. With cell and clot lysis, water content also increases, further prolonging T2. Stage IV (5/6 days)—
the RBCs are lysed. A solution of methemoglobin is present, producing T1 shortening and hyperintensity on STR scans.
T2 is prolonged because of the proteinaceous nature of the fluid collection.

experience different and changing magnetic environ-
ments and therefore have different precessional fre-
quencies. This phenomenon will be striking on T2 W
images, but it will be even more evident on gradient-
echo (GE) scans {15, 18}, which utilize a reversal of
the polarity in the slice-selecting gradient (z-axis) to
rephase protons rather than the 180-degree radio-
frequency pulse used in SE scanning. GE sequences
are less capable of removing the effects of external
magnetic field inhomogeneities. Therefore, the pres-
ence of heterogeneously distributed paramagnetic
substances creates inhomogeneities that the GE
scanning technique cannot eliminate. This makes
GE highly sensitive to the presence of even small
amounts of heterogeneously distributed paramagnetic
substances {18].

These two types of proton relaxation enhancement
may be present singularly or in combination during
various stages of hematoma evolution, depending on
the presence and concentration of various hemoglobin
breakdown products and the degree of RBC lysis.

Since these changes are time-related, an understand-
ing of the MRI of hemorrhage is facilitated by
dividing hemorrhage into acute (under one week),
subacute (one to four weeks), and chronic (greater
than four weeks) phases (figure 1—1). Furthermore,
since there are rapid changes during the acute phase,
this first week is further divided into four stages
(figure 1-2). The appearance of blood will be de-
scribed for commonly used SE sequences, including

1. Short TR/short TE (STR/STE)—400—-700/
20-30: TI W

2. Long TR/short TE (LTR/STE)—2000—3000/
20-30: proton density (PD)

3. Long TR/intermediate TE (LTR/ITE)—2000—
3000/40—60: intermediate T2 W

4. Long TR/long TE (LTR/LTE)—2000-3000/
70-120: heavily T2 W

In addition, features of hemorrhage on GE scans will
also be reviewed for each stage. Other factors that
affect intensity will be assessed, including a) field
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strength, b) origin (location) and cause of hemor-
rhage, and ¢) rehemorrhage.

Acute Intracranial Hemorrbage (0—7 days)

STAGE I: 0-6/72 HOURS (FIGURES 1-2-1-4)

The intensity of freshly extravasated blood has not
been well established, since very few patients have
been scanned within the first few hours of ictus.
Prior to clot formation, it seems likely that the
intensity of AIH is similar to that of normal intra-
vascular blood, but evaluation of the signal within
large vascular channels is of no help since intralu-
minal intensity is dependent upon flow effects rather

FIGURE 1-3A

than upon tissue parameters (PD, T1, and T2) {19].
In vitro measurements indicate that T1 and T2 are
prolonged and that PD is high relative to brain tissue
{20, 21}, since blood is a protenaceous viscous fluid
with more water than the normal brain. On the basis
of these tissue parameters, freshly extravasated blood
is expected to be hypointense to the brain on T1 W
images (STR/STE and IR) and hyperintense to the
brain on PD (LTR/STE) and T2 W (LTR/ITE-LTE)
scans. However, based on the review of published
clinical images {22}, our own experience at inter-
mediate field strength {10}, and findings from in
vitro animal experiments [23], it appears that AIH is
mildly hyperintense to the brain on STR/STE scans
(figures 1—3, 1—4). This subtle hyperintensity is a

FIGURE 1-3. Evolution of acute hemorrhage: comparison of different field strengths. MR scan at .6 Tesla obtained 16
hours after trauma reveals an acute subdural hematoma that is minimally hyperintense to the brain on STR/STE (arrows) (A)
and hyperintense on LTR/LTE (B) (Stage I). Follow-up study at .6T, four days after ictus reveals that the clot is more
hyperintense on STR-STE (C), while hypointensity has developed on LTR/ITE scan (D) (Stage III). LTR/ITE scan
performed at 1.5T (E) immediately after obtaining 0.6 T scans (shown in C and D) again shows hypointensity.



D¢—1 99NOId d¢—1 29NOId



1. MAGNETIC RESONANCE IMAGING OF INTRACRANIAL HEMORRHAGE

FIGURE 1-3D

FIGURE 1-3E



FIGURE 1-4A

FIGURE 1-4. Acute hematomas in multiple compartments: serial changes at .6T. CT (A) performed seven hours after head
trauma reveals a dense right temporal hemorrhagic contusion and a dense left frontal epidural hematoma. MRI on the same
day (B-E) reveals that the parenchymal and epidural hematomas are mildly hyperintense to the brain on STR/STE scans
(B & C). Note the presence of a small right mildly hyperintense subdural hematoma that cannot be detected on CT (arrows).
On LTR/LTE (D & E), all three hematomas are hyperintense to the brain. Note the hypointense rim at the medial margin of
the epidural hematoma representing displaced dura. Follow-up CT (F) at 24 hours reveals no change. On MR, at the same
time (G—J), parenchymal contusion (G) and subdural hematoma show a decrease in intensity, becoming mildly hypointense
to the brain while the epidural hematoma (H) remains hyperintense to the brain on STR/STE. On LTR/LTE scans, both the
parenchymal contusion and the subdural hematoma (I) show areas of marked hypointensity (Stage II), but the epidural
hematoma (J) remains predominantly hyperintense, with small foci of hypointensity noted centrally (Stage I). CT at six
days (K) shows no significant change in hematoma density, although edema surrounding the parenchymal contusion has
increased. MR performed on the same day reveals that the parenchymal and subdural hematomas are hyperintense on
STR/STE scans (L), while the epidural hematoma remains mildly hypointense (M). On LTR/LTE, (N) the hemorrhagic
contusion has mixed intensity (Stage III), and subdural hematoma is now hyperintense to the brain (Stage IV). Epidural
hematoma (O) is markedly hypointense to the brain (Stage II). Follow-up MRI at seven weeks reveals that the subdural
hematoma has resolved. On STR/STE, parenchymal contusion is seen as an area of residual cortical hyperintensity with focal
atrophy (P) while the epidural hematoma (Q) has decreased in size to become a subtle area of hyperintensity adjacent to
the minimally displaced hypointense dura (arrow). On LTR/LTE, the hemorrhagic contusion is mildly hypointense (arrow)
(R), presumably secondary to hemosiderin within macrophages. The minimally displaced dura is still noted at the site of
previous epidural hematoma (arrow) (S).
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FIGURE 1-4C

FIGURE 1-4B
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FIGURE 1-4F

FIGURE 1-4G
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FIGURE 1—4J

FIGURE 1-4K
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FIGURE 1-4N

FIGURE 1-40
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FIGURE 1-4S

FIGURE 1-4R
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manifestation of the relatively weak T1 W of STR/
STE SE scans. The high protein concentration of
viscous blood leads to mild T1 prolongation, because
protein binding shortens the T1 of water. The same
phenomenon has been observed in highly proteinace-
ous neoplastic cysts (e.g., colloid cyst and cranio-
pharyngiomas). When T1 is only mildly prolonged,
relative to the normal brain, the intensity of fluid
is dominated by the high PD {24} and long T2 of
blood. On LTR scans, AIH is hyperintense to the
brain as predicted, and intensity increases as TE is
prolonged (figures 1-3, 1—-4).

A subtle rim of hypointensity may also be encoun-
tered on LTR scans at the margin of a hyperintense
AIH [10, 18} (figure 1—4E) The cause of this rim is
unclear. One possibility is that there are differences
in magnetic susceptibility between the hematoma
and the adjacent brain. Under these circumstances,
intrapixel variation in the magnetic field at the mar-
gin of the hematoma could produce T2 shortening at
the border of the hemorrhage {18]. When GE scans
are performed during Stage I, AIH displays more
prominent peripheral hypointensity and central hy-
pointensity as well [18}. Although experience with
this technique is limited, current data suggest
that most nonhemorrhagic lesions do not become
hypointense {18].

Clinically, the pattern of mild homogeneous hy-
perintensity on STR scans and hyperintensity with a
subtle rim of hypointensity on LTR/ITE-LTE scans is
characteristic and relatively specific, because most
lesions that are hyperintense on LTR scans are
slightly hypointense on STR scans {10]. In addition,
the presence of hypointensity on GE scans may
further increase specificity.

STAGE II: 6/72 HOURS-3/4 DAYS
(FIGURES 1-2, 1-4-1-6)
AlIH intensity at this stage is well established because
many patients have been studied {5—8, 10, 18}, and
in vivo animal data {20, 23} and in vitro data
[20} have been obtained that confirm these findings.
Hematoma intensity decreases on all pulse sequences
during this stage. On STR/STE scans, a subtle
decrease causes the AIH to become iso-to mildly
hypointense to white matter. Hypointensity is more
dramatic on LTR/ITE-LTE scans and becomes pro-
gressively more apparent as TE is lengthened {7, 10}.
Development of hypointensity is the result of T2
shortening (even the subtle hypointensity noted on
STR/STE T1 W scans is the result of T2 shortening,
not T1 prolongation). In vitro studies have demon-
strated that the T2-shortening effect is induced by
intracellular paramagnetic deoxyhemoglobin with

its four unpaired electrons {17]. Oxyhemoglobin is
diamagnetic because it contains no unpaired elec-
trons. The molecular structure of deoxyhemoglo-
bin is such that PEDD T1 shortening does not occur,
since the water protons cannot get close enough to
the unpaired electrons that reside within the de-
oxyhemoglobin molecule {7, 15}. T2 shortening,
however, can occur when deoxyhemoglobin is hete-
rogeneously distributed. When purely intracellular,
deoxyhemoglobin molecules act as magnets, gene-
rating stronger fields within the RBCs than those
present in the surrounding extracellular space, and
thereby setting up magnetic gradients between the
intra- and extracellular spaces (figure 1-2A and
1-2B). In vitro studies have shown that this effect is
dependent upon a number of factors, including the
square of the deoxyhemoglobin concentration, the
interecho time, and the square of the field strength
[17}. The square relationship to deoxyhemoglobin
concentration probably accounts for the rapid devel-
opment of hypointensity and the marked sensitivity
of MR to even small amounts of hemorrhage. The
dependence on field strength, however, does not
correlate completely with clinical experience. Based
on in vitro data, it was initially predicted that hy-
pointensity would be encountered only at high field
strengths (figure 1-5) [7}; however, hypointensity is
routinely seen in AIH at intermediate field strengths
(.35—.6T) (hgures 1-3, 1-4, 1-6) (10, 15, 18],
and relative hypointensity can even be identified at
low (.15T) {5} and ultralow (.02T) {8} field strengths.
This suggests that other as yet unknown factors may
contribute to the development of hypointensity. For
instance, Haymen et al. have recently demonstrated
that T2 shortening occurs in vitro within RBC-free
fibrin clots {25}. While the precise effect of field
strength on intensity remains the subject of contro-
versy, indirect comparison of clinical images (e.g.,
compare figures 1—5 and 1-6) indicates that there
is greater hypointensity at high field strength, albeit
to a lesser extent than that predicted on the basis of
in vitro data. The greater sensitivity of high-field-
strength MR imagers to susceptibility effects may be
manifested by more rapid development of hypoin-
tensity (clinical cases with hypointensity have been
reported as early as six hours after hemorrhage {26} at
high field strength) and by prolonged persistence of
hypointensity (7—14 days). Of course, to determine
the precise effect of field strength, direct comparisons
would be necessary, but these would have to be done
within a very short period of time since the intensity
of AIH may change dramatically in as little as 24
hours. Such comparisons are obviously difficult to
obtain, since few institutions have multiple MR
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systems of different field strengths, and even if two
scanners were available, it would be difficult to
justify performing consecutive MR scans in patients
who are acutely ill and in need of care for monitor-
ing. We have evaluated one clinically stable patient
with a subdural hematoma four days after injury at .6
and 1.5T, and in this one instance, the degree and
extent of hypointensity were similar (figure 1-3).

FIGURE 1-5A

To further study this phenomenon, we have also
evaluated experimental AIH in a dog model {23].
Even in this relatively controlled setting, hematoma
intensity varies greatly, but it does appear that hy-
pointensity is more pronounced and does develop
somewhat earlier at high field strengths. Other
factors, however—in particular, the size of the
hematoma and the source of the hemorrhage (arterial

FIGURE 1-5. Acute hemorrhage studied at 1.5T with follow-up examinations at 1.5T and .6T. CT scan (A) reveals a
bilobed, right frontal hematoma. On sagittal STR/STE at 1.5T, the AIH is mildly hypointense to the brain (arrow) (B). On
axial LTR/LTE (C), the hemorrhage produces bilobed frontal hypointensity with hyperintense surrounding edema (Stage
IT). A follow-up scan at five weeks at 1.5T (D & E) reveals the hematoma to be mildly hypointense on STR/STE scans with
focal hypointensity on LTR/ITE. Repeat examination two weeks later at .6T (F & G) reveals only subtle hypointensity
relative to adjacent white matter on LTR/ITE at the site of prior hemorrhage (arrow). Hypointensity is more marked,

however, on GE scan (500/30/30 degrees) at .6T.
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FIGURE 1-6A

FIGURE 1-6. Acute parenchymal and intraventricular hemorrhage on CT in a 25-year-old woman with a cerebellar AVM
demonstrates a dense triagular hematoma in the cerebellar hemisphere (A) and intraventricular blood at the level of foramen
of Monro (B). STR/STE (C), obtained 60 hours after hemorrhage and six hours after CT, reveals that the cerebellar hematoma
is predominantly isointense with a few scattered foci of hyperintensity. The Fourth ventricular hemorrhage is hyperintense
(arrow). On LTR/LTE scan (D), the center of the hematoma is markedly hypointense to gray and white matter (Stage II),
while the periphery of the hematoma and surrounding edema are mildly hyperintense and merge with each other. Intra-
ventricular clot is not visible. GE (500/30/30 degree) at the same time (E) reveals the entire hematoma to be hypointense.
Note focus of hypointensity within the fourth ventricle (arrow) representing intraventricular hemorrhage. Follow-up MR 24
hours later reveals that the cerebellar hematoma has increased in intensity. It is now hyperintense on STR/STE (F) and less
hypointense on LTR/LTE (G) (Stage III). On GE (H), hypointensity is unchanged and intraventricular hemorrhage is once
again identified. LTR/ITE (I) at the level of the foramen of Monro demonstrates the intraventricular clot to be nearly iso-
intense to CSF and difficult to detect. On GE at the same level, at the same time (J), the hypointense intraventricular clot is
more easily seen.
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FIGURE 1-6H

FIGURE 1-6I
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FIGURE 1-6]

or venous)—may dramatically affect the timing and
extent of intensity changes.

GE scans add little to the diagnosis of AIH once
the hematoma has become hypointense on SE scans.
The hypointensity will be more prominent (figure
1-6) on SE sequences, but the effect is often so
strong that artifactual hypointensity is seen beyond
the extent of the actual hematoma (as identified on
CT).

The specificity of MR during this stage is un-
known. Heavily calcified lesions may also be hypo-
intense on LTR/ITE-LTE scans [27]. In addition,
we have encountered noncalcified, nonhemorrhagic
intra- and extraaxial granulomatous lesions that are
similarly hypointense {28]. Another problem at this
stage, at least at intermediate field strengths, is that

the extent of hypointensity on MR may not correlate
with the extent of the hemorrhage as identified on
CT, and thus the true size of the hematoma cannot
be accurately evaluated (the hyperintense component
of the hematoma is often at its periphery, where it
merges with the adjacent hyperintense edema; see

figure 1-6) [10].

STAGE I1I: 3/4 DAYS-5/6 DAYS

(FIGURES 1-3, 1-4, 1-6, 1-7)

During this stage, intensity rapidly increases on
STR/STE, and there is a more variable increase in
intensity on LTR scans. Hyperintensity on STR scans
is the result of paramagnetic T1 shortening produced
by methemoglobin, an oxidative breakdown product
of deoxyhemoglobin that appears in significant con-
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FIGURE 1-7A

FIGURE 1-7. Acute epidural hematoma studied at .5T.
CT (A) three days after trauma reveals a local hyperdense
‘extraaxial (subdural or epidural) mass adjacent to the left
temporal lobe. On STR/STE (B), the lesion is hyperintense,
while on LTR/LTE (C), intensity is heterogeneous with
areas of hyper- and hypointensity seen within the clot
(Stage I1I). The hypointense medial rim (B & C) represents
displaced dura, indicating the epidural location of the
hematoma.

centrations on approximately the third postictal day
[11, 15]. This paramagnetic T1 shortening occurs
regardless of whether the methemoglobin is hetero-
geneously distributed (intracellular) or homogene-
ously distributed (intra- and extracellular), and
therefore it is not dependent on RBC integrity (figure
1-2B). It results from the PEDD relaxation effect
that occurs because the molecular structure of methe-
moglobin is such that its uppaired electrons can come
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FIGURE 1-8. Parenchymal hematoma with serial changes in the late acute, subacute, and chronic stage studied at .6T. CT
(A) one week after spontaneous right frontal hematoma secondary to congophylic angiopathy demonstrates a large bilobed
acute hyperdense hematoma. On STR/STE at nine days (B), the hematoma is hyperintense at its periphery and isointense at
its center. LTR/LTE at the same time (C) shows heterogeneous intensity. The hematoma is hyperintense near its periphery
and slightly less intense at the center. A subtle hypointense rim is seen at the margins of the hematoma (arrows). Follow-up
CT (D) at two weeks reveals a slight decrease in density. MR one day later reveals, that the hematoma is relatively unchanged
on STR/STE (E). On LTR/LTE (F), the center of the hematoma has become more hyperintense despite lack of change on
STR/STE. The peripheral hypointense rim has become more prominent. Follow-up CT at six weeks (G) shows decrease in
density of the hematoma. STR/STE (H) at the same time shows very little change in intensity compared to the prior study.
Note that the center of the hematoma has not become hyperintense. On LTR/LTE (1), central portions of the two lobes of
the hematoma are diffusely hyperintense. The peripheral hypointense rim has become more prominent.

in close proximity (approximately three angstroms)
to precessing protons. Because its production requires
oxygen, methemoglobin is in highest concentration
near the periphery of the hematoma, and it is absent
or in low concentration at the hypoxic center of the
hematoma. This accounts for the peripheral hyper-
intensity seen in most hemorrhages (figures 1—4,
1-6-1-8)[5, 10, 221. The center of the hematoma

may eventually become hyperintense, but in many
large clots this component remains relatively isoin-
tense to the brain (figure 1-38).

On LTR scans, intensity is more variable than in
the previous stages. Findings range from hypo- to
hyperintensity, and many individual clots show a
markedly heterogeneous appearance [10]. There is
also poor correlation between findings seen on STR/
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STE and those seen on LTR/ITE-LTE scans. Zones of
hypointensity on LTR scans overlap more homoge-
neous areas of hyperintensity on STR scans. During
this stage, there is a trend toward increasing in-
tensity on LTR scans, but this increase is delayed
relative to that seen on STR/STE scans by approxi-
mately one to two days (figure 1—7). The increase on
LTR scans is not the result of the methemoglobin
effect {10, 24]. T1 shortening produced by methe-
moglobin does not contribute to the intensity of AIH
relative to white matter on LTR scans, since both the
hemorrhage and the brain have undergone essentially
complete T1 recovery. (T1 effects on MR are de-
pendent on choosing a TR that allows for more
complete recovery of longitudinal magnetization of
one tissue relative to another. Therefore, TR 2000
scans are essentially free of T1 effects for intracranial
soft tissues, including gray matter, white matter,
and AIH; see figure 1-9 (29, 30].) The cause of
increasing intensity encountered on LTR/ITE-LTE
scans during this stage is most directly related to
RBC lysis. Once this occurs, both deoxy- and me-
themoglobin become homogeneously distributed,
and the T2-shortening effecc of both of these
paramagnetic substances is eliminated {10} (figure
1-2D). The T2 of the AIH becomes dependent upon
more prosaic factors, including water and protein
content. The hematoma acts likes other proteina-
ceous fluids with a longer T2 than the brain and a
shorter T1 than CSF [29}, and this combination
produces hyperintensity relative to the brain and CSF
on LTR scans. Cell and clot lysis during this stage
lead to increasing water within the hematoma, con-
tributing to the increase in intensity on LTR scans.
GE studies show persistent hypointensity because
they are more sensitive to the small amounts of
residual intracellular met- or deoxyhemoglobin {18].
Thus, these studies may be helpful in differentiating
late acute hematomas from subacute and chronic
hemortrhages, which do not show persistent hypo-
intensity on GE scans.

Specificity during Stage III AIH is variable. Hyper-
intensity on STR scans is typical of hemorrhage but
may also be seen in fat-containing lesions {31, 32].
Intensity on LTR scans is therefore important in
differentiating hemorrhage from fat. When marked
hypointensity or very heterogeneous intensity are
encountered, the diagnosis of hemorrhage may be
made with confidence. However, if the patient is
studied just as the hematoma begains to increase
in intensity, moderate hypoinentsity on LTR scans
may be seen, which mimics the intensity patterns of
normal fat-containing structures (e.g., subcutaneous
intraorbital fat) and simple lipomatous masses 10,
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FIGURE 1-9. T1 relaxation curves for acute hemorrhage
and normal intracranial structures. Exponental T1 recovery
curves for CSF, gray matter, white matter, and acute
hemorrhage are plotted. With short TR (e.g., 500—750
msec), the more rapid T1 relaxation of acute hemorrhage
leads to relative hyperintensity when compared to white
matter and gray matter. However, with a TR of 2000,
there is nearly complete recovery of longitudinal magneti-
zation, and therefore intensity differences cannot be
attributed to differences in T1 between hemorrhage and
normal gray and white matter.

31, 32}. Differentiation is generally possible, since
the anatomic configuration and location of lipomas
and hematomas are usually different, and hematomas
virtually always have edema and mass effect, findings
not often encountered in lipomas. GE scans may also
be helpful, since marked hypointensity would sug-
gest that the lesion is hemorrhagic.

STAGE IV: 5-7 DAYS
(FIGURES 1-4, 1-8)
Hematomas are hyperintense on both STR and LTR
scans [10]. T1 is short because of the presence of
extracellular methemoglobin, and T2 is prolonged
because of the high water content. Thus, the hema-
tomas appear to be hyperintense on STR scans,
especially near their periphery, and are more homo-
geneously hyperintense on LTR scans. GE scans
during Stage IV tend to show residual hypointensity.
The intensity patterns during Stage IV are charac-
teristic and relatively specific. Similar intensities
have, however, been encountered in intracranial
dermoids {31}. Unlike simple lipomas, the dermoids
remain hyperintense on LTR scans, presumably
because they contain constituents other than fat that
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prolong T2. Dermoids may usually be differentiated
from hematomas based on their anatomic configura-
tion and location (e.g., suprasellar), and because the
lesions tend to lack edema and have only minimal
mass effect. Clinical signs of recent hemorrhage are
absent.

OTHER DETERMINANTS OF INTENSITY

The role of field strength has been previously dis-
cussed. To review, in vitro data indicates that T2
shortening should be proportional to the square of
the field strength [17], leading some investigators to
suggest that hypointensity will only be encountered
at high field strenghts {7}. This prediction has not
been borne out in clinical practice, since hypointen-
sity is routinely encountered at intermediate field
strengths (figures 1-3, 1—4, 1-6) and is even seen
at low field strengths {5, 8]. Based on indirect com-
parison of images from multiple cases and limited
experience with direct comparisons (figure 1-3) of
clinical and experimental images {23}, it appears
that hypointensity develops more quickly and per-
sists for a longer time at high field strengths. Thus,
Stage II may begin within 8—12 hours and Stage III
may persist for 7—9 days.

The source of hemorrhage has an effect on inten-
sity, especially in the first one to two days. Arterial
hemorrhages (e.g., epidural hematoma and ruptured
aneurysm) have a lower initial deoxyhemoglobin
concentration {33}, and thus hypointensity may take
longer to develop than in venous (e.g., subdural) or
mixed (e.g., parechymal) hemorrhages. (The effect
of hematoma location on intensity is nicely demon-
strated in figure 1—4).

Hematoma location has two important impli-
cations for diagnosis. First, location determines the
anatomic configuration of AIH, which profoundly
affects our ability to detect and characterize hemor-
rhage. Epidural and subdural hematomas are always
more easily visualized and more accurately charac-
terized on MR than on CT, regardless of their
intensity {34, 35} (figures 1-4, 1-7). The surface
of the brain and its relationship to the adjacent
calvarium are visualized on MR in a manner that is
impossible with CT, allowing for direct demon-
stration of a hematoma with typical morphology
interposed between the calvarium and the brain.
Parenchymal hematomas virtually always produce
anatomic distortion, but the findings are nonspecific;
thus, although a lesion is clearly identified, the
diagnosis of hemorrhage cannot be made on mor-
phologic features alone. Subarachnoid and intraven-
tricular hemorrhage usually produce no anatomic
distortion, and thus diagnosis is totally dependent

upon intensity changes relative to normal CSF {10}.

Hematoma location also directly affects intensity,
especially when it extends into spinal fluid spaces
(subarachnoid and intraventricular). Spinal fluid im-
pedes clot formation, and the production and flow of
CSF dilute and rapidly wash away red blood cells,
preventing many of the time-dependent changes
in hematoma intensity from being visualized. In
addition, it has recently been established that pul-
sations of CSF have a direct effect on intensity, a
situation which may mask the changes produced by
hemorrhage {36]. Even when clots do form, serial
changes in intensity are different (figure 1-6) due
the higher oxygen concentration of CSF, which leads
to a lower deoxyhemoglobin concentration with less
resultant paramagnetic T2 shortening (33). Hypoin-
tensity, therefore, may be absent or only minimally
present on LTR/ITE-LTE (figure 1-6). In these
cases, hypointensity may be detected on GE scans,
in particular with intraventricular hemorrhage; how-
ever, these scans are unfortunately of little value
in detecting basal subarachnoid hemorrhage because
phase-shift effects produce artifactual basal hypoin-
tensity, which mimics the appearance of subarach-
noid hemorrhage.

In massive subarachnoid hemorrhage, frank clots
may form in the subarachnoid space, and these may
be detected as areas of increased intensity on STR/
STE scans because of the presence of methemoglobin.
The oxygen concentration of CSF may, in fact, cause
methemoglobin to form more rapidly than in other
intracranial hemorrhages, and therefore hyperinten-
sity may appear more quickly in subarachnoid and
intraventricular hematomas. In addition, since hy-
perintensity on STR scans may persist for weeks, a
subacute subarachnoid clot, where the blood becomes
isodense to the brain after the first week, will be
appreciated more easily on MR than CT.

The final factor that may affect AIH intensity is
the presence of recurrent hemorrhage, which often
produces marked intensity heterogeneity on both
STR and LTR scans. Because the admixture of old
and new hemorrhage produces almost random inten-
sity combinations, it is often difficult to determine
the time of the most recent hemorrhage or to detect
new hemorrhage. Recurrent hemorrhage occurs in
various clinical circumstances including trauma, con-
gophylic angiopathy, neoplasms (primary and met-
astatic), and vascular malformations, in particular
cryptic arteriovenous malformations (cavernous an-
giomas and capillary telangiectasias). These lesions
may therefore be difficult to distinguish from each
other on the basis of MR intensity features alone
[37-40} (figure 1-11).
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Subacute and Chronic Hemorrhage

Changes in the subacute and chronic stages of hemort-
hage are less complex and more easily understood, but
once again, multiple factors affect intensity. The most
important factor is location. In parenchymal he-
morrhage (figure 1-8), the majority of the clot
remains hyperintense on all pulse sequences for a
minimum of four weeks. Over several months, the
hematoma diminishes in size and intensity as it is
absorbed. Eventually, the central component of the
hematoma may completely disappear or remain as a
small focus that is hypointense on STR scans and iso-
to hyperintense on long TR scans (figure 1--10). The

FIGURE 1-10A

FIGURE 1-10. Chronic parenchymal hemorrhage studied
at 1.5T. CT (A) in a patient who sustained a traumatic
right frontal hematoma several years ago reveals an ir-
regular nonspecific hypodensity in the right frontal lobe
with some atrophic dilitation of the right frontal horn. On
STR/STE (B), the lesion appears hypointense. Note that
focal atrophy is better visualized on MR than CT. On
LTR/ITE (C), marked hypointensity is present at the
margin of the lesion, indicative of old hemorrhage.

most important feature of subacute and chronic paren-
chymal hematoma is the presence of a hypointense
peripheral rim which is more marked on LTR/ITE-
LTE scans and on GE scans (figures 1 -4, 1-5, 1-8,
1-10, 1-11). This hypointense rim begins to
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FIGURE 1-10C

FIGURE 1-10B
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appear by the end of the first week and becomes
progressively more prominent over the next several
weeks (figure 1-8). It has been ascribed to the
presence of paramagnetic hemosiderin {7, 15} and
other paramagnetic iron-containing hemoglobin
breakdown products within macrophages in the cap-
sule of the hematoma. Since these macrophages are
trapped within the brain by the blood—brain barrier,
the hypointensity persists indefinitely as a sign of old
hemorrhage {7, 15}. As the central portion of the
hematoma decreases in size, the hypointense rim

FIGURE 1-12A

becomes more prominent until it may eventually be
seen as an irregular stellate or serpiginous hypoin-
tense focus (figures 1-4, 1-5, 1-10, 1—11) that
may, on occasion, be difficult to distinguish from a
vascular malformation.

The extent to which this hypointense rim develops
is dependent upon a number of variables. They are
reported to be more apparent at high field strength
{71, and we have been able to confirm this finding in
several cases in which direct comparisons have been
made (figure 1—5). Another factor which may affect

FIGURE 1-12. Subacute subdural hematoma studied at .5T. CT (A) reveals an isodense, right subdural hematoma. There
is buckling and displacement in the white at the corticomedullary junction. On MR, the hematoma is markedly
hyperintense of STR/STE (B) and LTR/LTE (C).
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FIGURE 1-13A

FIGURE 1-13. Chronic subdural hematomas studied at
.5T. On CT (A), bilateral hypodense subdural hematomas
are seen. On STR/STE (B) on the same day, the right
hematoma is hyperintense to the brain while the left
hematoma is isointense to the brain. On LTR/ITE (C),
both hematomas are hyperintense. These findings suggest
that the right hematoma has undergone the most recent
episode of hemorrhage.

visualization of the hypointense rim is the initial size
of the hematoma: larger clots produce more pro-
minent dark rims. There are two exceptions to this.
First, a large hematoma may develop little or no
hypointense rim if it is surgically removed or spont-
aneously evacuates itself into the subarachnoid space
or ventricle. Second, small lesions may develop dra-

matic hypointensity (at any field strength) if there
are recurrent episodes of hemorrhage. This is parti-
cularly common in cavernous angiomas (figure 1-11)
and capillary telangiectasias (cryptic arteriovenous
malformations) {37, 38]. These lesions show variable
amounts of hyperintensity on STR scans, presum-
ably representing areas of recent hemorrhage.

The intensity of epidural hematoma changes in a
manner similar to that seen in the parenchymal clots;
however, a medial hypointense rim is always seen
adjacent to these extraaxial hematomas, regardless of
the time from ictus (figures 1—4, 1—-7). This rim is
not due to the presence of hemosiderin but represents
the displaced fibrous dura, which is hypointense
on all pulse sequences due to the small number of
mobile protons and the short T2 {41}. Since it is not
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FIGURE 1-16A

FIGURE 1-16. Demonstration of dilated subarachnoid
space (atrophy). On STR/STE (A) there are convexity
extraaxial CSF intensity collections that remain isointense
to spinal fluid on LTR/ITE (B) and LTR/LTE (C). Dilated
subarachnoid spaces can be distinguished from chronic
subdural hematomas or effusions because the cortical veins
are seen to wander throughout the subarachnoid spaces
(arrows) and because there is no evidence of cortical
compression.

dependent on the presence of hemosiderin, the rim
does not undergo serial time-dependent changes.
Also, it is not field strength dependent and does
not become more apparent on GE scans. As the
hematomas resorb, dural displacement decreases and
eventually the hypointense rim becomes indistinct
as the dura merges with the hypointense bony cortex
(higure 1-4).

Subdural hematomas undergo somewhat different

changes than parenchymal and epidural hematoma
[34, 35]. In some cases, hematomas decrease in size
and resolve within a few weeks of hemorrhage while
they are hyperintense on both STR and LTR scans.
In other cases, the lesions persist, probably second-
ary to multiple episodes of rehemorrhage; in these
instances, MR intensity is variable, and its relation
to CT density is unpredictable. Many CT isodense
subdural hematomas are hyperintense to the brain on
STR and LTR scans (figure 1—12). They decrease in
intensity initally on STR and then on LTR scans
(figures 1—1, 1—13) Eventually, the hematoma may
become isointense to spinal fluid on all pulse sequen-
ces, mimicking the appearance of subdural hygroma
(figure 1-14). In some cases, serial studies of sub-
dural hematomas may show an increase in intensity
on STR and/or LTR scans, most likely indicative of
recent recurrent hemorrhage into a chronic subdural
hematoma (figure 1 —15). Subdural hematomas usually
lack the hypointense rims seen at the margin of the
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parenchymal hematomas, presumably because in the
absence of the blood—brain barrier, hemosiderin-
laden macrophages are not permanently trapped in
the hematoma membrane {7].

Throughout the subacute and chronic phase, MR
is far superior to CT in detecting and delineating the
extent of hemorrhage. On CT, hematomas become
isodense to the brain between 10 and 28 days of
icuts, and thereafter are nonspecifically hypondense.
On MR, hemorrhages in all locations remain hyper-
intense throughout this period and are easily identi-
fied and more easily characterized as hemorrhagic.
Recurrent hemorrhage into chronic subdural hema-
toma is more easily identified on MR than CT (figure
1-15). Finally, chronic subdural hematomas are
isodense to CSF and, in the absence of mass effect,
may be difficult to differentiate from atrophic dilita-
tion of the subarachnoid spaces. On MR, this dis-
tinction is more readily made. In most cases, the
fluid is hyperintense to CSF and therefore directly
identifiable as a subdural collection. Even when the
fluid is isointense to CSF, the subdural location can
be ascertained on MR on an anatomic basis. Subtle
gyral compression is more easily detected on MR,
and displaced cortical veins are seen because of their
flow-related signal void. Medial displacement of
these veins is a classic angiographic sign of subdural
hemorrhage that is readily identified on MR, especi-
ally when MR is performed in the coronal projection.
Dilated subarachnoid spaces, by contrast, show no
evidence of gyral compression, and the cortical veins
wander throughout the subarachnoid space and are
not closely applied to the brain surface (figure 1—16).
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2. INTRACRANIAL ANEURYSMS

Mohammad Sarwar

An intracranial aneurysm is a localized sacculation or
dilatation of a blood vessel. Intracranial congenital
(berry) aneurysms, which constitute over 90% of the
intracranial aneurysms, are the commonest non-
traumatic cause of subarachnoid hemorrhage (SAH)
with or without associated parechymal clot. Although
histologically benign, they cause catastrophic com-
plications. Of the 28,000 cases of SAH in the USA,
approximately 80% of which are caused by aneurysms,
10,000 die outright even before they reach the
hospital. Of the remaining 18,000 that receive
treatment, 8,000 suffer a variable severity of mor-
bidity or die. Only 10,000 remain without any
neurological deficit. The concurrence of parenchymal
clot adversely affects the rate of survival or quality
of neurological recovery.

Classification of Intracranial Aneurysms

Intracranial aneurysms are classified into five types:
a) congenital, b) traumatic, ¢) arteriosclerotic or athe-
rosclerotic, d) infective (mycotic), and e) neoplastic
(for example, associated with atrial myxoma and
chorioepithelioma).

ETIOLOGY AND PATHOGENESIS

The definite etiology of congenital intracranial ane-
urysms has not been established. The fact that they
are so rarely seen at birth and in early age suggests
that there are additional acquired factors that play a
dominant role in further weakening the already
defective wall of these aneurysms. The occasional
concurrence of coarctation of aorta and polycystic
kidney disease and their familial occurrence lend
support to their developmental origin. The basic
congenital defect is characterized by a weakness in
the tunica media at arterial bifurcation where the
aneurysm classically occurs {1—4}. Defective collagen
and elastica {5} and disintegration of the internal
elastic membrane that might contain liposome like
granules are important factors in the pathogenesis of
the aneurysms {6, 71. It also has been suggested that

these aneurysms are abnormal dilation of embryonic
vessels that were destined for extinction. Atheros-
clerosis and hypertension, which are present in 50%
and 60%, respectively, of these patients, explain
why the aneurysms commonly manifest themselves
clinically later in life.

AGE AND SEX

Intracranial aneurysms are rarely recognized clinically
in early life. About 60% are encountered in the fifth
to sixth decade. The female-to-male ratio is 3:2.

INCIDENCE AND MULTIPLICITY

The incidence of aneurysms in the general population
is 4—6% {81, but only 20% rupture. They are
frequently multiple. McKissock et al. in 1964 [9}]
studied 17 reports and described the incidence of
multiple aneurysms at 5—17% in angiographic and
21-33% in autopsy series. Depending upon the
quality of the cerebral angiograms and the assiduity
with which they are sought, the recently reported
incidence of multiple aneurysms recognized at angio-
graphy has ranged from 30% [10} to 33.5% {11}.
When multiple, they are usually two or three in
number and rarely more than six or seven. In a recent
report, Nehls et al. {11} noted that over half their
patients had three or more aneurysms. Multiple
aneurysms are far more common in females than in
males, with the reported female-to-male ratio rang-
ing from 2:1 to 5:1 [11}.

LOCATION

Whereas, in the autopsy series, middle cerebral
artery (MCA) bifurcation aneurysms are the com-
monest, the anterior communicating artery (A.CO.A)
aneurysms are more frequently encountered clinically.
This discrepancy is explained by the higher tendency
of the A.CO.A aneurysms to rupture.

The aneurysms may be divided into two groups.
Group A includes aneurysms of the anterior Circle
of Willis and constitutes 85% of all congenital
intracranial aneurysms. Group B comprises aneurysms
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of the vertebrobasilar system, with an incidence of
15%. The incidence of aneurysms [12} that belong
to each group of Circle of Willis is shown in figure
2—-1.

SIZE AND RUPTURE
The aneurysm size varies. The ruptured aneurysm
usually measures 5—15 mm. An aneurysm rarely

bleeds when its size is 5 mm or less {13}; in this

situation it could be clinically followed. The critical
size for rupture is 10 mm or more. In 80% of cases,
the bleeding occurs at the apex of the aneurysm.

Natural History of Aneurysms

Until recently, it was believed that once an aneurysm
has bled, its rebleed rate is 3% per year, mortality
rate is 2% per year, and the chance of rebleed peaks
at day 7. However, Jane et al. {14} have recently
collected data from the Atkinson Morley’s Hospital,
Wimbledon, England, the Cooperative Aneurysm
Study, the International Cooperative Study on the
Timing of Aneurysm Surgery, and analysis of incid-
ental aneurysms in Charlottesville, Virginia. Accord-
ing to them, the highest rebleed rate occurs at day 1,
and at least 50% of aneurysms rebleed during the six
months after the initial hemorrhage. Thereafter the
rate diminishes at 3% per year. They also reported
that patients with unruptured incidential aneurysms
bleed at a rate of 1% per year.

Forty-five percent of patients with SAH die after
first bleed and 60% after rebleed. Factors associated
with rebleeding comprise poor neurological status

FIGURE 2-1. Diagram to show the distribution of con-
genital aneurysms at the Circle of Willis (after [12]).

at initial presentation, hypertension, older age,
aneurysm pointing upward, short broad aneurysm,
and aneurysm that exhibits enlargement on serial
angiograms {15].

Complications of a Ruptured Aneurysm

Complications are a) SAH and/or parenchymal and/
or intraventricular hemorrhage, b) spasm, cerebral
infarction, and arterial wall myonecrosis, ¢) hydro-
cephalus, d) increased intracranial pressure, e) hy-
pothalamic dysfunction, f) cardiac abnormalities
(arrhythmia, subendocardial hemorrhage, and myo-
cardial infarction), g) hypertension, and h) vitreous
hemorrhage.

SUBARACHNOID HEMORRHAGE

AND/OR PARENCHYMAL AND/OR
INTRAVENTRICULAR HEMORRHAGE
Subarachnoid herfiorrhage is located predominantly
at the base of the brain where the Circle of Willis is
located. The subarachnoid hemorrhage alone is less
likely to be fatal unless it is associated with paren-
chymal and/or intraventricular hemorrhage and/or
cerebral infarction. About 85% of the patients who
die from aneurysm rupture have sustained paren-
chymal and/or intraventricular clot {12}.

Subdural hematoma following aneurysm rupture
is unusual. Its incidence is 1-3%. When encoun-
tered, it is most likely a consequence of a ruptured
MCA aneurysm. The previous bleed and consequent
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arachnoidal tethering of the aneurysm is believed
to make it more vulnerable to bleed into a potentially
capacious subdural compartment.

SPASM
Spasm is a dreaded complication of SAH {16} that
adversely affects the neurological status. The spasm
represents a state of altered activity of the blood
vessels as a result of contact of blood with the arterial
adventitia. The mere physical contact of a blood clot
and its breakdown products with arterial adventitia
is not the only cause of arterial spasm; there are
other contributing factors. The mechanical factors
include periarterial nerve stimulation and arterial
compression with smooth muscle contraction. The
chemical factors include serotonin, prostaglandins,
and catecholamines.

The angiographic chronology of arterial spasm

FIGURE 2-2A

varies. It has been demonstrated at 15 minutes in
experimental SAH" in animals {17, 18]. It is infre-
quently recognized angiographically inhumans within
three days of SAH and is most often seen between
days 10 and 17 {19} (figure 2-2).

The spasm commonly involves the major arterial
trunks at the skull base. Whereas it may be gener-
alized, it is more pronounced in arteries that are
located close to the ruptured aneurysm. The mere
presence of angiographic spasm, which is seen in
about two thirds of all cases of SAH [20}, should
not arouse unnecessary clinical concern until it has
caused a significant reduction in arterial lumen. It
is generally agreed that cerebral vasospasm of the
basal vessels that reduces the arterial lumen to more
than 50% is associated with a reduction in cerebral
blood flow {21, 22}, thereby enhancing the likeli-
hood of the development of cerebral infarction.

FIGURE 2-2. Spasm chronology. Right carotid angiogram, anteroposterior views, (A) at day 3, (B) at day 6, and (C) at day
22 (in this illustration the aneurysm has been clipped) after sustaining SAH. Note that the spasm has manifested at day
6 and disappeared by day 22. Arrows in (A) and (B) are at aneurysm. Arrowheads in (B) are at spasm. The filling defect
within the aneurysm in (B) could suggest luminal thrombus and/or poor filling of the lumen due to decreased flow caused by
spasm. This degree of severe spasm can lead to nonopacification of the aneurysm. This situation therefore calls for repeat
angiography in one to two weeks if no aneurysm has been demonstrated on the initial bilatered carotid and bilateral

vertebral angiograms.
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FIGURE 2-2B

FIGURE 2-2C
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Cerebral blood flow (CBF) of or less than 20 ml per
minute per 100 gm brain (normal 50) is likely to
cause ischemic cerebral infarction {23, 24}. Accord-
ing to Knucky et al. {24}, patients with reduction of
CBF and diffuse blood on computerized tomography
(CT) scan have a greatly increased probability of
developing cerebral ischemia. Similarly, the greater
the amount of SAH visualized on CT, the greater the
chance of developing arterial spasm. Cerebral angio-
graphy is not believed to cause spasm per se.

Cerebral Infarction. Cerebral infarction follows spasm
at a rate of about 20—36% {25]. However, at least
two thirds of patients who die from SAH complica-
tions have cerebral infarction. Dislodged thrombi
from aneurysms, that are usually large, only rarely
cause embolic infarction [26, 27, 28].

Myonecrosis. Myonecrosis of arterial walls has been
documented experimentally in dogs after SAH. The
muscle necrosis and the consequent repairing process
cause intimal edema, thrombosis, and subendothelial
granulation tissue, leading to arterial narrowing that
may be permanent. Such a phenomenon is rarely
recognized in the human on follow-up angiograms.

HYDROCEPHALUS

The acute hydrocephalus develops due to mechanical
blockage of the subarachnoid spaces {29}. It has a
deleterious effect on the neurological status of the
patient. Van Gijn et al. [30} reported a 20%
incidence of acute hydrocephalus studied in 174
patients. Acute hydrocephalus in patients who sur-
vived 24 hours was defined as a bicaudate index above
the 95th percentile for age, measured on CT scans
that were obtained within 72 hours of the initial
SAH. These authors observed that concurrent intra-
ventricular clot was more likely to cause acute
hydrocephalus than cisternal clot alone.

The hydrocephalus that develops after days to
weeks is due to arachnoidal adhesions. Hydroce-
phalus following SAH that requires shunting because
of delayed neurologic deterioration or enlarging
ventricle has an incidence of 14% {[13].

The larger the SAH, the more likely it is for
hydrocephalus to develop. Also, hydrocephalus is ob-
served more commonly following rupture of midline
aneurysms {31}

Black et al. {31} studied the relationship of
hydrocephalusand vasospasm after SAH in 87 patients.
They noted that vasospasm and mild hydrocephalus
have a concurrence rate of 62%. It is possible that
hydrocephalus impairs clearance of blood from CSF
pathways, thereby allowing longer contact of blood

and its breakdown products with arterial walls,
thereby accounting for higher concurrence of spasm
and hydrocephalus. There is poor correlation between
mild ventricular enlargement and neurological deter-
ioration. However, progressive increase in ventricular
size usually is of clinical importance and warrants
ventricular shunting.

Infective (Mycotic) Aneurysms

Infective aneurysms are the consequence of aneurys-
mal dilatation of an artery secondary to weakening
of its wall from an inflammatory cause, whether
embolic in origin or by local spread of infection
(e.g., meningocerebritis, infective cavernous sinus
thrombosis) {32}. They are commonly located on
peripheral branches of MCA, since MCA is almost
a direct continuation of the internal carotid artery.
This situation allows infected emboli from the heart
to have a relatively direct route to MCA branches.
Infective aneurysmsshould be especially suspected in
drug addicts and in patients with subacute bacter-
ial endocarditis (SBE), septicemia, and systemic
infection.

The clinical presentation of infective aneuryms is
commonly by hemorrhage, infarction, or both. Since
the parent artery, which harbors the aneurysm, and
the surrounding arteries show weakening of their
walls, these aneurysms carry great risk of rupture at
the time of applying surgical clips. They are there-
fore best managed by antibiotic therapy, since the
majority of them thrombose following conservative
treatment.

Giant Intracranial Aneurysms

An aneurysm is defined as giant when its angio-
graphically opacified lumen is larger than 2.5-3
cm. Giant aneurysms account for approximately
2.5-5% of all intracranial aneurysms {33, 34].
These aneurysms rarely present clinically with SAH,
because repeated small hemorrhages in the past seem
to invite laminated thrombosis, which subsequently
protects hemorrhage into the subarachnoid space or
the parenchyma. Giant aneurysms cause their symp-
toms primarily by pressure on adjacent cranial nerves
and cerebral tissue, and may cause seizure disorder.
Cranial nerves are involved in at least 66% of the
cases {35). The second through the sixth cranial
nerves are most commonly involved. Occasionally
these aneurysms may cause transient ischemic attacks
(TIAs) by cerebral embolization of dislodged throm-
botic debris that is present within their lumen.
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Enlargement of Intracranial Aneurysms

What causes aneurysmal enlargement? It is quite
reasonable to suspect that age, arterioslerosis, and
hypertension further weaken the already defective
wall of the aneurysm {36} and thereby cause it to
enlarge. A situation is probably created wherein
turbulence occurs in the aneurysm. The turbulence,
stasis, and eddy currents in the lumen of the ane-
urysm lead to poor nutrition of the aneurysmal wall.
Turbulence causes more destruction of the arterial
wall than the laminar flow. This leads to a vicious
circle of arterial wall weakening and enlargement
of the aneurysmal lumen.

Dolichoectasia

Dolichoectasia is an anomaly characterized by elonga-
tion and dilatation of the involved arteries {37}. The
disease commonly involves the vertebrobasilar sys-
tem, the basilar artery being involved far more
commonly. Less frequently, the carotid arteries at the
skull base may be involved either in common with
the vertebrobasilar system or alone. The underlying
pathogenesis of this condition is not fully under-
stood. However, histologically it is characterized by
a defect in the tunica media with disruption of the
internal and external elastic membrane. The disease
is not related to arteriosclerosis. It is not certain
whether dolichoectasia is a developmental anomaly.

This condition manifests icself clinically by com-
pression of the brain stem, lower cranial nerves, or
both. Such compression depends on the size of the
involved artery. Commonly there is a variable degree
of associated thrombus formation that may calcify.
The lesion might slowly enlarge in size due to
repeated small hemorrhages that are contained with-
in the surrounding thrombus and collagen capsule
[38]. Depending on compression of the fourth ven-
tricle, hydrocephalus may ensue.

Infundibular Widening

Infundibular widening is a small dilatation at the
origin of the posterior communicating artery. Whether
this dilatation is a normal variant or an aneurysm is
debated. Hassler and Saltzman {39} believe that this
dilatation represents an aneurysm because histo-
logically it has features of an aneurysm. It has a
typical triangular lumen, the apex being away from
the internal carotid artery (figure 2—3). Usually the
posterior communicating artery can be traced beyond
its apex; if not, distinguishing it from an aneurysm

FIGURE 2-3. Infundibular widening. Note that it has a
broad base at the origin from the internal carotid artery.
The posterior communicating artery emanates from its
apex (arrow).

may be difficult. It is generally agreed, however,
that if this dilatation measures more than 3 mm it
should be considered an aneurysm. The dilatation
can enlarge to assume the typical morphology of
an aneurysm.

Neuroradiology of Intracranial Aneurysms

Whereas clinical diagnosis of SAH from a ruptured
intracranial aneurysm 1is easy, the exact clinical
localization of the culprit aneurysm is difficult. The
ability by clinical signs alone to localize the ruptured
aneurysm varies from as low as 7% [11} to about one
third of the cases {40, 41}. Neuroimaging and
cerebral angiography therefore remain the preemin-
ent modalities that provide the requisite informa-
tion for clinical care of the patients afflicted with
aneurysmal SAH.

Computerized Tomography of
Intracranial Aneurysms

Plain computerized tomography (CT) depicts blood
in acute SAH as a high-density lesion, be that
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in subarachnoid space, parenchyma, or ventricular
system. The most definite clue to the ruptured
aneurysm is the presence of a localized parenchymal
clot in the neighborhood of the Circle of Willis
where a particular aneurysm is known to occur
(figures 2—4, 2—5, 2—6). An excessive amount of
SAH at a certain part of the Circle of Willis carries
the same connotation but with less certainty. To-
and-fro pulsatile movement of CSF may cause exces-
sive SAH to occur away from the ruptured aneurysm;
this circumstance is more likely to occur in the verte-
brobasilar system aneurysms (figure 2—7). Although
one may detect acute SAH on CT in 86% of cases,
the ability of CT to correctly localize the aneursym
that has ruptured is only 45% {11}.

If CT scan is done a few days after ictus or if SAH
is small in amount, CT may appear normal. In such
cases, careful evaluation should be made of the basal
cisterns. If they are not visualized at all or visualized
less optimally, one should suspect isodense SAH. In
such cases, diagnosis of SAH should be documented
with lumbar puncture.

Contrast CT (CCT) usually does not disclose the
culprit aneurysm if it is small and is buried in
excessive SAH and/or parenchymal clot. However, if
the aneurysm is larger than 5—8 mm, it may be
recognized when the SAH surrounding it is small
and the parenchymal clot minimal in size or absent
(Aigure 2—8). Detection of the aneurysm on CCT
depends upon the assiduity with which the aneurysm
is sought; its rate of detection varies from 36—76%
[42]. Whereas CT detection of the aneurysm does
not provide information that the neurosurgeon can
use to plan surgical treatment, it may provide him
valuable information for timing his surgery. For
example, if the ruptured aneurysm happens to be at
the anterior communicating artery or on the verte-
brobasilar system, the neurosurgeon may decide to
delay surgery until the patient’s clinical status is
optimal, since surgery on these aneurysms carries
relatively high risk. Also, the recognition of the
ruptured aneurysm on CCT may determine the
timing of cerebral angiography. For example, for
anterior-communicating-artery aneurysms the neuro-
surgeon may want to wait but may wish to do
surgery as soon as possible if the aneurysm is such
that it is easily accessible and carries little morbidity,
as in the case of a posterior-communicating-artery
aneurysm. In the case of a giant aneurysm, dynamic
contrast CT may aid in the assessment of aneurysmal
neck and of whether or not aneurymal neck is buried
within the thrombosed portion of the aneurysm
(figure 2-9).

Cerebral Angiography of
Intracranial Aneurysms

Cerebral angiography at present remains the defini-
tive study that provides the requisite information
for appropriate surgical management to the neuro-
surgeon. It delineates the morphology of the aneurysm
in terms of site, size, multiplicity, and associated
spasm. However, CT, MRI, and cerebral angio-
graphy are complementary in the full radiological
assessment of a ruptured aneurysm.

When digital angiography appeared on the scene
several years ago, there were great expectations that
it would replace conventional film-screen cerebral
angiography. Whereas intravenous digital cerebral
angiography has no role in the surgical management
of the patient with SAH, arterial digitial cerebral
angiography (ADCA) has a definite and valuable role
in workup of SAH. The main reason ADCA has not
been widely accepted by neurosurgeons is that it is
somewhat inferior to conventional angiography in
the matter of spatial resolution. The neck and the
entire morphology of the aneurysm are not as clearly
and reliably shown on ADCA as on conventional
angiography. Also, neurosurgeons are very reluctant
to let old habits wither fast.

The recommendation of this author is as follows. If
by clinical signs and by CT there are sufficient clues
to the ruptured aneurysm, then do conventional
angiography and demonstrate the presence of that
aneurysm using routine anterior— posterior and lateral
views and supplementing them with oblique and
other views to be tailored by the angiographer’s
ingenuity and mental alertness. Perform ADCA to
exclude other incidental aneurysms. If available,
one must perform magnification and subtraction
conventional cerebral angiography. Regarding the
vertebrobasilar system, one should catheterize the
larger vertebral artery (usually the left). One should
inject a slightly larger amount (6 cc/sec and for a
total of 9 cc) of contrast medium into the vertebral
artery to enhance the chance of opacifying retrograde
the contralateral vertebral artery proximal to the
origin of the posterior inferior cerebellar artery.
If this cannot be accomplished, one must then
selectively opacify the contralateral vertebral artery.
In older and hypertensive patients, in whom major
arterial trunks originating from the aortic arch may
be toruous and difficult to catheterize selectively, one
should resort to ADCA, which usually provides
satisfactory opacification of intracranial vasculature.

If by clinical signs and by CT there is no clue to
the ruptured aneurysm, one should then resort to



60

“UMOUS [[2m 21E (mO1Ie) A1511E PII0Ied [euldiul oyi jo uontod prourpeidns aya jo wseds ay3 pue (peaymoire)
wsAmoue A1v1re Fuiredjunwwiod J01I2IUE Sy, “Mdla anbijqo ‘werordue prored. 3o () "poolq 4q sededs piouydereqns oy3 jo SuiFdnd [edisdyd o1 anp snpeydadiopdy
pIiw i 239y ], "[[9M se sadeds JSD) [eSEQ 942 UT H{YS ST 219U ], "SUIOY [E2UOIJ pue ‘3[2inuda paiy3 ‘wnppnfad wnidas 134F snidar Sururofpe sy ul pue aanssy duaydsiwayiaur
Papu2isip 2y ul poojq jo aduereadde [edrd£3 oy 210N “pereydad o3 pepned safewn 170 ured [eixy (D)—(y) “dinidns wsdinaue 19118 FUNEIUNWWOD JOUNUY H—7 FUNDI

dy—¢ 394NOId V¥—¢ 3dNOId



2. INTRACRANIAL ANEURYSMS

FIGURE 2-4D

FIGURE 2-4C
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FIGURE 2-6A

FIGURE 2-6B

FIGURE 2-6. Middle cerebral artery aneurysm rupture. A 61-year-old female presented with severe headache. (A) Plain CT
shows localized clot (arrow) in the anterior temporal lobe. There is minimal subarachnoid hemorrhage because the aneurysm
had been coated ten years earlier; this coating perhaps resulted in containment of the clot within the scarred brain and
caused less dispersion of blood in the subarachnoid spaces. (B) Anteroposterior view of intraarterial digital angiogram. The
aneurysm (arrow) is well shown.
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conventional cerebral angiography to opacify all four
vessels so that, in the case of the patient harboring
multiple aneurysms, there is a sufficiently satisfactory
demonstration of the morphology of all aneurysms to
enable one to decide which aneurysm has ruptured.
The angiographic criteria {43] for detecting the cul-
prit aneurysm in the presence of multiple aneurysms,
in order of decreasing confidence level, are as follows:
a) The largest and the most irregular (figure 2—10) or
multilocular aneurysm is most likely to have ruptured

FIGURE 2-8. A mixed and hyperdense clot from a ruptured
internal carotid artery bifurcation aneurysm. (A) A small
clot is noted at the expected site of the internal carotid
artery bifurcation (straight arrow). The adjoining sylvian
fissure also contains slightly hyperdense clot (curved arrow).
The isodense component of the subarachnoid hemorrhage
in the cisterns around the brainstem is evidenced by their
nonvisualization (open arrow). In (B), which is a contrast
CT scan, the lumen of the aneurysm is now visualized
(arrow). Somewhat shaggy contrast enhancement in the
subarachnoid spaces is related to granulation tissue that is
partaking in the phagocytosis of RBCs. In (C) the ruptured
aneurysm (arrow) is shown; note its slight irregularity and
multilocularity.
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FIGURE 2-9A

FIGURE 2-9. Demonstration of the neck of a large aneurysm by dynamic CT scanning. A 1 X 1.6-cm aneurysm arising
at the origin of the posterior communicating artery on the right side in a 63-year-old female. (A) Right carotid angiogram,
lateral view. Note the lobulated aneurysm (arrow). In order to make a neurosurgical decision whether to clip the neck of the
aneurysm or achieve its thrombosis by balloon occlusion of the internal carotid artery, it was necessary to demonstrate
whether or not the aneurysmal neck was buried within the thrombosed portion of the lesion. A dynamic CT was done to
obtain this information. (B) Serial plain CT images to show the thrombosed aneurysm (arrow) appearing as a mass lesion.
(C) Dynamic contrast CT done at the level of the posterior communicating artery. This level was determined by looking at
plain CT images and choosing the most appropriate image. 30 cc of contrast medium was injected as a bolus through
an 18-gauge needle. Nine images were obtained. Scan time for each image was 4.8 seconds and intersection delay was
1.2 seconds. Note that the aneurysmal neck (arrow) can be clearly defined and that it is not enveloped by the thrombus.
Reformatted sagittal and coronal imaging may provide further information on whether or not the neck is incorporated in the
thrombus. MRI alone cannot provide this critical information.

(85% reliability); b) If there are two aneurysms of
equal size, the one that shows most irregularity and
locularity or a nipplelike protrusion at its dome is
most likely to have rupture; and c) If neither of the
above two criteria help, then the presence of focal
vasospasm suggests the ruptured aneurysm. If the
patient has survived a rebleed and if a subsequent
angiogram is obtained, the aneurysm that has en-
larged in the interim or shown some other change in
its morphology is the one most likely to have rup-
tured. Extravasation of contrast material from the

aneurysm is of course pathognomonic of a ruptured
aneurysm, but this frightening phenomenon, fortun-
ately for the angiographer, is only rarely observed.
When observed it has perhaps no relation with angio-
graphy per se. If none of the above criteria help, then
perhaps the aneurysm that is most likely to rupture
stastically is chosen for surgical clipping. It should
be remembered that the size of the ruptured aneurysm
atangiography is less than actual, because the aneurys-
mal lumen becomes partially collapsed after rupture,
or contains clot, or both [44}.



68

FIGURE 2-9B

FIGURE 2-9C
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FIGURE 2-10. Usefulness of angiogram in detecting the
ruptured aneurysm in the presence of multiple aneurysms.
(A, B) Plain CT scan. There is only subarachnoid hemor-
thage (arrowheads) without any parenchymal component.
From CT it would be difficult to ascertain the culprit
aneurysm. (C) Left carotid angiogram with compression of
the right carotid artery. There are two aneurysms, one at
the right middle cerebral artery bifurcation (large arrow-
head) and the other at the anterior communicating artery
(arrow). The larger size and irregularity of the anterior
communicating artery aneurysm suggested that this was
the symptomatic, ruptured aneurysm. (The small arrow-
heads on the left side are at arterial bends rather than
aneurysms).

Timing of Cerebral Angiography

The timing of cerebral angiography should be done
in consultation with the neurosurgeon. Most neuro-
surgeons wish to clip the aneurysm as soon as
possible after the first episode of SAH, if the patient’s
clinical status permits. Using the grading system of
Hunt and Hess [45] (table 2— 1), most neurosurgeons
would operate immediately if the patient’s grade is I
or II. That situation therefore calls for cerebral angio-
graphy as soon as possible. In grade III, the neuro-
surgeon may wish to obtain blood flow studies before
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TABLE 2—1. Hunt and Hess Grading System {45}

Grade I Minimal headache and slight neck stiffness.

Grade II Moderate to severe headache, neck stiffness,
no focal neurological deficit other than
cranial nerve palsy.

Grade III Drowsiness, confusion, mild focal
neurological deficit.

Grade IV Stupor, moderate to severe hemiparesis,
possibly eatly decerebrate rigidity.

Grave V Deep coma, decerebrate rigidity, moribund

appearance.

requesting immediate cerebral angiography, since
decreased cerebral blood flow is more likely to be
attended with increased surgical morbidity or mor-
tality. In grades IV and V there is certainly no need
for immediate cerebral angiography; its timing
depends upon the rate of neurological recovery of the
patient and the neurosurgeon’s decision to operate, if
such a decision is made at all. If considerable spasm is
present, such that the arterial lumen has diminished
to 50% or more, it is wise to discontinue cerebral
angiography since such a degree of luminal decrease
denotes cerebral ischemia. Cerebral angiography or
surgery under such circumstances carries the risk of
causing additional neurological deficit.

Nonidentification of an Aneurysm

in the Initial Angiogram in the Presence
of SAH Well Substantiated by Clinical
Symptomatology and by Lumbar Puncture

In the presence of a technically satisfactory angio-
gram, the following may account for nonopacifica-
tion of an aneurysm if indeed it was the cause of
SAH: a) small size of the aneurysm, which may have
ruptured and annihilated itself, b) local spasm, dis-
allowing good contrast entry into the aneurysm
lumen, and ¢) spontaneous thrombosis, a rare pheno-
menon. The view of this author is that if the cerebral
angiogram is of high quality and if there is no spasm,
the chance of finding an aneurysm on a follow-up
angiogram done two to three weeks after initial SAH
is less than 1%. However, a follow-up angiogram
is recommended for medicolegal reasons and for
possibly identifying a nonaneurysmal cause of SAH
(e.g., small arteriovenous malformation, arteritis)
that may not have been manifest on the initial angio-
gram. Brismar et al. {46} have suggested that if no
cause of SAH is detected on an initial angiogram, a
good prognosis for the patient is likely.

Magnetic Resonance Imaging of
Intracranial Aneurysms

The role of magnetic resonance imaging (MRI) in
the investigation of intracranial aneurysms is still
evolving. Many of these patients are quite sick and
need intensive care that necessitates placement of
various monitoring devices. Such circumstances usu-
ally preclude optimal conditions for MRI. Nor does
it appear necessary that these patients be examined
by MRI after sustaining acute SAH; CT has proved
its ability to reveal SAH and parenchymal clot quite
effectively. Because of the presence of deoxyhemo-
globin in the intact RBCs in acute SAH, the blood
may be isointense with CSF and thus elude recogni-
tion {47}. However, after several days it will become
hyperintense, due mainly to the presence of para-
magnetic methemoglobin in the clot {48]}. The
appearance of the parenchymal clot has been des-
cribed by Zimmerman in chapter 1 of this volume.

MRI provides exquisite contrast. On thin slices
obtained at the level of the Circle of Willis, MRI has
the capability to reveal arterial anatomy quite well.
Aneurysms 5—8 mm in size can be identified (figure
2—11). MRI may therefore be used to follow up
unruptured incidental intracranial aneurysms less
than 10 mm in size that have a very low probability
of subsequent rupture {13}. A clot within an ane-
urysm that may cause embolic stroke (figure 2—12)
appears as an area of hyperintensity surrounded by
low-intensity flowing blood {49}. In a situation
where there is no clinical or CT clue to the ruptured
aneurysm in the presence of multiple aneurysms, one
is then left to rely on angiographic criteria that are
not infallible in order to recognize the offending
aneurysm. In such a circumstance, the high-contrast
resolution of MRI can detect a small clot as a hyper-
intense signal near the ruptured aneurysm {50}
(hgure 2—13).

The partially thrombosed giant aneurysm displays
a variegated MRI morphology mirroring its complex
pathology (figure 2—14). Pathologically, the giant
aneurysm contains a lumen enveloped by a thrombus
at various stages of evolution containing degradation
products of RBCs. The thrombus contains tiny and
fragile capillaries as part of the phagocytic process.
They can rupture and cause repeated small hemorr-
hages within the mural thrombus. The lumen and
the thrombus complex of the giant aneurysm is
bordered by edema and/or gliosis. Calcification,
usually rimlike, may be present {51}. These patho-
logic features can be readily seen on MRI. The parent
vessel and the residual aneurysmal lumen of the
partially thrombosed aneurysm show signal void on
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FIGURE 2-11. Asymptomatic aneurysm. A 64-year-old
female with an asymptomatic 4 X 6-mm-size aneurysm
(arrow) at left middle cerebral artery bifurcation. T2-
weighted axial image (TR 2000 msec, TE 80 msec).

spin-echo imaging since the protons do not remain
within a particular section for both the 90° and 180°
pulses. The turbulent flow within the giant ane-
urysmal sac exhibits signal (figure 2—15) (table
2—-2). Occasionally the lumen of the giant aneurysm
on T1l-weighted images may be isointense with the
brain (figure 2—16). The rim that is interposed
between the lumen and the thrombus shows high
intensity on both T1- and T2- weighted images due
to the enzymatic oxidation of the deoxyhemoglobin
to methemoglobin, since this region lies in close
proximity to the oxygenated, flowing blood [52].
The multilaminated mural thrombus contains vary-
ing components of methemoglobin, hemosiderin, and
deoxyhemoglobin in intact RBCs [51, 52, 53],

accounting for a varying combination of low- and
high-intensity signals. A discrete peripheral rim
of low intensity may represent predominantly
hemosiderin-laden macrophages, deoxyhemoglobin
in intact RBCs at the most peripheral part of the
laminated mural chrombus {48, 531, calcification, or
a combination of all these. The parenchymal edema
that surrounds the giant aneurysm appears as a high-
signal area. The gliosis also appears as a high-signal
area due to the presence of tiny fluid-containing
spaces that are part of the morphology of gliosis.
Perianeurysmal small hemorrhages appear as high-
intensity areas. In the commonly employed spin-echo
technique of MRI, the symmetric echos of a multi-
echo train may display a high signal within the giant
aneurysm due to slow laminar flow {54]. This
phenomenon is much reduced or totally absent for
asymmetric echoes. It is also reduced when motion
artifact suppression technique (MAST) is used.



72

‘wisAInaue Y3 woij pagpojsip rjoqua woij Sunnsal suondrejul Junuasaidar Aqeqoid ‘(smoire) seare asusunadLy [ews
a1dnnuw 5y3 330N "2[RACTWIIS WNIIUID Y3 JO [9AD] JY3 I saFewT [eIXe (D3SW (¢ J I, 295w )00 Y.L) P2YSrom-aerpawiaiu] (H) (soire uado) Lirsuazur reudis ySiy jo vore ue
se syeadde wsAinaue ay3 spuNOIINS IBY3 INSSII [BINIU SY3 UT LWIP) JO/pue sisoi[F ay3 2duanbas asind s1y3 U0 ‘19A2MOF] "WwAsInoue o431 Jo (peaymodie) uontod pasoquioiys ays
pue (moi1e) uswny 3uated sy3 ur [eudis ur dFueyd Judredde ou s1 21943 1BYI 2ION YA [BUOIOD (9sW /9 F, ‘295W OO0 W.L) PAYS1om-z L (O ‘q) [euis y3iy se (peaymoiie)
uonzod pasoquioiys ay3 pue (moire) pioa [euSis se syeadde uown| fewsAInoue Jualed sy TYN [BUOIOd (3SW ()¢ T ISW ()0OZ Y.IL) PAIYI1om-21e1pawinu] (g) "wshinoue
ay3 jo uonsod pasoquoiyi ayi ut paresodiodur sem ey ydou [ewsAinaue oyl dipd 3ou A[qissod pinod ay 2duls ‘A1d11e prioJed [eusdiur S Ay JO UOISNNIIO0 UOO[[eq 4q
wsAIN3UE SY3 38313 03 UOITINSOINIU dY3I PI] UOIILWIOJUT [EITINID STYT UOTILTUIOJUT dwres oyl papiaoid (Umoys 30U) soFetul pallewwio)al [euolod pue anbijqQ "snquoiys ays ut
pauing st (mo1re) udwn| [ewsAINaue Y], "I ISLIIUOD pairewiojal [endifes () (peaymoiir) soymedo uswn] [ewsAInaue oy, 17D ISLIIUOD) (D) "(MOIIR) UOISI] SSBW ISUIPOST
ue se sieadde wsdinoue pasoquiosya pue payidfed Aj3red 1) Ure[d (g) "(MA01Je) WsAINdUE Je[Nd0[[NW 541 20N "MdIA [e1d1e] ‘welfoifue priored 1Sy (V) £A1911e [eprojoyd
JO1I21UE Y3 JO UISLIO 38 WSAINOUR W-¢( 7 X ¢ PAsoquioiys A[aaed "apis 3YSTII oY1 UO UOISIA PAseaIddp Y payuasaid sjeway po-reak-¢g y -wslinoue 1uein) 71—z TINDIA

VZ1l—¢ 34NOI4
q4C1—¢ 39NO1d



73

2. INTRACRANIAL ANEURYSMS

dci—c 3¥Noid

DC1—C TANDOId



74

4¢1-7 34NOId

4¢1—-7 3ANOI



75

2. INTRACRANIAL ANEURYSMS

HZ1—C 34NOId

OC1—7 TINOII



76

d¢1—7 39N

Ve1—7 39N



FIGURE 2-13C

FIGURE 2-13D

2. INTRACRANIAL ANEURYSMS

77



78

FIGURE 2-13E

FIGURE 2-13. Role of MRI in revealing the culprit aneurysm in the presence of multiple aneurysms. This 40-year-old
female presented with sudden severe occipital headache and neck stiffness. A CT scan done on the second after ictus revealed
no subarachnoid hemorrhage (SAH). Lumbar puncture confirmed SAH. Bilateral carotid and right vertebral angiograms ((A)
right carorid, (B) left carotid, (C) oblique view of the left carotid, and (D) right vertebral) demonstrated multiple aneurysms
(arrows). Localized high-intensity (due to methemoglobin) clot (arrow in (E)) on intermediate-weighted (TR 2000 msec,
TE 20 msec) MRI (E) was seen near the unusual aneursym that arose from the right posterior inferior cerebellar artery (open
arrow in (D)). This finding suggested that this was the offending aneurysm. This observation was confirmed surgically. This
aneurysm measured 6 X 8 mm on the angiogram and 10 mm on MRI (open arrow). This discrepancy in size is explained by
two factors: (a) one sees only the lumen of the aneurysm on the angiogram, and (b) the thrombosed part of the aneurysm
contributes to the larger size of the aneurysm seen on MRI. Note that, as expected, the largest aneurysm had bled. The
curved arrow in (E) is at the posterior inferior cerebellar artery trunk.
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FIGURE 2-14. Giant thrombosed aneurysm of anterior
communicating artery. T1-weighted (TR 500 msec, TE
25 msec) sagittal MRI showing a variegated morphology of
the aneurysm (arrow). The laminated mixed signal repre-
sents a combination of thrombosis, small hemorrhages of
different ages, hemosiderin, and calcium.

TABLE 2-2. Magnetic Resonance Imaging

4. Mural
thrombus

Layers of low-, and
high-intensity
signal due to
intermingled
methemoglobin

and hemosiderin.

5. Rimof Low signal due to

79

Signal from
methemo-
globin may
become more
intense.

Same.

Morphology of Giant Intracranial Aneurysms

Component of
partially
thrombosed giant
aneurysm

MR signal on spin-echo technique

T1-weighted

T2-weighted

1. Parent lumen

2. Aneurysm
lumen

3. Area
interposed
between
patent lumen
and mural
thrombus

Signal void.

Predominantly
decreased signal
or mixed signal
due to turbulent
flow.

High signal
because of

methemoglobin.

Same.

Same.

Signal may
become more
intense.

hemosiderin in
macrophages,
deoxyhemoglobin
in intact RBCs,
calcium, or
combination of
these.

aneurysm

6. Surrounding  Edema causes high
brain signal. Gliosis also
parenchyma causes high signal

due to presence of
tiny Cystic spaces
within it.

Signal becomes
more intense.

Large calcified lesions close to the expected loca-
tion of intracranial aneurysms can appear as signal-
void areas, thus mimicking giant aneurysms (figure
2-17). This mistake can be corrected by obtaining
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FIGURE 2-15A

GRASS (gradient recalled acquisition at steady state),
which is a fast pulse sequence (TR 24/TE 12) that
depicts flowing blood as a hyperintense signal.

The tortuous course of dolichoectatic vessels is
difficult to demonstrate on CT even by obtaining
reformatted sagittal or coronal images. Before MRI,
it was therefore necessary to resort to angiography.
This situation no longer exists. MRI can very effec-
tively demonstrate the entire complex morphology of
the dolichoectatic vessels (figure 2—18).

Hydrocephalus that follows SAH and may require
shunting gives an abnormal high-intensity periven-
tricular signal {55} due to transependymal escape of
water from CSF.

Conclusion

At present, CT and angiography remain the primary
modalities for clinical management of patients with

FIGURE 2-15. Hyperintense core of nonthrombosed giant
aneurysm on MRI. A giant aneurysm at early bifurcation of
the left middle cerebral artery. (A) Intermediate-weighted
(TR 2000, TE 20 msec) coronal image. The patent lumen
(thick arrow) of the aneurysm appears as signal void and the
swirling blood (thin white—black arrow) within the lumen
appears as a mixed intensity signal: (B) Plain CT. Note the
slightly hyperdense lesion (arrow). (C) Contrast CT. The
entire lesion opacifies (arrow). No thrombosed portion is
noted.

aneurysmal SAH. In a rare situation where the
patient has multiple aneurysms and there are no
clinical, CT, or angiographic clues to the ruptured
aneurysm, MRI may provide some useful informa-
tion because of its high-contrast ability. The effective
role of MRI in depicting the complex morphology
of partially thrombosed giant aneurysms is now
established. In the future, when MRI becomes more
readily available and nonmagnetic devices are de-
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FIGURE 2-16A

FIGURE 2-16. Giant aneurysm. A 54-year-old female presented with almost total blindness in the right eye. Giant 1.8 X
2.5 cm aneurysm at the origin of the right ophthalmic artery. (A) Right carotid angiogram, lateral view. Note the giant
aneurysm. (B, C) Partial saturation T1-weighted (TR 1000 msec, TE 25 msec) coronal images. There is an isointense lesion
in the right cavernous sinus and the neighboring suprasellar cistern (arrow). In the image (C) that is 10 mm posterior to (B),
the carotid artery (arrowhead) is seen as a signal-void structure. On this pulse sequence, a reliable diagnosis of an aneurysm
cannot be made. A tumor such as meningioma could mimic this morphology. (D) Intermediate-weighted (TR 2000 msec,
TE 20 msec) axial image. Note the giant aneurysm as a large signal-void structure (arrow). (E) T2-weighted (TR 2000 msec,
TE 80 msec) axial image. The Circle of Willis and the aneurysm (arrow) are again clearly shown. (F) GRASS (Gradient-
recalled acquistion in a study-state mode) axial images (TR 22 msec, TE 12 msec). The aneurysm appears as a hyperintense
lesion (arrow). (G) Sagittal T1-weighted (TR 500 msec, TE 25 msec) image obtained after balloon occlusion of the right
internal carotid artery to induce thrombosis within the aneurysmal lumen. Note the layering (arrow) within the aneurysm.
This luminal layering is probably best explained by gravitational layering of the cellular elements of blood and slower flow
in the dependent part of the giant aneurysm. No such layering was present on MRI done before balloon occlusion of the
right internal carotid artery.



FIGURE 2-16B

FIGURE 2-16C
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FIGURE 2-16D

FIGURE 2-16E
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FIGURE 2-16G

2. INTRACRANIAL ANEURYSMS

85



86

FIGURE 2-17A

FIGURE 2-17. A 17-year-old female with a thrombosed aneurysm arising from the lateral aspect of the horizontal portion
of the left posterior cerebral artery. Its angiographically documented patent lumen was 5 mm in size. It progressively en-
larged in size due to hemorthages that underwent thrombosis and calcification. The case is being shown to demonstrate the
usefulness of GRASS (gradient recalled acquisition at study state) pulse sequence (TR 21/TE 12) in the investigation of vas-
cular lesions. (A) Plain CT of October, 1986. 1.8-cm-size mass lesion is present anterior to left cerebral peduncle (arrow).
(B) Plain CT of August, 1987. The lesion has grown to a size of 2.5 cm and has shown calcification anteriorly and at the
periphery. (C) Proton density (TR 2000/TE 20) and (D), T2-weighted (TR 2000/TE 80) axial images (August 1987). The
peripheral low intensity (arrows) is mineralization (hemosiderin in macrophages and calcification). The slightly hyper-
intense component of the lesion seen on proton-weighted images (arrow) has shown a slight decrease in signal on T2-
weighted images, indicating that it is maiitly intracellular methemoglobin. The anterior irregularly circular area of hypo-
intensity (open arrow), without the knowledge of its CT character, could either represent mineralization or lumen of the
aneurysm. (E) GRASS sequence. Note that the founded low-intensity area (arrow) anteriorly remains hypointense, indica-
ting that there is no flowing blood (which would have appeared hyperintense on GRASS) in it; hence it is not an aneurysmal
lumen. (F) Proton density (TR 2000/TE 20) axial image. The aneurysm is shown as a low-intensity signal (arrow). The
adjoining cerebral peduncle is severely distorted and shows gliosis as a hyperintense area.
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FIGURE 2-18A

FIGURE 2-18. Basilar artery dolichoectasia. A 20-year-old male presented with headaches associated with blurred vision
and episodes of tonic—clonic movements of his body of several months duration. (A) Plain CT scan at a level just below the
fourth ventricle. There is a large high-density extraaxial lesion with partly calcified rim (arrow). (B) Contrast CT at the same
level as (A). Note that part of the lesion posteriorly (arrow) shows contrast enhancement. This is the patent lumen of the
lower part of the dolichoectatic basilar artery. The enhancing rim of the lesion perhaps represents secondary tissue reaction
(granulation tissue). (C) Reformatted sagittal image of a contrast CT. The entire lesion is shown. The patent lumen (arrows)
of the dolichoectatic basilar artery is seen posteriorly. The compressed and posteriorly dislocated fourth ventricle is difficule
to visualize. Note again the enhancing rim at the posterior margin of the lesion. (D) Partial saturation T1-weighted (TR
530 msec, TE 30 msec) sagittal MRIL. The thrombosed part (arrow) of the lesion appears as a hyperintense area. The patent
lumen of the dolichoectatic basilar artery is partly seen posteriorly (open arrow). The entire brainstem is humped over
the lesion. The fourth ventricle and acqueduct are compressed. There is no hydrocephalus. (E) Intermediate-weighted (TR
2240 msec, TE 30 msec) coronal MRI. The lumen of the dolichoectatic basilar artery (arrow) appears as a tubular signal-
void area surrounded by the hyperintense thrombosed component of the lesion. (F) Left vertebral angiogram, lateral view.
The lumen of the dolichoectatic basilar artery (arrow) is irregular due to the surrounding thrombosis. The abnormal distance
between the clivus and the basilar artery is caused by the thrombosed component of the lesion.
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FIGURE 2-18D

FIGURE 2-18E
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FIGURE 2-18F

signed to monitor the sick patients, MRI may
assume a more prominent role in the investigation of
aneurysmal SAH.
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3. INTRACRANIAL
VASCULAR MALFORMATIONS

Roger A. Hyman

Steven F. Sands

Histological varieties of intracranial vascular mal-
formations include malformations
(AVMs), venous malformations, cavernous malforma-
tions, and capillary telangiectasia. They constitute a
significant clinical problem. According to one esti-
mate there are approximately 350,000 individuals in
the United States with clinically evident or occult
intracranial arteriovenous malformations {1}. Arterio-
venous malformations are the lesions most familiar
to practicing physicians because of their protean
clinical manifestations. Autopsy series indicate that
venous angiomas may actually have a higher preva-
lence, but these are frequently asymptomatic through-
out life and of no clinical consequence. In a prospec-
tive autopsy series evaluating 4069 consecutive
brains {2}, 165 had one or more vascular malforma-
tions. Of these only 24 were AVMs while 105 were
venous angiomas.

Hemorrhage is the most common mode of presen-
tation of intracranial vascular malformations. Approx-
imately 50% of all AVMs will present clinically with
an intracerebral hemorrhage: two thirds of these will
be predominantly parenchymal and one third predom-
inantly subarachnoid. Intraventricular extension of
hemorrhage occurs in 6% {3]. The largest clinical
study of AVMs to date included 545 cases in a
cooperative study of 6368 patients with subarachnoid
hemorrhage {3]. In this study, approximately 8.6%
of patients presenting with subarachnoid hemorrhage
had an underlying AVM. The majority of the remain-
ing patients in this series demonstrated one or more
aneurysms at angiography. The incidence of AVMs
as a cause of subarachnoid hemorrhage rises drama-
tically during pregnancy, with some series reporting
an occurrence rate as high as 50% [4,51.

Other modes of clinical presentation include seiz-
ure, headaches, and manifestations of ischemia.
Hemorrhage is more frequent than seizure as the
initial symptom in most large series {6]. In larger
AVMs, the incidence of hemorrhage and seizure is
almost equal; in small AVMs, hemorrhage occurs
more frequently. The death rate from hemorrhage

arteriovenous

associated with an AVM is lower than from hemor-
rhage associated with an aneurysm. Approximately
10% of patients will die from their first hemorrhage
associated with an AVM, while 30% of patient will
die from their first hemorrhage associated with an
aneurysm [7}. This occurs because the bleeding may
originate from the venous side of the shunt in an
AVM, which is a somewhat lower pressure system.
In addition, blood-induced vasospasm occurs infre-
quently with AVMs because the lesion is not usually
at the skull base and the volume of subarachnoid
blood is frequently less than with subarachnoid
hemorrhage associated with an aneurysm. Once an
AVM has hemorrhaged, the risk of recurrent bleed-
ing is approximately 6% during the first year and
2-3% per year thereafter {7].

Although AVMs are congenital in origin, they
rarely demonstrate clinical manifestations until adult-
hood. Symptoms most commonly have their onset in
the third or fourth decades of life. Of 545 AVMs in
the Cooperative Study, only 5% presented before age
11 {3}

In the Cooperative Study, 28% of patients with
AVMs presented initially with seizures. Occasionally,
seizures are the only manifestation of an AVM
throughout a patient’s lifetime. Five patients demon-
strated seizures only, after a period of 10 to 40 years,
in another long-term follow-up study of 70 patients
with AVMs {8].

Certain hemodynamic aspects of AVMs are import-
ant in understanding their natural history and in
making decisions with respect to therapy. The as-
sumption that AVMs usually enlarge over time was
confirmed in a study of 21 patients who underwent
serial angiography. Twelve of these patients showed a
verified increase in size over approximately four years
in a group of patients whose average age at first
angiography was 26 [9].

The increasing size of an AVM over time and the
increasing size of the arteries feeding these lesions
give rise to a phenomenon referred to as a cerebrovas-
cular steal syndrome, with underperfusion of normal
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brain parenchyma in the distribution of the major
parent arteries feeding the AVM. Steal syndromes
associated with AVM:s can lead to progressive neurol-
ogical and mental deterioration {101, and may be a
cause of seizures or transient ischemic attacks. In
attempting to treat an AVM, whether by surgical
extirpation, arterial embolization, or a combination
of the two, the steal phenomena can lead to potential
complications. Steal-induced ischemia of the tissues
surrounding an AVM can lead to an impairment of
normal autoregulation of the vessels in the region.
When the AVM is then resected or embolized, high
arterial pressure is now delivered to the vessels in the
region which have been accustomed to low arterial
pressure, and the result may be edema or hemorrhage
into the surrounding tissues following treatment
[11}. With large AVMs, this problem can be ad-
dressed by sequentially ligating or embolizing feeding
vessels at separate sittings over time {12}.

Pathological Classification

There are distinct biological and histological differ-
ences between the types of vascular malformations
categorized here. Each has a characteristic natural
history. The four categories include 1) arteriovenous
malformation, 2) venous malformation, 3) cavernous
malformation, and 4) telangiectasia [13].

ARTERIOVENOUS MALFORMATIONS

Of the vascular malformations, arteriovenous malfor-
mation is the most frequently symptomatic and,
therefore, the most frequently encountered clinically.
Angiography demonstrates shunts from the arterial
to the venous circulation that are not usually seen
in the other categories of vascular malformations.
Histologically, AVMs consist of masses of abnormal
arteries connected to abnormal veins without a normal
intervening capillary network (figure 3—1a). The
larger vessels are predominantly venous. Microscop-
ically, areas of hemorrhage are frequently seen.
Mineralization is not uncommon. Abnormal gliotic
parenchyma is seen between the component vessels.
These lesions are frequently encountered in the
middle cerebral arterial territory and are much more
common above the tentorium.

VENOUS MALFORMATIONS

Although venous malformations are the most com-
mon vascular malformations found at autopsy {2,
131, these lesions are rarely of clinical significance.
They are not infrequently encountered as incidental
findings on angiograms, computerized tomography
(CT), and magnetic resonance (MR) studies, and

therefore are of considerable interest radiologically.
They are composed of anomalous veins, frequently
arising in the white matter, that are separated by
normal parenchyma. A collection of enlarged medul-
lary veins usually converge to a single transcerebral or
transcerebellar vein. This vein then courses through
the white matter to end in a cortical vein, a dural
sinus, or less frequently the deep venous system. The
vessel walls may be thickened and hyalinized (figure
3—1b). Mineralization is rare but does occur. There is
no arterial component. In rare instances these lesions
may hemorrhage, particularly those located in the
cerebellum [14}.

CAVERNOUS MALFORMATIONS

Cavernous malformations are relatively uncommon
lesions consisting of a contiguous grouping of
sinusoidal-type vessels with no normal intervening
brain parenchyma. The walls of the sinusoidal spaces
are thin, without evidence of smooth muscle or
elastic tissue. Mineralization and even ossification
can occur, particularly in larger lesions. Frequently,
old hemorrhage and gliosis are adjacent to the regions
of sinusoidal thickening (figure 3—1c).

TELANGIECTASIA

Telangiectasia are composed of small capillary-type
vessels (figure 3—1d). They are most commonly seen
in the pons as an incidental finding at autopsy.
Gliosis and hemorrhage are rare. These lesions are
not detected by angiography and only rarely by CT
and MR. Patients with Rendu—Osler—Weber syn-
drome may demonstrate these lesions throughout the
brain.

CRYPTIC OR OCCULT MALFORMATIONS

By definition, cryptic or occult malformations are
lesions with normal angiograms. Cryptic vascular
malformations (CVMs) or occult vascular malforma-
tions (OVMs) may be of any of the four histological

FIGURE 3-1. Pathological classification of intracranial vas-
cular malformations. (A) Arteriovenous malformation.
Thick-walled arterialized veins are seen against a back-
ground of gliotic brain tissue. (B) Venous malformation.
An abnormal collection of dilated slightly thick-walled
veins is noted in the deep white matter. The intervening
parenchyma is normal. (C) Cavernous malformation.
Closely clustered dilated blood vessels of variable diameter
crowd out the intervening brain parenchyma, which shows
gliosis and hemosiderin deposition. (D) Capillary telan-
giectasia. Thin-walled dilated capillaries are present in a
section through the pons. The intervening parenchyma is
essentially normal.
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types described or may be of transitional forms.
Arteriovenous malformations that have thrombosed
or bled and obliterated themselves may present as
CVMs. In the 1950s, before CT and MR, the term
was originally applied to lesions that had hemorrh-
aged spontaneously and were angiographically occult
[151, only to be identified at surgery or autopsy. The
interest in occult lesions has grown with the increas-
ing use of CT and MR. Most CVMs identified
currently are diagnosed by CT and MR and are
not infrequently asymptomatic at the time of their
detection.

Arteriovenous Malformations

A retrospective review of our own radiographic
material revealed 85 intracranial vascular malforma-
tions diagnosed during the period 1974 through
1986 (table 3—1).

Sixty-eight percent of these lesions were demon-
strated at angiography to be AVM’s. This frequency
is considerably higher than that reported in autopsy
series and reflects the fact that AVMs demonstrate
clinical manifestations far more frequently than any
of the other histological types of vascular malforma-
tions of the brain.

CT SCANNING
During the past 15 years, the majority of newly
diagnosed AVMs were first suspected following CT
scans performed to evaluate a wide variety of symp-
toms. However, therapeutic decisions are rarely made
on the basis of CT findings alone. Angiography is
still required to confirm the findings suggested by
CT and to further identify and characterize the arterial
feeding vessels and the venous drainage. To determine
which lesions will require surgery, embolization, a
combination of the two, or proton beam irradiation,
full angiographic examination is still required even
when complete MR studies are available.

The CT findings in AVMs will depend on the
manner of presentation. If the patient presents with

TABLE 3-1. Intracranial Vascular
Malformations Diagnosed Radiographically 1974—1986

Arteriovenous malformations 58
Venous malformations 12
Cavernous malformations 1
Telangiectasia 0
Cryptic malformations with unverified histology 14
Total 85

an intracranial hemorrhage, the major findings will
be related to the hemorrhage itself and will be seen
on a noncontrast examination. Arteriovenous mal-
formations that have not ruptured are not reliably
demonstrated unless intravenous contrast material
has been administered. Some authors report a high
incidence of abnormal noncontrast CT scans in AVMs.
One study indicated that 81% of precontrast scans
were abnormal [16], and another that 43% of these
lesions in children were calcified {17}. However, false
negative noncontrast studies clearly occur. If hemor-
rhage is not present and if CT is to be used alone in
routine screening for AVMs, postcontrast studies
must be performed.

The classic CT findings in unruptured AVMs
include either a normal noncontrast examination or a
serpiginous region of slight hyperdensity. Following
contrast administration, dense enhancement is usually
seen outlining the venous and occasionally the arterial
components of the malformation (figure 3—2). The
classic findings on CT scanning may be modified by
previous hemorrhage. Regions of porencephaly or
volume loss in a hemisphere can occur. Dense calcifi-
cation at the site of a prior hemorrhage is occasionally
seen (figure 3-3).

Enhancement noted on CT scans of AVMs is due
primarily to the blood-pool effect of the increased
iodine concentration in the large vessels of the AVM.
To a lesser extent, the defective blood—brain barrier
characteristic of central nervous system lesions also
allows for some leakage of contrast into the matrix of
the AVM. This second mechanism also allows for the
visualization of an AVM on a delayed postcontrast
scan {106}, favored by some for screening symptomatic
individuals. Most AVMs, however, are best seen on
scans performed in close proximity to the time of
injection of intravenous contrast material.

If an AVM has hemorrhaged, the most common
finding is an intracerebral hematoma {18}. The non-
contrast study will reveal a relatively homogeneous
high attenuation mass. Frequently, routine images
without intravenous contrast enhancement will dem-
onstrate little to identify the etiology of the hemor-
rhage (figure 3—4). Therefore, in nonhypertensive
younger patients further evaluation is warranted [19].
In this setting, a postcontrast CT scan may be
helpful, particularly prior to emergency operative
intervention for hematoma. Parenchymal hemorrh-
ages associated with AVM will behave over time in a
manner similar to hematomas of other etiologies.
They will gradually lose density and eventually
develop a peripheral region of ring enhancement
[20}. They may resolve with little volume loss within
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FIGURE 3-2A

the hemisphere, or, if large, porencephaly may result.
Calcification in the region can occur.

When the parenchymal hematoma is large, intra-
ventricular extension may occur (figure 3—5). Occa-
sionally, an AVM projects into a ventricle and an
associated hemorrhage may outline the ventricular
system. Patients with arteriovenous malformations
located in or adjacent to the subarachnoid space may
present with subarachnoid hemorrhage (figure 3—06).
More commonly, parenchymal hematomas extend
into the subarachnoid space and give rise to subarach-
noid hemorrhage in combination with a hemispheric
clot. Where parenchymal hematomas are identified,
differential diagnostic possibilities include hyperten-

FIGURE 3-2. Unruptured AVM. (A) An examination
performed prior to contrast administration in this 22-year-
old male with seizures demonstrates an abnormal region
of increased density in the left frontoparietal region near
the midline. Prominent vessels in an AVM are frequently
slightly hyperdense to the brain even in the absence of
calcification. (B) After intravenous contrast, prominent
enhancement is seen. (C) A left internal carotid angiogram
demonstrates both anterior (closed arrow) and middle (open
arrows) cerebral arterial supply to this AVM and confirms
the suggested CT diagnosis.

sive hemorrhages, aneurysms, AVMs, hemorrhagic
infarcts, and occasionally neoplasms. The. patient’s
age, the history, and the location of the hemorrhage
are helpful in the differential diagnosis. Hypertensive
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hemorrhages frequently occur within the basal ganglia
and cerebellum of older patients. Parenchymal hemor-
rhages from AVMs are usually hemispheric and occur
in a younger age group. Occasionally, a postcontrast
study reveals enhancing vessels adjacent to a hema-
toma characteristic of an AVM. If a diagnosis on
a postcontrast CT scan cannot be determined, an-
giographic evaluation is required where clinically
appropriate.

Arteriovenous malformations are not commonly
seen below the tentorium in adults. The Cooperative
Study reported only 7% of their clinically apparent
lesions to be located in the brain stem and the
cerebellum {3}. A significantly higher incidence of
lesions in the posterior fossa is reported in children.
In one study {171, 40% of lesions in the pediatric age
group were reported in an infratentorial location.

FIGURE 3-3. Ruptured AVM with late calcification. (A)
A postcontrast study in a 65-year-old male demonstrates
the tortuous configuration of vessels associated with an
AVM in the right parietal region. The third ventricle
(arrow) is displaced to the left. (B) A higher section reveals
ring enhancement (arrows) around a central dense lesion
consistent with a resolving hematoma associated with the
AVM. (C) Two years later, a follow-up study demonstrates
dense calcification in the old hematoma site and porence-
phalic dilatation of the right occipital horn on the
noncontrast study.

Of particular interest in children is a rare lesion
commonly referred to as an aneurysm of the vein of
Galen. This entity actually represents an AVM,
shunting blood primarily into the galenic venous
system, which becomes secondarily dilated. The
AVM is most commonly supplied by branches of the
posterior cerebral arteries although other arterial
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FIGURE 3-4A

feeders may exist as well. The presenting symptoms
are usually cardiac failure in the neonatal period or an
abnormal increase in head circumference {21]. Non-
contrast CT scans show the dilated vein of Galen as a
homogeneous, slightly hyperdense mass in the region
of the posterior third ventricle. This could be con-
fused with a pineal region neoplasm; however, the
post-contrast study will frequently demonstrate the
malformation itself (figure 3—7). Angiographic eva-
luation is definitive. Recently, MR findings have
been decribed as well {22}. The prognosis when the
entity is identified in the neonatal period is grave.

MR IMAGING

MR imaging is highly sensitive to the diagnosis of
intracranial AVMs and offers certain advantages with
respect to CT {23, 24, 25}. There is no need to
administer intravenous contrast material, and no
ionizing radiation is utilized. Furthermore, small

FIGURE 3-4. Parenchymal hematoma associated with
AVM. (A) A noncontrast study in a 34-year-old female
with the sudden onset of right hemiparesis reveals a dense
lesion in the left frontal lobe with displacement of the
anterior horns to the right. This is consistent with a
parenchymal hemorrhage. The AVM is not identified on
the noncontrast study. (B) An angiogram reveals a region
of increased vascularity in the left frontal lobe with an
avascular mass posterior and inferior to the lesion corre-
sponding to the hematoma. (C) The AVM drains superiotly
into the superior sagittal sinus and inferiorly into the
lateral sinus.

lesions in the posterior fossa and in the temporal
lobes within the middle cranial fossa are not subject
to the beam-hardening artifacts induced by surround-
ing bone on CT scans. These lesions are occasionally
obliterated by artifacts on CT scans and would be less
likely to be overlooked on MR. Pure dural malforma-
tions, because of their frequently flattened configura-
tion against the calvarium, may be missed by both



FIGURE 3-4B

FIGURE 3-4C



108

modalities {24}. MR has certain disadvantages with
respect to CT as well. Calcium gives rise to no signal.
Therefore, small lesions that present with minor
calcifications only could be missed by MR, unless the
calcification is large enough to present as an area of
signal void. This same relative insensitivity of MR to
calcification provides an instance where MR can be
complementary to CT. Hemorrhage and calcification
both appear hyperdense on CT scans and are both
frequently seen in AVMs. On MR, hemorrhage and
calcification are quite distinct, with hemorrhage
appearing with high-signal intensity on both T1-
and T2-weighted images after approximately 24
hours, and calcium giving rise to a signal void if
visible at all.

MR is quite sensitive to the presence of paren-
chymal hemorrhage after 24 hours. Small amounts of

FIGURE 3-5. Intraventricular extension of hematoma with
AVM. A 39-year-old male with recent ictus demonstrates a
right frontal hematoma, with significant mass effect, that
has extended into the lateral and third ventricles. Approxi-
mately 6% of hemorrhages from AVMs extend into a
ventricle.

blood can be more easily identified by MR than CT
[24]. However, during the first 24 hours after ictus
and in the subarachnoid and intraventricular compart-
ments, CT has the advantage in visualizing blood.
Therefore, most patients entering hospitals with
suspected intracranial hemorrhage are first studied by
CT. The rapid scan time of CT compared to MR for
patients that may be agitated presents advantages as
well. Elective studies of patients with chronic head-
aches, seizures, or ischemic signs have a higher yield
when performed with MR.
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FIGURE 3-6. Subarachoid hemorrhage in AVM. The
suprasellar (curved arrows) and perimesencephalic (straight
atrows) cisterns are opacified by subarachnoid blood turn-
ing these usually black structures white. The bleeding
arose from an AVM in the superior cerebellar vermis.

Arteriovenous malformations that have not throm-
bosed or been previously treated are high-flow shunts
with blood passing rapidly from arteries to veins.
This results in the classic flow-void effect demon-
strated on MR (figure 3—8). Arteries and veins are
identified as serpiginous structures with a lack of
signal on both T1- and T2-weighted images.

MR is extremely sensitive to subtle changes in
tissues adjacent to AVMs. Because of the steal
phenomena frequently encountered with AVMs, cer-
ebral tissue between and adjacent to vessels of the
AVM and its nidus may be affected by anoxic
change, edema, or gliosis. These changes are seen on
MR images as areas of increased signal intensity on
T2-weighted images (figure 3—9), and as normal or
low-signal regions on T1-weighted images. These
changes are readily differentiated from hemorrhage,
which demonstrates increase in signal intensity on
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FIGURE 3-7A

both T1- and T2-weighted images after approxi-
mately 24 hours. Subtle changes related to anoxia
may not be appreciated on CT scans.

MR can identify individual vessels related to the
AVM nidus; however, one cannot always ascertain
whether these are arteries or veins. The sagittal pro-
jection can be helpful in this regard and may identify
arteries arising from the anterior, middle, or posterior
cerebral arteries, or more commonly may demonstr-
ate large draining veins. The even-echo rephasing
phenomena may be helpful in distinguishing the
slower-flowing blood in veins from the more rapidly
flowing blood in arteries when a multiecho series is
utilized {26, 27}1. An AVM that is not obscured by
beam-hardening artifacts on CT and that does not
demonstrate subtle calcifications, hemorrhage, or evi-
dence of previous ischemia will demonstrate similar
findings on MR and CT (figure 3—10). It should be

FIGURE 3-7. Vein of Galen malformation. (A) CT scan
following intravenous contrast administration shows the
markedly enlarged vein of Galen (straight arrow) and a
portion of the malformation in the left posterior thalamic
region (curved arrow). (B) A T1-weighted MR image in
the transaxial plane shows absence of signal (flow void) in
the region of the vein of Galen (arrow) and within the more
anterior malformation. (C) Coronal T2-weighted image
shows flow void within the vein of Galen (G) as well as
within dilated vessels along the tentorium (arrows). (D)
Dilated left and right posterior cerebral arteries supply the
malformation as demonstrated at angiography. (Illustra-
tions courtesy of Michael J. Brantley, M.D. Walter Reed
Army Medical Center, Washington, D.C.)

considered, however, that similar findings are demon-
strated at the cost of an injection of iodinated
contrast material as well as a distinct, albeit minor,
radiation dose for CT.
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FIGURE 3-7B

ANGIOGRAPHIC FINDINGS

Despite the advances made over the past 15 years
with CT and MR, angiography remains the gold
standard for the complete evaluation of AVMs. Arteri-
ovenous malformations have been classified angio-
graphically on the basis of their arterial blood supply
into pial, dural, and mixed pial—dural types. Lesions
that are purely pial are intraaxial with no meningeal
arterial contribution; they are supplied only by cer-
ebral or cerebellar arteries. Pure dural AVMs are
supplied by meningeal arteries, which may be
branches of the internal or external carotid artery or
of the vertebral artery. The anterior falx artery and
the tentorial branch of the meningohypophyseal trunk
(also referred to as the artery of Bernasconi and Cas-
sinari) are examples of branches of the internal
carotid artery that supply dural structures and may
represent the sole blood supply to pure dural AVMs.

Lesions that are mixed pial-dural AVMs demonstrate
a blood supply both from the meningeal circulation
and from branches to the cerebrum or cerebellum
(figure 3—11). The relative occurrence of pial, dural,
and mixed AVMs in one reported series [28] is
summarized in table 3—2.

TABLE 3-2. Occurrence of Pial,
Dural and Mixed AVMs in 129 Patients

Supratentorial Infratentorial
Pure pial 81 13
Mixed pial—dural 16 4
Pure dural _6 _9
Total 103 26
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FIGURE 3-7C

FIGURE 3-7D
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FIGURE 3-11A

FIGURE 3—-11. Mixed pial-dural AVM. This AVM de-
monstrated both pial and dural arterial supply from both
the anterior and posterior circulations. (A) Large middle
cerebral arterial branches are seen to supply the nidus. (B)
A meningeal branch of the external carotid artery contri-
butes blood supply as well. (C) In the posterior fossa,
posterior cerebral branches (curved arrows) of the basilar
artery as well as the posterior meningeal branch (straight
arrow) of the vertebral artery supply the malformation.

Supratentorial pial AVMs frequently are supplied
by more than one vessel. A review of angiograms
performed in 98 patients with AVMs, in one series
{291, revealed 88 % to be located in the supratentorial
compartment. Two thirds of these were in or near a
watershed area of the brain and were supplied by two
or more major cerebral arteries. If an AVM is in the
distribution of a single vessel, the vessel is most
commonly the middle cerebral artery. Most of the
pial lesions not in the supratentorial compartment
are located in the cerebellar vermis.

Pure dural AVMs are relatively uncommon {30}
They account for 2—12% of all AVMs, depending on
the series {28 —33]. Most arise within or adjacent to a
major venous sinus in the posterior fossa and have

predominantly dural venous drainage. Because they
are located outside of the brain, these lesions are
usually occult to CT and MR unless they have
hemorrhaged, which is rare. Although most dural
AVMs are asymptomatic and present as incidental
findings encountered during angiography of unrelated
lesions, they can be associated with buzzing sounds
and subarachnoid hemorrhage on rare occasions {32].

Because the blood supply to an AVM can encom-
pass virtually any intracranial vessel, a complete
angiographic evaluation would require injection of
both internal and both external carotid arteries as
well as both vertebral arteries. However, since most
AVMs encountered currently have been well studied
by CT and/or MR prior to angiography, if the AVMs
are located close to the surface of one hemisphere and
well away from a potential supplying artery, some
investigators prefer to omit injections of vessels
remote from the lesion. Unlike cavernous malforma-
tions and telangiectasia, AVMs are multifocal only
very rarely [34].

Cerebral ischemia can be caused by AVMs due to
the steal phenomena. Occasional patients may present
with transient ischemic attacks. One author has
suggested that seizures associated with AVMs may be
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FIGURE 3-11B

FIGURE 3-11C
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FIGURE 3-12. Steal phenomena demonstrated at angio-
graphy. A typical AVM in the posterior frontoparietal
region. The posterior branches of the middle cerebral artery
are markedly dilated (curved arrows). The anterior middle
cerebral arterial branches appear attenuated and under-
perfused (straight arrows). The steal phenomena can give
rise to ischemia and perhaps seizures. Rapid reversal after
treatment of the lesion can cause edema and hemorrhage in
the previously underperfused region.

related to ischemia as well [1]. Angiographic corre-
lates of the steal phenomena are demonstrable. The
enlarged arteries with decreased peripheral resistance
that supply the AVM will decrease the perfusion and
the perfusion pressure within other arteries with the
same vascular territory (figure 3—12). In a similar
fashion, the decreased peripheral resistance within
the nidus of the AVM creates a sump effect that can
diminsh the perfusion even to regions relatively
remote to the AVM (hgure 3—13).

One rare occasions, an AVM that has not been
treated may manifest partial regression when serial

angiographic studies are preformed {9}. There are,
however, very few reports of complete spontaneous
regression [35]. One patient in our own series demon-
strated total obliteration of his AVM on serial angi-
ographic studies with no evidence of parenchymal
hemorrhage on CT scans performed concurrently
with the angiographic studies (figure 3—14). A new
hemorrhage, however, may substantially alter the
angiographic appearance of an AVM. Hemorrhages
that are extensive may totally obliterate the angio-
graphic findings associated with an AVM. Lesser
degrees of compression by hematoma can alter the
usual angiographic findings as well (figure 3—15).
The association of intracranial aneurysms with
AVMs is well documented and is of significant
interest. The reported incidence varies from 3—9%
depending on the series {36, 37]. In the Cooperative
Study, 37 of 490 AVM patients demonstrated an
aneurysm for an incidence of 7.6%. In our own
series, three of 58 patients or 5.2% of the patients
with AVMs had aneurysms. These rates are all con-
siderably higher than the incidence rates of aneurysm
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FIGURE 3-13A

FIGURE 3-13B
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FIGURE 3-14A

FIGURE 3-14. Spontaneous thrombosis of an AVM. (A)
Right parietal AVM. (B) Two years later, with no inter-
vening treatment, the lesion is no longer visualized at
angiography. Note the same arterial configuration as two
years previously, and the more peripheral arterial perfusion
of normal structures (arrows).

FIGURE 3-13. Sump effect of a large AVM. (A) A carotid
injection demonstrates predominantly anterior cerebral
artery but also middle cerebral artery feeders to this large
AVM. (B) Vertebral injection reveals contrast filling the
pericallosal and callosomarginal arteries through flow in
the posterior communicating artery due to the sump effect
of the AVM. Perfusion in the posterior fossa will be
decreased.

in the population at large. Several theories have been
promulgated to explain this association. The most
enticing of the explanations relates to the increased
flow through the arteries supplying the AVM. This
theory states that the increased hemodynamic stresses
in the enlarged arteries result in an increased propen-
sity for congenital weaknesses at bifurcation points in
the arterial walls to become aneurysms {38]. This
suggestion is reinforced by the much higher than
normal incidence of aneurysms in arteries supplying
AVMs {37} and their frequent occurrence in locations
that would otherwise be unusual for congenital
aneurysms (figure 3—16).

The angiographic appearance of an AVM is usually
diagnostic. Occasionally, the differential diagnostic
possibility of a primary or secondary tumor must be
entertained. This can particularly be the case if the
AVM is small or compressed by hematoma and the
characteristic draining veins are not readily apparent.
An AVM commonly shows considerably more dilata-
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FIGURE 3-14B

tion and undulation of its afferent vessels than does
a neoplasm {39]. Furthermore, veins draining neo-
plasms are rarely large. The abnormal vessels or
neovascularity encountered in malignant intraaxial
tumors such as glioblastoma frequently demonstrate
a widely scattered distribution with intervening avas-
cular zones. The nidus of an AVM is usually quite
compact with little if any empty space, particularly
if all supplying vessels are opacified. When the CT
and/or MR findings are considered as well, this issue
is usually not difficult to resolve.

Venous Malformations

Venous malformations (also referred to as venous
angiomas) are frequently described as being rare {40,
41, 42}; however, they are the vascular malformation
most often encountered in some series at autopsy {2,
13}. In our own series, 12 of 85 vascular malforma-
tions encountered in the brain were venous malfor-
mations, for an incidence of 14% (table 3-1). In the
vast majority of these patients, the lesions were

incidentally found and not related to the symptoms
for which the patient sought medical attention. This
lack of correlation of the presenting symptoms with
the location of the venous malformation has been
confirmed by others {40}. One type of symptoma-
tology has been established, however. Any of the four
major classifications of vascular malformations can
bleed. Most commonly this is associated with an
AVM. In a literature review, Rothfus [14} found 20
cerebellar venous malformations that had bled out of
56 reported, a relatively high hemorrhage rate of
36%. Hemorrhage in venous malformations above
the tentorium is rare. Cerebellar venous malforma-
tions may be expected to bleed at a considerably
higher rate than lesions encountered in the cerebral
hemispheres.

CT SCANNING

The hallmark of the CT findings in a venous malfor-
mation is the identification of the transcerebral or
transcerebellar draining vein {43, 44]. Because of the
normal variations encountered in the venous drainage
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FIGURE 3-15. Alteration of angiographic findings by
hematoma. The large hematoma in this patient compressed
the malformation, resulting in only a small collection
of vessels being seen at angiography in the right frontal
lobe (straight arrows). Note the downward displacement of
the sylvian triangle (curved arrows) caused by the hema-
toma. This patient’s concurrent CT scan is illustrated in

figure 3-5.

in many areas of the body, it is sometimes difficult to
determine if a venous structure represents a normal
variant or is draining a small venous malformation or
an AVM. Normal large veins do not cross white-
matter tracts; therefore, if a large vein is encountered
in a white-matter location, one can assume that it is
associated with a venous malformation or an AVM.

CT scanning performed following contrast admin-
istration will usually demonstrate a curvilinear
enchancing structure representing the associated ano-
malous venous channel (figure 3—17). The findings on
CT scanning are suggestive, but not pathognomonic
of a venous malformation. In order to correctly make

the diagnosis on the basis of the CT scan alone, one
must identify the dilated medullary veins of the
venous malformation feeding the ectopic transcerebral
or transcerebellar vein. This is frequently not possible
because the dilated medullary veins will be below the
resolution of the CT scanning process. In some cases,
however, the diagnosis can be established with a high
degree of certainly by CT scanning alone {43]. In one
of our patients who presented with right cerebral
dysfunction, the incidental diagnosis of a left frontal
venous malformation could be made on the basis of
the CT scan alone (figure 3—18). Visualization of the
perpendicular linear enhancing structures entering
the draining vein is the CT equivalent of the caput
medusa appearance characteristic of the lesion at
angiography.

Occasionally, calcification within venous malfor-
mations can be demonstrated on CT scans [44] (figure
3—19). One must then consider the possibility of a
low-grade neoplasm or an old inflammatory, hemor-
rhagic, or ischemic process. In these instances, further
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FIGURE 3-18C

evaluation is warranted to confirm the diagnosis.
Mass effect is almost always absent in venous malfor-
mations unless hemotrhage has occured.

MR IMAGING

Venous malformations are frequently well docu-
mented on T1-weighted MR images (figures 3—17b,
3—18b) as well as on T2-weighted images. The most
characteristic feature observed is a curvilinear or round
region of decreased signal intensity, usually more
clearly defined on T2-weighted images. On T2-
weighted images, cerebrospinal fluid demonstrates
increased signal, adding contrast against the flow-
void phenomena usually seen within the veins of a
venous malformation. The individual medullary veins
making up the body of the venous malformation are
usually beyond the resolving capabilities of MR imag-
ing. However, a region of increased signal intensity
on T2-weighted images corresponding to the body of
the venous malformation is often seen [45]}. Occa-

FIGURE 3-19. Calcification in a venous malformation. (A)
A noncontrast CT study demonstrates a focus of calcification
in the right frontal lobe adjacent to the anterior horn. (B)
Following intravenous contrast administration, enhance-
ment involving the subependymal region is seen, but no
mass effect on the adjacent lateral ventricle is apparent. (C)
Angiography demonstrates the dilated medullary veins in
the subependymal region draining into a large transcerebral
vein (arrow) coursing to the superior sagittal sinus.

sionally, it may be difficult to distinguish an artery
from a vein or a vein draining a venous malformation
from a vein draining an AVM on MR imaging. Even-
echo rephasing may be helpful in distinguishing
arteries from veins {26}. This phenomenon occurs in
vascular structures that exhibit slow laminar flow,
such as large veins and dural sinuses. It is charac-
terized by increased signal intensity on the second,
fourth, and additional even echoes of a multiecho
chain when flow void (absent signal) is present within
the vascular structure on odd echoes (figure 3—20).
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FIGURE 3-19B

FIGURE 3-19A
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FIGURE 3-19C

ANGIOGRAPHIC FINDINGS

Angiography remains the most accurate modality for
the detection and characterization of venous malfor-
mations. CT and MR can occasionally be diagnostic
as well, but not infrequently some ambiguity as to
the exact diagnosis exists prior to the performance of
an angiogram.

The arterial phase of an angiogram is almost
invariably normal, but occasionally abnormalities
such as a poorly circumscribed blush or slightly
enlarged arterial branches have been reported {42].
The circulation time is normal, with the malforma-
tion appearing in the normal course of the venous
phase {46}. The classic angiographic abnormalities
include the presence of numerous enlarged medullary
veins, frequently draining in a perpendicular fashion
into a prominent transcerebellar (figure 3—17d) or
transcerebral vein. The transcerebral vein will usually
drain through the white matter into a superficial
sinus (figure 3—19¢), but less commonly may drain
into the deep venous system (figure 3—18¢).

When the characteristic findings of a venous mal-
formation are identified on a high-resolution CT or

FIGURE 3-20. Even-echo rephasing in venous malforma-
tion. Venous malformation in an 18-year-old male. (A) TR
= 2000 msec., TE = 32 msec. (First echo). A curvilinear
region of decreased signal is seen extending to the epen-
dymal surface of the right lateral ventricle (arrow). (B) TR
= 2000 msec., TE = 64 msec. (second echo). The drain-
ing vein demonstrates increased signal, rendering it barely
visible due to even-echo rephasing. The body of the venous
malformation abutting the ventricular surface is of mixed
signal. (C) TR = 2000 msec., TE = 96 msec. (third
echo, most T2-weighted image shown). The draining vein
is again clearly seen in the absence of even-echo rephasing.
The body of the venous malformation is now clearly seen
as a region of increased signal (arrow) on the heavily
T2-weighted image.

MR study and the patient’s symptoms are related toa
region remote from the lesion, or are nonspecific,
angiography is probably no longer warranted.

Cavernous Malformations

Cavernous malformations (also referred to as cavernous
angiomas) usually become symptomatic between the
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FIGURE 3-20B

FIGURE 3-20A
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FIGURE 3-20C

ages of 20 and 50 and have a slightly higher
incidence in men. Approximately 7% of vascular
malformations seen in a large autopsy series were
cavernous malformations [2}. However, these lesions
are seen with less frequency clinically. This is indica-
tive of the fact that cavernous malformations are
considerably less biologically aggressive than AVMs.
These lesions are most frequent above the tentorium
and are not infrequently identified in the temporal
lobes (figure 3—21), where they may give rise to
seizure activity. The second most common location is
the pons. They are occasionally seen in the cerebel-
lum. When symptomatic, cavernous malformations
present with signs and symptoms of hemorrhage,
seizures, or headaches. The findings identified on CT
scanning are characteristic, but they are not path-
ognomonic {47, 48}. Unlike AVMs and venous
malformations, cavernous malformations cannot be

diagnosed specifically without histological confirma-
tion. The lesions are well circumscribed. They are
made up of a network of sinusoidal spaces that are
closely packed together and have no normal interven-
ing neural tissue. Calcification is frequently present.
Gliosis and hemosiderin deposition are frequently
seen, as is recent and remote hemorrhage. There are
no feeding arteries or draining veins of significant
size {13}. Because of their well-circumscribed nature
and lack of prominent afferent or efferent vessels,
they are quite susceptible to neurosurgical interven-
tion, which is frequently curative.

The characteristic CT findings relate to the well-
circumscribed nature of the lesions as well as to the
frequently present calcification. Noncontrast studies
reveal hyperdense lesions that may demonstrate mild
enhancement following contrast administration (fig-
ure 3—22). Mass effect is usually mild in the absence
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FIGURE 3-22A

FIGURE 3-22. Cavernous malformation. (A) Noncontrast
CT scan reveals a hyperdense lesion in the pons and mesen-
cephalon. The posterior margin is calcified. The lesion is
sharply circumscribed. (B) Following intravenous contrast
administration, there is minimal enhancement noted in the
anterior aspect of the lesion. These findings are charac-
teristic of cavernous malformations, but may be seen in
other entities, such as low-grade gliomas. (C) T1-weighted
MR scan reveals the lesion to be of increased signal inten-
sity, highly suggestive of hemorrhage or thrombosis.
Histologically verified cavernous malformation.

of hemorrhage. While these findings are characteris-
tic, other entities, such as low-grade glioma, prior
hemorrhage, and old inflammatory lesions can give
rise to similar CT appearance.

The addition of MR to the diagnostic armament-
arium of the neuroradiologist has made the overall
constellation of radiographic findings of cavernous
malformations somewhat more suggestive. Cavernous
malformations usually demonstrate increased signal

intensity on both T1- and T2-weighted images (fig-
ures 3—21, 3—22), consistent with previous hemor-
rhage or thrombosis, as do other angiographically
occult vascular malformations, such as thrombosed
AVMs [49]. In fact, cavernous malformations account
for a substantial portion of all cryptic vascular malfor-
mations (CVMs) {50}. Although cavernous malfor-
mations are most frequently occult to angiography,
occasional nonspecific angiographic abnormalities are
demonstrated {51, 52]. These usually consist of a
mild stain or blush and occasionally a small early
draining vein. Cavernous malformations are multiple
in 5-15% of patients depending on the series, a
much higher rate than with AVMs.

Telangiectasia

Telangiectases are abnormal collections of capillary
vessels with normal intervening neural parenchyma



136

D¢ FANODIA

q47¢—¢ 99NOII



3. INTRACRANIAL VASCULAR MALFORMATIONS 137

which are usually incidental autopsy findings. They
are most frequently encountered in the pons, but
may be seen anywhere in the brain {53}. Hemorrhage
and calcification are rare, but can occur {13}. These
lesions are angiographically occult and because of
their small size and usual pontine location are infre-
quently identified by CT {18]. They may be identified
as small CVMs on MR studies {27}.

Cryptic Vascular Malformations

Cryptic vascular malformations may be thrombosed
AVMs, cavernous malformations, venous malforma-
tions, telangiectases, or transitional forms. The
advent of MR has led to an increased interest in
CVMs, a subject about which a great deal of interest
had already existed {9, 15, 54—60}. Prior to CT and
MR, this entity was described by Crawford and
Russell {151, who reported 20 cases with spontane-
ous cerebral hemorrhages, unremarkable angiograms,
and vascular malformations identified at surgery or
autopsy. The description of radiographic findings in
CVMs were further refined with CT. Numerous
studies were published describing the characteristic
findings [54—591. Almost invariably, these authors
reported that the lesions demonstrated increased den-
sity on the noncontrast CT scan, were relatively well
citcumscribed, and usually demonstrated relatively
mild enhancement, if any, following intravenous
contrast administration. When histological evalu-
ations were available, the majority of these lesions
were AVMs that had undergone thrombosis {55, 561,
however, the percentage of AVMs was considerably
lower than that seen in usual clinical practice. As a
corollary, the incidence of cavernous malformations
and venous malformations were considerably higher
than normally seen.

Typical CT scans of patients with CVMs are seen
in figures 3—21 and 3-22, which are histologically
verified cavernous malformations, and in figure
3—23, which is a histologically unverified lesion
with radiographic findings characteristic of a CVM.
MR examinations reveal sharply demarcated lesions
of mixed but predominantly high signal on both T1-
and T2-weighted images. Areas of decreased signal
represent calcium and/or hemosiderin within and
surrounding the lesions. MR studies of CVMs show
high detection rates, even higher than with CT {60}.
The findings can be quite specific as well. The rela-
tively high rate of multiplicity of occult lesions has
also been demonstrated. In one series performed at a
high field strength, 47 % of patients (9 of 19) demon-
strated two or more CVMs {60]. Two CVMs of con-
siderable size variance were encountered in one of our
patients as well (figure 3—24).

It is clear that MR can identify small CVMs that
are occult to both angiography and CT (figure 3—25).
These lesions may remain small and asymptomatic
throughout a patient’s lifetime {59]. Deeply located
vascular malformations can be readily identified by
MR, and if the characteristic appearance is present,
the need for angiography may be obviated in selected
cases.

A summary of the pertinent CT, MR, and angio-
graphic findings demonstrated by the four major
histological categories of vascular malformations, as
well as by CVMs, is presented in table 3-3.

Syndromes Associated with
Vascular Malformations

STURGE-WEBER SYNDROME

Encephalotrigeminal angiomatosis is a syndrome with
typical clinical and radiographic findings. Patients
with this neurocutaneous disorder may present with a
port-wine stain of the facial skin (nevus flammeus),
seizures, hemiatrophy of the brain with contralateral
hemiparesis, and glaucoma. Radiographic findings
include calcifications and skull asymmetry that may
be appatent on plain films {61]. CT demonstrates the
calcifications effectively and at an earlier stage than
plain radiographs (figure 3—26). Commonly the calci-
fications are unilateral and are noted to conform to
the cerebral convolutions in the parietal and/or occip-
ital regions. These calcifications lie in the superficial
layers of the cerebral cortex. Angiographic abnormal-
ities related to the leptomeningeal angiomatosis have
been reported as well {62}. Occasionally, superficial
enhancement has been noted on CT scans. Recently,
angiomatous malformations of the choroid plexus
have been demonstrated on MR examinations {63].

RENDU-OSLER-WEBER SYNDROME

Hereditary hemorrhagic telangiectasia is a dominant-
ly inherited disease with associated arteriovenous
anomalies of the lung, gastrointestinal tract, skin,
and other viscera. Although most commonly this
syndrome effects the central nervous system because
of pulmonary shunts and resulting brain abscesses,
primary brain AVMs have been reported {64, 65].
One patient in our series with Rendu—Osler—Weber
syndrome presented with a large right parietal AVM.
Many patients with this syndrome have asymptomatic
telangiectasia discovered at autopsy.

WYBURN-MASON SYNDROME
In its complete form Wyburn—Mason syndrome

presents with cerebral, retinal, facial, and cutaneous
AVMs [66]}. A characteristic AVM of the retina
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FIGURE 3-25A

FIGURE 3-25B
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FIGURE 3-26. Sturge-Weber syndrome. CT scan with
bone window settings demonstrates calcifications con-
forming to the cerebral convolutions in the left fronto-
parietal and occipital regions. The calvarium on the left is
thickened and there is hemiatrophy of the left cerebral
hemisphere.

FIGURE 3-25. Cryptic vascular malformation occult to
angiography and CT. (A) TR = 525 msec., TE = 32 msec.
A tiny region of increased signal intensity is seen in the
region of the right pontomedullary junction (arrow). A
similar region of increased signal was seen on the T2-
weighted images. (B) The same pulse sequence, sagittal
plane. The lesion is clearly identified within the brain stem
(arrow).

which may be seen on fundoscopic examination
suggests the diagnosis.

BLUE-RUBBER—-BLEB-NEVUS SYNDROME

This is a rare neurocutaneous disorder where charac-
teristic blue nevi occur on the body surface. Vascular
malformations associated with this syndrome are
occasionally reported {67].

Recommended Protocol for Radiological
Evaluation of Intracanial Vascular
Malformations

A protocol for radiological evaluation of vascular
malformations must recognize that patients do not
present to physicians with vascular malformations,
tumors, inflammatory diseases, or congenital abnor-
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TABLE 3-3. Summary of Radiographic Findings in Intracranial Vascular Malformations

MR: T1-weighted

MR: T2-weighted

Noncontrast CT Postcontrast CT ~ image image Angiography
Arteriovenous Hemmorrhage. Serpiginous Hemorrhage. Flow Ischemic regions.  Typical rapid AV
malformations Calcification. enhancing void in Flow void in shunts, large
Serpiginous vessels. vasculature. vasculature. afferent and
areas of efferent vessels,
increased nidus.
density.
Venous May show Curvilinear region Hemorrhage in Flow void in Caput medusa.
malformations hemorrhage of enhancement cerebellum. curvilinear or Transcerebral or
particularly in coursing Flow void in round fashion. transcerebellar
cerebellum, through white curvilinear or Even echo vein.
rarely matter. May see  round fashion. rephasing.
calcification. medullary veins Increased signal
Otherwise rarely. from body of
negative. lesion.
Cavernous Frequently May demonstrate  Usually increased ~ Usually increased ~ Usually negative.
Malformations calcified, well- slight signal. Usually signal. Usually May show blush
circumscribed enhancement. sharply sharply in some cases.
and slightly dense demarcated. demarcated.
lesion. May be
hemorrhagic.
Telangiectasia Usually negative. Usually negative.  Usually negative.  Usually negative. ~ Usually negative.

Cryptic vascular
malformations

May show variable
calcification,
hemorrhage, or
thrombosis.
Usually sharply

May show slight
enhancement.

May show as
region of

increased signal.

Increased signal,
mixed signal
regions.
Usually shaply
demarcated.

May show as
region of

increased signal.
Increased signal,

mixed signal
regions.
Usually sharply
demarcated.

Negative.

demarcated.

malities, but rather with the associated symptoms
and signs, which may be similar for many disease
entities. Therefore, an appropriate imaging algor-
ithm for the utilization of CT, MR, and angiography
must consider the manner in which these lesions
present. For intracranial vascular malformations, this
includes acute neurological deficits most commonly
caused by intracranial hemorrhage, seizure, head-
aches, and other progressive or intermittent neurol-
ogical deficits.

Patients with acute neurological deficits (stroke)
are best studied initially by CT. CT will clearly dis-
tinguish between a parenchymal or intraventricular
hemorrhage and an ischemic event. MR is less suc-
cessful in making this distinction during the first 24
hours following ictus. Subarachnoid hemorrhage,
which may present with an acute neurological event
or sudden onset of severe headaches, will also be more

effectively visualized with CT. Once an intracerebral,
intraventricular, or subarachnoid hemorrhage has
been demonstrated by CT, further evaluation will
depend on clinical circumstances. An elderly hyper-
tensive patient with a hematoma in the basal ganglia
or cerebellum will probably require only follow-up
CT studies to see that the lesion resolves. A young
patient with an intracerebral hematoma who requires
immediate surgical decompression should usually
undergo a postcontrast CT study, if time permits,
in an attempt to visualize the lesion prior to surgery.
A patient with a hematoma that is not in need of
immediate decompression, but that because of the
patient’s age and the location of the clot is suspected
to be associated with a vascular malformation or
aneurysm, should undergo postcontrast CT and
angiographic evaluation. Similarly, patients with
subarachnoid hemorrhage require complete angio-
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PRESENTING SYMPTOMS AND SIGNS

Acute neurological deficit
("stroke®)

Sudden onset severe headaches
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(M - cavernous malformation
CW - cryptic vascular malformation

FIGURE 3-27. Suggested imaging algorithm for patients
with suspected intracranial vascular malformations.

graphic evaluation to exclude aneurysm or vas-
cular malformation after pre- and postcontrast CT
scanning.

Patients presenting with seizures, chronic head-
aches, or other progressive or intermittent neurologi-
cal deficits are best studied initially by MR. Magnetic
resonance has a number of advantages over CT in
elective circumstances where acute hemorrhage is not
a clinical consideration. Lesions in the posterior fossa
and in the temporal lobes are visualized without the
potentially obscuring effects of beam-hardening arti-
facts produced by bone on CT. This can be of
particular significance in identifying vascular mal-
formations in the temporal lobes and in identifying
small CVMs in the posterior fossa and brainstem.
Cryptic vascular malformations identified in these
deep locations may be quite characteristic on MR
studies, and the need for angiography may be obvi-
ated. Furthermore, small CVMs identified by MR
can be occult not only to angiography but also
occasionally to CT.

When an AVM is demonstrated by MR, angio-
graphic evaluation is warranted prior to undertaking
therapy, whether it be surgery, embolization, or
proton beam irradiation. When a venous malforma-

tion is suggested but not confirmed by MR, we
perform a pre- and postcontrast CT scan in an
atctempt to establish the diagnosis by these two
modalities in concert. If a question still remains as
to the possible presence of an AVM, angiography is
performed for diagnostic purposes. Our approach to
lesions that may be cavernous malformations or
low-grade gliomas is similar: we perform pre- and
post-contrast CT following MR and, if necessary,
angiography. With some CVMs the MR diagnosis
is so definitive that further imaging studies are not
warranted.

While we prefer MR to CT as the initial imaging
modality under almost all elective circumstances, cer-
tain contraindications remain. Patients with poten-
tially magnetic intracranial aneurysm clips and with
cardiac pacemakers should not undergo MR imaging.
In these instances, pre- and post contrast CT can be
utilized instead. Logistical and economic considera-
tions are encountered as well in some cases. When
MR is unavailable, CT with and without contrast can
be substituted as the initial imaging modality. In
many areas, MR studies cost approximately twice as
much as CT at this time, a factor worth considering
in certain circumstances. A diagrammatic representa-
tion of a suggested imaging algorithm for patients
with suspected intracranial malformations is given in
figure 3—-27.
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4. ATHEROSCLEROTIC EXTRACRANIAL
OCCLUSIVE CEREBROVASCULAR DISEASE
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Stanton J. Rosenthal

The term stroke denotes acute vascular and brain
changes leading to rapid development of neurologic
deficits. This condition was first described by Hippo-
crates as apoplexy, a term still in use today. The orig-
inal Greek word, apoplexia, means to strike down
—hence, the term stroke {1}. Hippocrates thought
that the reason for apoplexy was hot blood vessels
filled with white phlegm and black bile. Since Hip-
pocrates’s- time, a large body of knowledge about
brain circulation, metabolism, and pathology has
been acquired, especially over the last 30 years, and
it is now well recognized that stroke may be caused
by both intracranial and extracranial disease.

Stroke is the third leading cause of death and one
of the leading causes of long-term disability in the
United States {2]. About two million Americans are
affected by stroke and about 200,000 die of it each
year. As a result, stroke has serious medical, social,
and economic consequences in our society and is a
major public health problem.

Arterial occlusive disease, including thrombosis
and embolism, is responsible for approximately 80%
of strokes. More than 90% of these are caused by
atheroclerosis of the extracranial vasculature and its
emboli¢ complications [3].

Other causes of stroke are intracerebral hemor-
rhage, aneurysm (hemorrhage or infarction secondary
to spasm), arteritis, tumor, and infection. For a
discusston of imaging of the brain in cerebrovascular
disease, the reader is referred to Neuroradiology of
Cerebral Infarction (chapter 6 of this volume).

In about 10% of cases, the source of the stroke is
cardiac .in origin. Cardiac emboli occur in several
disease entities such as valvular heart disease, arrhy-
thmias, myocardial infarction with mural thrombus,
endocarditis, atrial myxoma, nonbacterial thrombo-
tic endocarditis, and congenital heart disease, as well
as in prosthetic heart valves [4].

In 1906, Chiari first suggested a relationship
between ulceration of the extracranial carotid arteries
and encephalomalacia {5]. In 1914, Ramsey Hunt
[6] suggested that stenosis of a carotid artery in the
neck could cause a stroke. It was not until 1951 that
Fisher {7} drew widespread attention to the extra-
cranial carotid arteries in the investigation of cerebro-
vascular insufficiency. Soon after the introduction of
carotid endarterectomy in the early 1950s [81, there
was a surge of interest in cerebrovascular disease, in-
cluding an ever-increasing demand for precise radio-
graphic evaluation of patients with symptomatic and
asymptomatic cerebrovascular disease. In fact, lesions
surgically accessible by present techniques are dem-
onstated in one or more of the extracranial vessels in
40-50% of symptomatic patients.

Atherosclerosis

PATHOGENESIS

Atherosclerosis is a noninflammatory degenerative
disease that can affect segments of almost any artery
in the body. Atherosclerosis is characterized by the
presence of nodular, irregularly distributed yellow,
fatty plaques involving the intima of large and
medium-sized arteries [9]. The term atheroma, which
is synonymous with and is used interchangeably with
atherosclerosis and arteriosclerosis, is derived from
the Greek word for mush and designates the pul-
taceous material in advanced intimal plaques. Athero-
sclerosis is by far the most common vascular disorder
and is the underlying cause of death in most persons
over 50 years of age.

Atherosclerotic plaques in themselves produce no
symptoms. Atherosclerotic plaques cause clinical dis-
ease by two mechanisms: (a) obstruction of blood
flow and (b) ulceration on the surface of the plaque.
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Hemorrhage into the intima adjacent to the pla-
que may increase the size of the lesion and thereby
narrow the arterial lumen {[10}. Stenotic lesions
account for only 10% of ischemic symptoms. The
cerebral vasculature has a tremendous intrinsic
ability to autoregulate and thereby maintain normal
blood flow at a markedly reduced perfusion pressure.
For a stenosis to be hemodynamically significant in
lowering the ipsilateral arterial pressure, a luminal
narrowing of at least 75 % must be present {11, 12}.
In such cases, slight degrees of blood pressure re-
duction may result in a markedly reduced cerebral
blood flow, since the brain has already utilized its
full autoregulatory ability. A far greater degree of
reduction (90%) is necessary to reduce flow in nor-
motensive or hypertensive patients {11].

Loss of continuity in the endothelial surface over-
lying the atheromatous plaque may result in dis-
charge of cholesterol or calcific debris into the blood
stream {10, 13} (figure 4—1). The presence of these
emboli have been documented in the retinal arteries
[14]. Loss of the endothelial surface also usually
initiates the development of a thrombus within the
arterial lumen. The collagen in the subendothelial
layer, exposed to the blood by the loss of the in-

FIGURE 4-1. Diagramatic representation of the patho-
genesis of atherosclerotic thrombosis and embolism.

tima, causes platelets to adhere to the ruptured sur-
face. Such a thrombus may progress to occlusive
thrombosis, or more commonly, it may fragment
to produce thrombotic embolization. Most strokes
are caused by emboli rather than inadequate hemo-
dynamics [11}.

Any branch of the aorta may be involved by the
atheromatous process. Such lesions occur most often
at sites of mechanical stress, particularly at points of
major arterial bifurcations {15}. In most patients,
multiple vessels are involved. The common carotid
artery bifurcation, including the proximal 1—2 cm of
the internal carotid artery, is the site in the
extracranial circulation most frequently involved in
the atherosclerotic process {1, 3, 11} (figure 4—2). It
accounts for approximately one third of cases that
have clinical evidence of cerebral ischemia {16}. The
next most frequent site of atherosclerosis is the proxi-
mal segment of each vertebral artery. The proximal
segment of the left subclavian artery is the third most
frequent site of stenosis, with lesions occurring in
about 12% of patients who have cerebral ischemia.
The right subclavian is involved only 8% of the time,
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12%

Common Sites of
Extracranial Atherosclerotic
Stenosis and Occlusion

FIGURE 4-2. Diagramatic representation of the common
sites of involvement in the extracranial vascular tree by
atherosclerotic lesions.

but when stenosis of the brachiocephalic trunk
(figure 4—3) and of the right subclavian artery are
considered together, the frequency is approximately
the same on both sides.

Ulcerative lesions most frequently involve the
carotid artery bifurcation (figure 4—4) but have been
described in other vessels. The ulcer is usually
located in the posterior wall of the carotid bifurcation
or at the origin of the internal carotid artery. Ulcera-
tion rarely occurs in the vertebrobasilar system.

The atherosclerotic process is unpredictable and
variable {2]. The ultimate outcome, even with
complete occlusion of a vessel, is influenced by a
number of factors. These include effectiveness and
adequacy of the collateral circulation, blood pressure
and general cardiovascular efficiency, and associated

lesions of the other internal carotid artery and of the
vertebral arteries. The outcome ranges from perma-
nent neurological deficits with frank infarction to no
tissue damage with no clinical manifestations—e.g.,
occlusion of the internal carotid artery in one patient
may be accompanied by only transitory neurologic
deficits or no symptoms, whereas in another patient,
neurologic dysfunction may be catastrophic.

NATURAL HISTORY OF TRANSIENT

ISCHEMIC ATTACKS

Despite the accumulation of extensive literature on
occlusive cerebrovascular disease, nothing has been
discovered that will reduce the size of a cerebral
infarct once it has occurred or that will promote
regeneration of infarcted necrotic tissue. Prevention
of stroke, therefore, has emerged as the only logical
and sensible course. It has been towards these goals
that the major efforts in the treatment and manage-
ment of cerebrovascular disease have been directed.

A transient ischemic attack (TIA) is an episode of
focal or temporary neurologic deficit that usually
lasts from one to several minutes but no more than
24 hours {2}. Neurologic examination between
attacks is generally normal. Symptoms of TIAs rarely
arise from the aortic arch or its major vessels,
although these vessels may be involved by athero-
sclerosis. The relative contribution of other embolic
sources, particularly those that are cardiogenic in
origin, to the production of TIAs is not certain.

In determining the potential benefits and risks of
any form of therapy, one must be aware of the natural
history of the disease process. Although the precise
magnitude of risk is controversial and dependent on
many factors, it is generally agreed that TIA is an
important risk factor for stroke. In fact, TIA is the
most important harbinger of stroke. However, not
all patients with stroke are warned far in advance of
potential infarction. In fact, less than 50% of
patients with strokes will have a prior TIA [17].

The greatest risk for stroke is in the first year
following the onset of TIA. Among patients with
TIA who do not die of a cause other than stroke,
about one third will suffer a stroke within five years
[18, 191, more than 20% in the first month of the
initial attack and 50% within the first year {18, 20}.
After the first six months following the onset of TIA,
the stroke occurrence rate is about 5% per year,
which is approximately five times the expected rate
for a normal population with a similar age distribu-
tion {17, 18, 21}.

The number of TIAs and the average length of
individual TIAs are less useful indicators of the risk
of stroke {18, 22, 23].
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In another one third of patients, the TIAs will
have ceased after three years, and in the remaining
one third, the TIA will still be occurring.

CONTROVERSIES IN TREATMENT
The literature on the medical and surgical manage-
ment of patients with TIAs is extensive, controver-
sial, and often contradictory. Anticoagulant therapy,
antiplatelet agents, and surgery have been advocated
in an effort to improve the morbidity and mortality
in patients with TIAs. Several reviews have cast
doubt on the efficacy of each of these forms of
therapy. At the present time, there is no conclusive
evidence to suggest that any single mode of treat-
ment of TIA is superior to another in preventing
stroke {24}].

The first results of carotid endarterectomy were
reported over 30 years ago. Although the number of
carotid endarterectomies performed in North America

FIGURE 4-3. A 68-year-old female, 11 days status post-
abdominal aortic aneurysm repair, who had an episode of
right-sided amaurosis fugax. Right posterior oblique aortic
arch study, performed via the left axillary artery route,
demonstrates a greater than 90% stenosis of the origin of
the innominate artery by a large atherosclerotic plaque
(arrowhead). A high-grade stenosis of the right common
carotid artery origin (arrows) is also identified. The origins
of the left common carotid (open arrow) and left subclavian
(curved arrow) arteries are also involved by the athero-
matous process. Both common carotid bifurcations were
unremarkable.

continues to climb {25}, controversy still exists about
the indications for and the risks and value of the
procedure.

On the one extreme is the view that carotid endar-
terectomy is not justified for general use on the basis
of the evidence presently available {26}. However,
there are many experts who would recommend ca-
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FIGURE 4-4. Atherosclerotic ulcerated plaque. Left lateral
carotid angiogram reveals an atheromatous plaque with
ulceration (arrowhead) on the posterior wall of the common
carotid artery bifurcation. The plaque is causing a greater
than 50% stenosis of the proximal internal carotid artery.

rotid endarterectomy to patients with ipsilateral
carotid system TIAs with appropriately demonstrated
lesions if the operation could be performed with a
perioperative mortality and stroke morbidity of
about 3% [11, 24, 27, 28). In these carefully
selected patients, there is evidence to suggest that
surgery can reduce subsequent stroke morbidity.
Many believe that a “hemodynamically significant
carotid stenosis” is a risk to the patient and should be
treated by endarterectomy {29, 30}. Many surgeons
recommend carotid endarterectomy for patients with
an asymptomatic carotid bruit who are found on
evaluation to have an operable lesion {24]}. Others
recommend evaluation of the carotid arteries in all
patients who are to undergo a major surgical pro-
cedure, particularly coronary artery bypass surgery
and peripheral vascular reconstruction {24}. This is
based on the view that these patients are at a reltively
higher risk for perioperative stroke and that carotid

endarterectomy in patients with asymptomatic but
operable lesions will reduce this risk.

The available data from a large number of publica-
tions [27, 28, 31-35]} do not support a role for
carotid endarterectomy in asymptomatic patients.
This restraint applies equally to casually detected
lesions, lesions found on the side opposite to symp-
tomatic lesions, and lesions found in patients with
only vertebrobasilar symptoms. An asymptomatic
bruit is more a marker for the presence of athero-
sclerotic disease than a predictor of stroke. In fact,
patients with an asymptomatic carotid bruit face a
greater threat of death from heart disease than they
do from stroke {11, 27, 36, 37}.

Imaging Techniques

Imaging techniques play a major role in the diagnosis
and management of vascular diseases involving the
central nervous system. The approach to and choice
of the imaging technique or techniques varies from
one institution to another. It depends on regional
philosophies of therapy in occlusive vascular disease
and on the relative strengths of the different imaging
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procedures at each institution. The choice of the
imaging technique also depends on how much infor-
mation the treating physician requires to make a
therapeutic decision and on his or her willingness to
accept data inferior to that obtained by superior but
riskier procedures.

There are a variety of imaging procedures available
for the examination of patients suspected of having
cerebrovascular disease. Procedures to find specific
evidence of vascular disease may be divided into two
categories: noninvasive and invasive.

NONINVASIVE TECHNIQUES

Although there are currently various noninvasive
diagnostic tests available that can detect the presence
of significant cervical carotid artery disease in a
majority of cases, none is fully satisfactory either
alone or in combination. At the present time, these
techniques are generally regarded as having screening
value only.

Noninvasive techniques include

Plain films

Ultrasonography

Dynamic computed tomography (CT) scanning of
the common carotid artery bifurcation

Magnetic resonance imaging (MRI) of the
common cartotid artery bifurcation

AT o -

Plain Films. Since the advert of CT and MRI, the
use of plain films of the head and neck has fallen into
disfavor. However, this noninvasive modality can
provide useful and important information in the
evaluation of patients with cerebrovascular disease.
According to Taveras {5}, more than one half of
patients who have calcifications 1 c¢cm or more in
length in the region of the common carotid artery
bifurcation, as seen on soft-tissue films of the neck,
have significant narrowing of the ICA at its origin.
However, severe occlusive disease is frequently seen
with minimal or no calicification.

The calcification of Monckeberg’s sclerosis is noted
in the tunica media of the vessel. Radiographically,
it appears as a dense uniform band involving the
entire circumference of the vessel, compared to the
irregular and scattered nature of intimal calcification.
The calcification of Monckeberg’s sclerosis is not
associated with stenosis of the artery.

Cervical spine films are also very useful in patients
with vertebrobasilar TIAs. Compression of the verte-
bral artery can occur secondary to osteophytes imping-
ing upon the foramen transversarium (see vertebral
artery evaluation).

Cerebrovascular Ultrasonography. The superficial lo-
cation of the extracranial cerebrovascular structures
make them ideal for evaluation by noninvasive ultra-
sound techiques. Since the early 1970s, Doppler
ultrasound instruments have been used to study the
carotid arteries. By measuring the shift frequencies
and analyzing the spectra of the Doppler spectra,
information about local rates and patterns of flow can
be obtained. Doppler instruments can also determine
the rate and direction of flow in various collateral
channels in patients with occlusive disease of the
internal carotid artery.

Doppler evaluation of the carotid artery has been
found to have an accuracy of 85-95% [38-43] for
lesions producing more than a 50% reduction in
luminal diameter. The major difficulty with Doppler
ultrasonography is its inability to detect lesions that
do not alter blood flow; in addition, it is incapable
of displaying anatomic features of atherosclerotic
plaques such as surface irregularity, ulceration, or
thrombus formation. Because therapeutic decisions
are made not only on the basis of degree of stenosis
but also on anatomic features of the plaques them-
selves, the physiologic information provided by
Doppler flow analysis represents only a partial eval-
uation of the patient’s suspected cerebrovascular
insufficiency.

Oculoplethysmorgraphy is one of a number of
noninvasive tests that indirectly evaluate the state of
the carotid vessels by examining the distal circulation
for evidence of reduced flow [44, 45}. It uses the
Doppler signal to monitor the flow in the supratro-
chlear and supraorbital branches of the ophthalmic
artery. Alterations in pressure and flow at the
common carotid bifurcation can be detected in these
branches. However, lesions of the carotid system at
any point between the common carotid artery and the
ophthalmic artery can produce similar abnormalities
in indirect testing.

To overcome the insensitivity of Doppler sono-
graphy to plaque producing less than 50% diminu-
tion in diameter, high-resolution real-time B-mode
imaging is now routinely used as an adjunct to the
Doppler examination. B-mode scanning can demon-
strate the early changes of atherosclerosis long before
a lesion produces alteration in blood flow (figures
4-5 to 4—7). Using B-mode instruments operating
in the 7.5—10 mHz range, it is possible to demon-

FIGURE 4-6. Longitudinal B-mode ultrasound image
showing calcific plaque (arrowheads) with posterior acous-
tic shadow (arrows) proximal to the common carotid
bifurcation.
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FIGURE 4-5. Longitudinal B-mode ultrasound image showing atheromatous plaque producing low-level echoes (arrows)
along the anterior and posterior walls of the common carotid artery.
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strate ulceration or intraplaque hemorrhage in up to
90% of lesions showing such changes at surgery
[46—48]. There are, however, significant difficulties
with the use of B-mode imaging alone. The accuracy
of B-mode imaging suffers as the severity of the
disease increases {46, 491. With real-time scanning,
it is frequently impossible to distinguish a highly
stenotic from a totally occluded vascular segment.
B-mode scanning may underestimate the severity of
disease due to incomplete visualization of the vessel
as a result of plaque calcification. In addition, some
plaques and thrombus may be overlooked unless
careful attention is paid to subtle differences in
echogenicity within the vessel lumina.

Given the accuracy of Doppler ultrasound for
lesions producing more than 50% decrease in
luminal diameter and the ability of B-mode scanning
to demonstrate less severe lesion and lesion anatomy,
the two modalities are now routinely combined for
carotid artery evaluation. Such examinations are re-
ferred to as duplex ultrasonography and represent the
state of the art in the noninvasive evaluation of the
carotid arteries. Reported accuracy for duplex carotid
sonography varies from 87—95 % {50—53}. Although
this technique suffers from an inability to evaluate
the origins of the common carotid and vertebral
arteries and the intracranial portions of the carotid
arteries, it is now acceptable as a reliable method of
screening for carotid atherosclerotic disease. Current
opinion suggests that such procedures should be used
in the initial evaluation of patients who are asymp-
tomatic with a carotid bruit. Patients whose symp-
tomatology is not localized to the carotid circulation
nor definitive for cerebrovascular disease and patients
in whom surgery would not be considered likely
because of other serious medical problems or a prob-
able nonsurgical cause for the TIA, such as a cardiac
embolus.

CT Imaging of the Common Carotid Bifurcation.
Imaging of the common carotid bifurcation by CT
has been described as direct visualization of the arte-
rial wall {54-56}. Following intravenous contrast
administration, dynamic scanning utilizing multiple
thin-section axial images is employed by this tech-
nique. Cross-sectional images are supplemented by
various types of 3-D reformations. Preliminary re-
ports suggest that CT scanning of the common
carotid bifurcation is a potentially sensitive method
for the detection of disease in the extracranial
common carotid arteries. This technique can provide
valuable and accurate anatomic information concern-
ing the arterial wall but has yet to be widely used
and accepted.

MRI. MRI has a unique ability for vascular study.
Individual sagittal images can demonstrate the ca-
rotid artery bifurcation well (figure 4—8). However,
the oblique and tortuous course of the carotid bifur-
cation as well as the eccentric location of the plaques
make sagittal imaging difficult to interpret on a
consistent basis. According to Goldberg [571, cross-
sectional images are superior to sagittal images and
permit appreciation to the best advantage of luminal
occlusion by atheromatous plaques from any portion
of the wall. In the future, with further improvement
and refinement of the technology. MRI may well
replace angiography in the investigation of patients
with cerebrovascular disease.

INVASIVE TECHNIQUES

In spite of the advances made over the past 15 years
using noninvasive techniques in the evaluation of
cerebral vascular disease, angiography remains the
gold standard and the definitive neuroimaging tech-
nique for the complete evaluation of cerebrovascular
disease. Angiography is nearly always performed
prior to a final decision for surgical intervention.
Angiography should not be done unless the physician
is prepared to advise surgical intervention should a
surgically resectable lesion with appropriate symp-
toms be discovered.

The advent of cranial computed tomography
(CT) and magnetic resonance imaging (MRI) have
had a major impact in the management of the stroke
patient, particularly in establishing the presence of
an evolving or completed infarce (see Chapter 6). CT
and MRI also serve to exclude other lesions that on
occasion may clinically present similarly to a stroke.
Every patient suspected of having cerebrovascular
disease in whom angiography is to be performed
should have a CT head scan or MRI of the head prior
to angiography. Not infrequently, a patient with a
subdural hematoma or a brain tumor, particularly
a meningioma, may present with symptoms that
mimic a TIA (figure 4-9). Other disease entities
such as a berry aneurysm or an unsuspected AVM
may be the cause of a patient’s symptoms, rather than
extracranial vascular occlusive disease.

Indications. Angiography is indicated when there
is consideration of corrective vascular surgery, sub-
arachnoid hemorrhage, or an uncertain diagnosis.
Angiography is usually indicated in patients with
TIAs and in patients who have had reversible
ischemic attacks. (The neurological deficit clears
completely within a few days to a week.) TIAs are
the strongest indication for surgery when a surgically
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accessible lesion in an artery supplying the appro-
priate area of the brain is identified.

Angiography and surgical intervention may also
be indicated in patients with a fixed neurological
deficit that may have initially improved but has
subsequently worsened, and in patients where the
neurological deficit progressively worsens. In stroke
patients with subarachnoid hemorrhage, angiography
should be performed if an aneurysm or arteriovenous
malformation is considered a likely etiology. Finally,
angiography should be performed in those petients in
whom the neurological diagnosis has not been clearly
established either by clinical or other diagnostic
evaluation.

FIGURE 4-8. Tl-weighted oblique sagittal MR image of
the neck demonstrates a normal-appearing common carotid
(cc) artery and its bifurcation into internal carotid (ic) and
external carotid (ec) arteries.

General  Considerations. The ideal angiographic
examination should fully visualize the entire cervico-
cranial vasculatufe from the aortic arch through its
intracranial circulation, since atherosclerotic disease
is frequently widespread and may involve both the
extracranial and intracranial arteries.

Each exmination should be tailored to the indi-
vidual patient’s needs. However, certain principles
should be followed. In order to define reliably and
consistently the clinically significant but frequently
radiographically subtle atheromatous lesions in the
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carotid system extracranially, it is critical that high
detailed visualization of this region be obtained. To
accomplish these ends, a high-quality study includ-
ing subtraction films should be obtained.

Each vessel must be examined in at least two dif-
ferent projections. Biplane studies are necessary for
accurate evaluation, since in one plane the vessel may
appear entirely or nearly normal. However, on the
opposite view, a severe stenosis or ulcerative lesion
may be demonstrated.

No angiographic study of cerebral vascular disease
is complete without evaluation of the intracranial
carotid circulation (see Chapter 6). The presence of a
significant intracranial occlusive lesion in association
with an extracranial stenosis might dictate a change
in the management of the patient. In the case of
tandem stenotic lesions—that is, one in a major
intracranial artery and another in an extracranial
vessel—simple repair of the latter may not improve
the blood flow to the brain {58].

In addition, evaluation of the intracranial circula-
tion occasionally reveals unsuspected nonocclusive
vascular lesions that could also alter therapy (figure
4-9). Some, such as aneurysms, are encountered inci-
dentally, while others, such as a subdural hematoma
and neoplasm, are disease processes that may mimic
cerebral ischemic event. Visualization of the intra-
cranial circulation is also important to identify
patterns of collateral blood flow.

The extracranial and intracranial vasculature can
be studied by a number of different angiographic
techniques and routines. Some of the more common
methods are listed below:

1. Intravenous digital subtraction angiography
(IV-DSA)
2. Intraarterial DSA (IA-DSA)
3. Conventional or film-screen angiography
a. Retrograde right brachial angiography with
direct percutaneous left carotid anigography
Arch aortography
Selective catheterization of carotid arteries

d. Evaluation of vertebrobasilar system

[a)

Intravenous Digital Subtraction Angiography (IV-
DSA). IV-DSA has been advocated both as a
screening examination for cervical carotid disease and
as a definitive diagnostic examination for patients
with symptomatic cerebrovascular disease [59—064}
(Aigure 4—10). Despite the enthusiam it generated
when introduced in the mid-1970s and its early
popularity, IV-DSA has fallen into considerable
disfavor.

IV-DSA has several advantages over conventional
angiography:

1. It has the potential for full examination of the
cervicocranial vasculature

2. It is less invasive and safer than conventional
angiography because it does not involve arterial
catheterization

3. The cost of the examination is much less than for
conventional angiography

IV-DSA has significant limitations that are mainly
related to its inferior spatial resolution and motion
artifacts (due to patient motion and swallowing).
Low contrast density secondary to decreased cardiac
output is another significant drawback. About 20—
25% of examinations may be technically unsatisfac-
tory due to these problems {65—68]. Furthermore,
superimposition of opacified vessels in the intracranial
circulation make the evaluation of these vessels dif-
ficult if not impossible. The large amount of contrast
material used for this examination is also a disadvan-
tage and may be a concern in patients with marginal
renal, pulmonary, and cardiac states.

In our department, we reserve the use of IV-DSA
mainly as a screening examination in the following
clinical situations:

1. Patients with asymptomatic carotid bruits
Asymptomatic patients in whom cerebrovascular
disease is suspected clinically

3. In the postoperative evaluation of patients who
have undergone carotid endarterectomy

Intraarterial Digital Subtvaction Angiography (IA-
DSA). Intraarterial injection of contrast material
provides superior and far more consistent visualiza-
tion of the extracranial and intracranial arteries than
do intravenous studies but with the added risks
of arterial catheterization (figure 4—10B). Using
IA-DSA, many of the shortcomings of IV-DSA are
avoided while most of its advantages are preserved.
IA-DSA is of great value, especially in patients
with renal or cardiac disease, since excellent opacifi-
cation of extracranial and intracranial arterial systems
can be obtained with this technique using much
lower doses of iodinated contrast material than are
used with conventional angiography and IV-DSA.
The resolution of IA-DSA is not quite that of
conventional angiography (figures 4—10C, 4-13,
4—14). However, IA-DSA has disease demonstration
capabilities almost equivalent to conventional angio-
graphy {4, 111 and can provide all the necessary
information in the vast majority of cases.
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FIGURE 4-10A

FIGURE 4-10. Comparison of IV-DSA aortic arch, IA-DSA aortic arch and conventional selective right common carotid
angiograms in a 72-year-old female who initially presented with bilateral asymptomatic carotid bruits and who then
developed right hemispheric TIAs following coronary artery bypass surgery. (A) IV-DSA demonstrates normal common
carotid birfurcations bilaterally. The origin of the brachiocephalic vessels are normal except for mild atherosclerotic changes
in the left subclavian artery. The definition and resolution of both common carotid bifurcations on the IV-DSA compare
favorably with the IA-DSA arch aortogram (B). The lateral view of the selective right common carotid angiogram (C) in the
same patient is superior in resolution to the IV-DSA and IA-DSA studies but also does not demonstrate a significant
abnormality.
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Retrograde Brachial Angiography. In some in-
stances where transfemoral arteriography is not tech-
nically feasible, retrograde brachial angiography may
be performed (especially in patients with extensive
peripheral vascular disease precluding the use of the
femoral arteries and the Seldinger technique). Retro-
grade right brachial angiography is used to evaluate
the antegrade flow through the right vertebral and
the right carotid arteries. The left carotid circulation
can be studied using a direct percutaneous left
carotid approach. The left vertebral artery can be
studied using a left brachial approach unless the left
vertebral arises directly off the aortic arch.
Retrograde brachial angiography is a safe method
for visualizing the cerebral vessels. It does have
certain drawbacks. Right brachial angiography re-
sults in simultaneous opacification of the right
carotid and vertebral arteries causing superimposi-
tion of these vessels on the AP radiographs. In
general, the diagnostic quality of these examinations
is poorer than with antegrade methods (selected
catheterization and arch aortography).

Arch Aortography. The angiographic evaluation of
cetebrovascular disease should not be limited to an
aortic arch study. Although aortic arch injection
provides adequate resolution of the extracranial
arteries in most cases, it is not adequate for evalua-
tion of the intracranial circulation. Furthermore, not
infrequently the study of the extracranial vessels may
be impaired by superimposition of vessels. The
resolution is inferior to selective common carotid
artery injection (see below) (figures 4—11, 4—12).
Ulcerations may be difficult to identify, and evalua-
tion of the degree of stenosis may be inaccurate [69].
A very high grade stenosis of the internal carotid
artery may appear to represent a complete occlusion
on aortic arch study {70, 71}— the so-called pseudo-
occlusion of the internal carotid artery.

Selective Common Carotid  Angiography. Angio-
graphy is best performed via the femoral approach
using the Seldinger technique. This permits both
aortic arch and selective common carotid artery in-
jection. Selective common carotid injection provides
superior anatomic detail concerning the nature and
extent of vessel changes {5, 11, 12, 72} (figures
4-11, 4-12).

In high-risk patients with severe aortofemoral
disease, which precludes this approach, right or left
axillary artery catheterization can also achieve these
objectives (figure 4—3).

In our department, we begin our angiographic
investigation of patients with cerebrovascular disease

with an IA-DSA aortic arch study (right posterior
oblique projection) using a 5 French pigtail catheter.
This is followed by selective catheterization of the
common carotid artery on the side of interest after
exchanging the pigtail catheter for another 5 French
catheter.

Biplane filming of the common carotid artery
bifurcation is performed using conventional cut film
technique. All surfaces of the arterial wall may not
be fully visualized even with biplane projections. If
there is a suspicious change on the symptomatic side
at the common carotid bifurcation or if the bifurca-
tion is not adequately visualized, additional biplane
oblique views should be obtained.

The opposite common carotid artery is then selec-
tively catheterized and similar sets of radiographs are
obtained.

If one has difficulty in selecting a particular vessel,
the initial IA-DSA aortic arch study that mapped out
the origin and course of the great vessels can be of
great help.

At some institutions, the aortic arch study is
performed after the selective common carotid artery
studies, the rationale being that the aortic arch study
requires the use of a number of 6 or 7 French
catheters whereas a 5 French catheter is generally
used for a selective common carotid artery catheteriza-
tion. Bleeding would occur at the catheterization site
if a smaller catheter was inserted after a larger one.
This problem can easily be resolved by a number of
methods. A femoral exchange sheath can be used to
overcome this problem. Furthermore, the arch study
can be performed, as is our custom, using a 5 French
high-flow pigtail catheter so that the same size
catheter is used for both the arch and selective
common carotid artery studies.

The risk of neurologic complication is a factor that
must be considered when angiography is contem-
plated. Since there is also an increased risk in the
setting of acute cerebral infarction {73}, angiography
in the acute stroke setting is therefore performed only
when the diagnosis of vascular occlusive disease is
uncertain or when the procedure may elucidate an
immediately treatable disease process such as arteritis
or a surgically correctable vascular lesion.

Vertebral Artery Evaluation. The origin of the ver-
tebral artery: is a frequent location for occlusive
vascular disease (figure 4—9). Clinical and angio-
graphic studies demonstrate posterior circulation
disease in 20—50% of all patients with cerebrovas-
cular disease {74}. However, not all lesions are
significant.

We usually evaluate the vertebral artery circula-
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tion only on the aortic arch study unless specific
symptoms dictate a more detailed examination. On
an aortic arch injection, it may be difficule to
visualize the origin of the vertebral arteries, because
they arise posteriorly from the subclavian arteries. It
may be necessary to profile the origin of the vertebral
arteries by obtaining appropriate oblique views.

It is safer to study the vertebrobasilar circulation
without selectively catheterizing the vertebral arter-
ies. There is an increased risk of neurological com-
plication with selective catherization of a diseased
vertebral artery or when there are symptoms of
vertebrobasilar insufficiency {72}, either from dis-
lodging atheromatous lesions or from occluding an
already stenosed lumen with the catheter.

In patients with symptoms of vertebrobasilar insuf-
ficiency, if the aortic arch study is not satisfactory,
injection of the contrast into the subclavian artery at
or near the origin of the vertebral artery with blood-
pressure-cuff occlusion of the brachial artery runoff
may be performed. This technique provides good
contrast resolution of the vertebral artery and its
intracranial circulation. Bilateral selective common
carotid artery examinations should also be performed
to image the posterior cerebral arteries if these are not
well seen on subclavian injections.

The vertebrobasilar circulation may also be com-
promised by intermittent compression of the cervical
vertebral artery by osteophytes encroaching upon the
artery in the foramen transversarium during head and
neck turning. Cervical spine films and vertebral
angiography with the head and neck turned to the
symptomatic position will localize the side and level
of the compression in such patients {75].

The vertebral circulation may be seriously affected
by occlusion of the left subclavian artery in its first
part, proximal to the left vertebral origin. When this
occurs, the left vertebral artery acts as a collateral to
the left subclavian artery (ﬁgure 4—-13). Blood flows
up the right vertebral artery and then in a retrograde
fashion down the left vertebral artery to the left
subclavian artery, where blood pressure has been
lowered by the proximal subclavian block. This
siphonage of blood from the vertebrobasilar system to
the arm has been termed the swbclavian steal syndrome.
The diversion of blood from the brain may result in
cerebral ischemia {2]. The abnormality is well demon-
strated by arch aortography. Less commonly, siphon-
age of blood down the right vertebral artery may
occur if there is an innominate or proximal right
subclavian block (figure 4—14).

Angiographic Features of Atherosclerosis

Ulcerating and stenosing plaques most often arise
from the posterior wall of the internal carotid artery

at or near its origin (igure 4—4), but not infrequently
they arise only from a side wall. An ulcerative plaque
is seen as an irregularity of the vessel wall in mild
cases (figures 4—15, 4—16) or as a niche or out-
pouching in more advanced disease (figure 4—17);
that is, the ulcer is seen in profile. In some cases, it
may appear as a well-circumscribed double density
superimposed on the artery, and this represents the
ulcer seen en face rather than in profile.

Some discrepancies and inaccuracies exist between
the angiographic findings and the surgical appearance
of atheroma {76—78}. An ulcer crater covered by a
thrombus at the time of angiography may lead to a
false-negative diagnosis. In one series, only 60% of
carotid artery bifurcations that showed ulceration at
surgery were diagnosed as having ulcers using con-
ventional angiography {76]. Half the remaining
ulcers occurred in smooth, benign-appearing plaques.
An incorrect angiographic diagnosis of ulceration was
made in 17 of 50 carotid arteries, in most cases due
to a subintimal hematoma or out-pouching secondary
to destruction of the media with intact endothelium
(figure 4—15).

In most cases, these subintimal hematomas have
a typical angiographic appearance consisting of a
sharply marginated, rounded, eccentric filling defect
located near the extracranial carotid bifurcation. This
characteristic radiographic appearance occurs in 50%
of cases of subintimal hematomas. However, a smooth
atheromatous plaque without hemorrhage may also
have this appearance.

For diagnostic precision and accuracy, Kricheff
{11} has recommended avoiding the use of the term
ulcer and using descriptive terms such as out-pouching,
smooth plaque, or irregular plague.

A thrombus may occasionally be seen projecting
into the arterial lumen (figures 4—18, 4-19).

As mentioned earlier, stenosis becomes hemody-
namically significant when the cross-sectional area of
the lumen is decreased by 75%. Angiographically,
this is represented by a 50% decrease in the trans-
verse diameter of the opacified lumen {11, 12}. A far
greater degree of reduction (90%) is necessary to
reduce flow {11}. There is no general agreement as to
the best method for evaluating the degree of stenosis.

The distal cervical carotid segment diameter, not
that of the bulb, should be used for determining the
percent stenosis of a proximal internal carotid artery
(ICA). Using the carotid bulb diameter as the normal
ICA diameter significantly overestimates the degree
of effective carotid stenosis {72}. Using the distal
internal carotid diameter as the normal reference
diameter, a 60% stenosis was found to produce a
highly consistent change in ophthalmic artery dyna-
mics as measured by oculoplethysmography.
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FIGURE 4-15. A 69-year-old female with right hemispheric TIAs. Lateral view of selective right common carotid
angiogram reveals atheromatous plaque with an irregular out-pouching (arrowhead) involving the anterior wall of the
common carotid bifurcation. The atheromatous plaque extends cephalad to produce an approximately 70% stenosis of the
external carotid artery. Ulcers on the anterior wall of the artery are far less common than on the posterior wall. At surgery,
this out-pouching proved to be due to a subintimal hematoma and not an ulcer.
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FIGURE 4-17. Extensive ulcerated atheromatous disease.
Right lateral common carotid angiogram reveals extensive
atheromatous disease involving the common carotid artery
bifurcation with a small ulceration (arrowhead) on its
posterior wall. A larger ulcerated plaque (arrow) is seen
involving the proximal ICA, which is significantly narrowed
by the atheromatous plaque. The origin of the external
carotid artery is also narrowed.

Others have suggested that the most appropriate
method for evaluating the hemodynamic significance
of a stenosis is the determination of the minimal
residual luminal diameter. A carotid artery with a
residual diameter of less than 2 mm in absolute size
after correction for magnification is considered signifi-
cantly stenosed {11, 79].

The stenosis may extend over a long or short
segment {81]. Both the length of the segment and its
diameter are important. A long segment of stenosis
may be more significant than a short segment with
the same degree of narrowing {821.

As discussed earlier, if more than one stenotic

lesion is present along a vascular distribution, the
hemodynamic effect is not the cumulative effect of all
the stenoses but is mainly determined by the most
severe stenosis. Such tandem lesions are often found
in the internal carotid artery, with one lesion at the
common carotid artery bifurcation and the other in
the carotid siphon. When the carotid siphon stenosis
exceeds that of the proximal internal carotid artery,
removal of the proximal lesion alone does not increase
blood flow through the distal stenosis.

Stenosing plaques may be a smooth or rough
surface. Plaques with irregular surfaces are often
difficule to distinguish from atheromatous ulceration
{11, 82].

Occlusion of the extracranial arteries is less com-
mon than stenosis. The end stage of atheromatous
narrowing is total occlusion of the vessel. The dis-
tribution of arterial involvement is similar, since
occlusion usually is sequel of advanced stenosis.
Occlusion is recognized angiographically by the
abrupt termination of flow of contrast medium and
lack of filling of the artery distally.
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FIGURE 4-18. Ulcerated plaque with intramural thrombus. A 50-year-old female presented complaining of left
hemispheric TIAs. Left posterior oblique arch aortogram demonstrates ulcerated plaque (arrowhead) involving the origin of
the left ICA with a filling defect (arrow) distal to the plaque which represents an intramural thrombus.
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FIGURE 4-19. Intramural thrombus with total occlusion.
A 63-year-old male with left hemispheric TIAs that had
stopped three days prior to the angiogram. Lateral view of
selective left common carotid angiogram demonstrates
occlusion of the ICA 4 cm distal to its origin. A filling
defect due to a thrombus (arrowheads) can be seen at the
site of occlusion.
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5. NONATHEROSCLEROTIC LESIONS OF
THE EXTRACRANIAL VASCULATURE
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Atherosclerosis is by far the most common cause of
stenosis and occlusion of the extracranial arteries.
However, other pathological conditions can cause
stenosis and occlusion of these vessels. These include:

1. Fibromuscular dysplasia
2. Dissecting aneurysms
3. Takayasu’s arteritis.

Fibromuscular Dysplasia

PATHOLOGICAL AND CLINICAL FEATURES
Fibromuscular dysplasia (FMD) is a multivessel,
segmental nonatheromatous angiopathy. The term
dysplasia does not imply a specific etiology but is
derived from the Greek #ys (bad) and plasia (molding).
The disease was first described by Leadbetter and
Burkland in 1938 {1} and usually involves primary
branches of the aorta.

FMD predominantly attacks middle-aged females
(the female-to-male ratio is 3:1) but has been des-
cribed from four to 71 years {2]. FMD is primarily a
disease of Caucasians, although it has been found in
other racial groups as well. Although a clear geo-
graphic distribution has not been described, a familial
disposition probably exists.

Mettinger and Ericson have suggested that FMD
is a congenital mesenchymal disorder [3]. They point
out an increasing number of reports of familial occur-
rence, family history of related problems such as
stroke, hypertension, and migraine, and the associa-
tion of FMD with various congenital abnormalities
(discussed below).

Three histologic types of FMD have been des-
cribed: intimal fibroplasia, medial fibroplasia or
fibromuscular hyperplasia, and subadventitial or
periarterial hyperplasia {4]. In some patients, these
types may coexist with involvement of two or all three

layers of the arterial walls. The most common histol-
ogic type is the medial form (greater than 88%) {5].

ANGIOGRAPHIC FEATURES

Three major angiographic patterns are recognized {2]
(figure 5—1). The string of beads appearance (Type I)
is seen in about 89% and is characterized by multi-
ple, irregularly spaced, concentric constrictions with
normal or dilated intervening segments (figures 5—2,
5—3). The dilatations are always wider than the
normal lumen of the vessel. The localized constric-
tions usually narrow the lumen by less than 40%.
Medial fibroplasia is the most common histologic
type seen with this angiographic finding.

Unifocal or multifocal tubular stenosis represents a
second angiographic type (Type II) and is much less
common (7 %) (figure 5—4). The smooth, concentric
tubular narrowing is less specific than the string of
beads appearance and can be associated with any type
of FMD.

Type 3 FMD has been termed atypical FMD by
Houser et al. [4]. Atypical FMD usually affects only
one wall of the involved segments with a diverti-
culumlike smooth or corrugated ovoid out-pouching
with noncircumferential weblike narrowings (figure
5—5). Type 3 lesions are rare (4%) and are some-
times associated with atypical Type 1 lesions, pos-
sibly as a complication.

Angiographically, FMD is found most often in the
renal arteries (85%) [6]. The second most common
location is in the internal carotid artery, where FMD
constitutes the second most common cause for extra-
cranial carotid narrowing [4, 71, atherosclerosis being
the most common cause. About 1% of all carotid
angiograms show FMD {4}. The great majority of
cervical FMD is located in the high cervical internal
carotid artery. Usually, the C1-2 segment of the
internal carotid artery is involved, and frequently
(65%) the involvement is bilateral {2, 4, 8}. Involve-
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ment of the common carotid bifurcation is exceedingly
rare {2}, and the proximal portion of the internal
carotid artery is characteristically spared. Sparing of
the petrous internal carotid artery is typical, although
on very rare occasions the petrous portion may be
involved (figure 5—4). Coiling and tortuosity of the
internal carotid artery are also prominent features.

Vertebral artery involvement by FMD is seen in
about 10—15% of cases and usually at the C2 level
[4]. Most patients with vertebral involvement also
had internal carotid artery lesions. FMD has been
described involving numerous other vessels, includ-
ing superior mesenteric, celiac, hepatic, external
iliac, axillary, occipital, and external carotid arteries
[9}. Involvement of intracranial vessels is very rare
but has been reported {9—12]. Renal and mesenteric
vein involvement have also been reported {13].

Although FMD of the cervicocephalic arteries was
formerly regarded as primarily an incidental angio-
graphic finding, many patients present with signifi-
cant clinical symptomatology. These can include
headaches, TIAs, acute cerebral infarction, or sub-
arachnoid hemorrhage from a coexisting aneurysm.
Other reported symptoms include carotodynia, pul-
satile tinnutis, vertigo, epilepsy, and Horner’s syn-
drome {3]. Hypertension is frequently observed,
particularly with renal FMD.

Several associated abnormalities and complications
of FMD have been described. FMD is known to be
associated with spontaneous dissection of the carotid
artery with all its ischemic complications. However,
in a significant number of cases, FMD is an inciden-
tal finding. Intracranial aneurysms are associated
with FMD in over one third of cases. These are most
often ipsilateral to the more severely affected extra-
cranial carotid artery. Subarachnoid hemorrhage is a
well-known complication, particularly when asso-
ciated with hypertension. Development of carotid-
cavernous fistula has been well described (10, 11, 14,
15). Hieshima et al. also described two cases of
vertebral venous fistula {10]. Spontaneous arterial
dissection occurs not uncommonly {5, 11}. Fenestra-
tion of the vertebral artery and intracranial arterio-
venous malformation have also been reported {3, 16}.
Skeletal deformities and dextroposition of the heart
are unusual associations {3].

Differential diagnostic considerations depend on
the angiographic classifications. The Type 1 string
of beads appearance is usually characteristic, but
differential considerations would include stationary
waves or circular spasmodic contractions. In vascular
spasm, the constrictions are more regular and evenly
spaced and occur without the dilatation beyond the
normal vessel lumen of intervening segments so

CAROTID FIBROMUSCULAR DYSPLASIA

FIGURE 5-1. Diagramatic representation of the three

major characteristic angiographic patterns seen in cervical
ICA FMD.

typical of FMD (figure 5—0). The constrictions are
probably related to vascular irritation produced by
the catheterization and subsequent injection of con-
trast or may occur when contrast is injected into
a vessel with reduced run-off.

Differential considerations in the tubular stenotic
Type 2 form would include Takayasu’s arteritis, arte-
rial hypoplasia, diminished luminal caliber secondary
to decreased distal blood flow, and vascular spasm.
Atherosclerosis can frequently be differentiated due
to its characteristic location and the rate involvement
of vessel origins by FMD. Type 3 FMD can be in-
distinguishable from atherosclerosis or post-traumatic
aneurysm. Location is again helpful [2].

TREATMENT

Although definite progression of FMD has been
observed in some cases {2, 5, 17}, complete ob-
struction is rare {4}. Thus, treatment obviously
requires careful consideration regarding the degree of
symptomatology and the development of associated
complicatioins.

Treatment of FMD has included graduated dilata-
tion {18, 191, graduated dilatation with endarte-
rectomy {19}, resection with reanastomosis {18],
resection with vein graft interposition [18}, and
percutaneous transluminal angioplasty {20, 21}
Treatment of spontaneous complications such as
carotid-cavernous fistula by balloon embolization has

also been described {14].
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FIGURE 5-2. A 42-year-old female with FMD. The arterial phase of the left carotid angiogram demonstrates multiple,
irregularly spaced, concentric stenoses of the midcervical portion of ICA (arrow). Alternating with these constrictions are
normal or dilated intervening segments. This angiographic finding is the so-called string of beads appearance that is
considered pathognomonic of FMD. The right ICA also was involved. In addition, right carotid angiogram disclosed a
sausage-shaped aneurysm arising from the anterior communicating artery (not shown).
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FIGURE 5-3. Cervical ICA FMD. Arterial phase of the lateral right carotid angiogram demonstrates the string of beads
(arrow) appearance involving the midportion of the cervical ICA. Note sparing of the common carotid artery bifurcation and
the origin of the ICA. The petrous portion is spared by the disease process. Identical changes were demonstrated in the left
ICA in its cervical portion.
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FIGURE 5-4A FIGURE 5-4B

FIGURE 5-4. Type 2 FMD. Early (A) and late (B) lateral arterial phases of left carotid angiogram demonstrate a long
segment of smooth tubular stenosis (arrows). The petrous portion of the ICA is involved by the disease process. This latter
finding is very rare and not typical of FMD.
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FIGURE 5-5. Type 3 or atypical FMD. Frontal view of right carotid angiogram demonstrates a lateral diverticulumlike
out-pouching (arrow) that probably represents atypical FMD. The medial wall of the ICA is also involved, indicating that
an atypical Type 1 lesion is also present. The string of beads pattern of FMD was present in the contralateral left ICA.
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FIGURE 5-6. Vascular spasm. Note the high position of
the catheter (arrowhead) in the ICA. The spastic constric-
tions (arrow) are fine and regularly spaced with no evidence
of dilatation beyond the normal vessel lumen.

Dissecting Aneurysms

PATHOLOGICAL AND CLINICAL
CONSIDERATIONS

Arterial dissection occurs when blood is forced
between the tissue planes of a vessel wall. Arterial
dissections (dissecting aneurysms) of the cervical
internal carotid artery and/or the vertebral artery are
now recognized with increasing frequency as a cause
of stroke.

Dissection may result from vessel damage caused
by cystic medial necrosis, fibromuscular dysplasia,
Marfan’s disease, or syphillitic arteritis {22}. Al-
though some disease states may predispose to a vessel
dissection, a dissecting aneurysm may also occur
spontaneously in a seemingly normal artery {22, 23}.
Dissecting aneurysms may also result from direct
arterial trauma {24, 25}. The internal carotid artery

(ICA) is relatively unprotected in its cervical course
and is therefore vulnerable to traumatic injury from
a variety of causes. Blunt, intraoral, or penetrating
trauma to the ICA may result in thrombosis, intimal
tears, dissection, stenosis, and occlusion. A sudden
deceleration or hyperextension injury produces strong
shearing forces at the point where the relatively
flexible, unprotected ICA enters the rigid petrous
carotid canal. The ICA is tensioned and stretched
over the bony mass of the first and second cervical
vertebrae, tearing the intima in one or more places
(figure 5—7). Most traumatic occlusions of the ICA
result in rapid thrombosis of the entire vessel be-
tween the carotid bulb and the ophthalmic artery,
regardless of the site at which the initial damage
originated (figure 5—8).

In 90% of cases, the diagnosis of carotid dissection
is not made until the patient has suffered a neuro-
logical deficit in the form of a transient ischemic
attack (TIA), a reversible ischemic neurological
deficit, or a stroke {24}. In the majority of patients,



182

FIGURE 5-7B
FIGURE 5-7A

FIGURE 5—7. Bilateral traumatic dissecting aneurysms in a 25-year-old woman who was involved in an automobile
accident. The patient was admitted with a diagnosis of intracerebral trauma. CT head scan was normal. Left (A) and right
(B) lateral carotid angiograms demonstrate marked irregularity and narrowing of the lumen of both cervical ICAs. In (B),
note that the dissection involves only the posterior wall (arrow) of the artery, with the anterior wall appearing normal and

smooth.
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FIGURE 5-8. Traumatic occlusion of ICA (arrow). Left
lateral carotid angiography in a 17-year-old male who was
injured in a motorcycle accident demonstrates complete
occlusion of the ICA 3 c¢m distal to its origin.

these neurological symptoms are delayed. Only 10%
of patients develop symptomatic cerebral ischemic
incidents with the onset of the dissection.

The diagnosis of arterial dissection should be con-
sidered in young patients who present with cerebral
ischemia as well as in trauma patients who have both
a focal neurologic deficit and a normal computerized
tomography (CT) scan.

A definite gender predilection has yet to be con-
firmed. In some series, males predominate, while in
others females predominate. O'Dwyer et al. [26] and
Ehrenfeld and Wylie {27} have reported that the
genders are affected equally.

The initial complaint of two thirds of patients
with carotid dissection is neck pain that frequently
radiates into the mastoid or suboccipital area [22]. A
Horner’s syndrome resulting from injury to the peri-
carotid sympathetic plexus is present in one half of
the cases. A high cervical lesion may be associated
with a bruit, and a lower cervical lesion may some-
times present as a pulsatile mass in the neck. Hyper-
tension is not a factor in the majority of cases [28].

Alchough symptoms may result solely from vessel
occlusion, emboli to the intracranial vessels have also
been documented {29}.

ANGIOGRAPHIC FEATURES
Houser et al. {30} reviewed 42 patients with spont-
aneous dissection of the cervical internal carotid and
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FIGURE 5-10. Dissecting aneurysm. Right lateral carotid
angiogram demonstrates narrowing and irregularity of the
cervical ICA. Note the small fingerlike aneurysmal dilata-
tion (arrowhead) parallel to the vessel, with flattening of
the surface that faces away from the artery. The dissection
extends distally into the petrous and cavernous segments of
the artery. The spiral filling defect (arrows) within the
opacified vessel represents the intima between the false and
true lumen of the vessel.

vertebral arteries. In their series, they found that
usually a single ICA, predominantly the right, was
affected. However, simultaneous multivessel dissec-
tions were present in about one third of their patients.

Angiographically, the appearance of the dissection
varies depending on its severity, extent, and the
interval between onset and angiography. In most
cases, the true lumen of the vessel is compressed by

clotted blood lying within its arterial wall and is,
therefore, markedly narrowed over the involved arte-
rial segment. This segmental luminal constriction is
known as the angiographic string sign {28} (figure
5-9). Since the dissection normally involves only a
portion of the arterial wall, the true lumen will not
be concentrically narrowed, but rather will be asym-
metrically compressed, off to one side. In Houser's
series {30}, the disruption was manifested initially
by eccentric tapered stenosis in 47 % of cases, tapered
stenosis and aneurysmal dilatation in 28 % occlusion
in 18% and aneurysm dilatation alone in 7%.
The angiographic hallmark of dissection is a long,
tapered, usually eccentric stenosis that begins distal
to the carotid bulb and is associated with irregularity
of the lumen. The tapered narrowing may extend
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into the skull base or beyond. The irregularity is
more prominent along one surface of the vessel.
Round, saccular aneurysms may be small with a wide
neck, or less often, large. These aneurysms may
extend like fingers, parallel to the vessel, and appear
to be flattened along the surface that faces away from
the artery (figures 5—10, 5—-11).

Occasionally, the false channel caused by the
dissecting blood will rupture back into the true
lumen, and both channels will be patent to blood

FIGURE 5-11. Spontaneous dissecting aneurysm. Left
lateral carotid angiogram reveals eccentric tapered stenosis
of the cervical ICA with an area of aneurysmal dilatation
(arrow) just proximal to the petrous carotid canal.

flow. On angiography, a spiral filling defect within
the opacified vessel may be seen. This represents the
intima between the false and true lumen of the vessel
(figure 5-10).

Patients with spontaneous dissection differ from
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those with atherosclerosis or fibromuscular dysplasia
without concurrent dissection because these latter
disorders predominate in patients who are usually
more than 50 years old, while patients with spont-
aneous dissection are often less than 50 years old. The
asymmetrical focal constriction seen in dissecting
aneurysms helps differentiate the luminal narrowing
of dissection from that of fibromuscular dysplasia,
which concentrically narrows the vessel lumen. The
angiographic appearance of alternating areas of widen-
ing and concentric narrowing—the so-called string
of beads appearance—is considered pathognomonic
of fibromuscular dysplasia. Atherosclerosis usually
involves the carotid bifurcation and carotid siphon,
whereas dissecting aneurysms generally do not.

Stenotic dissections of the vertebral artery may also
occur. Vertebral dissection is most commonly associ-
ated with cervical hyperextension and rotation such
as may occur with trauma or with chiropractic mani-
pulation of the neck {31]. Vertebral dissections may.
occur spontaneously or in association with FMD and
other ischemic diseases that affect the arterial wall
[32]. They are usually 2—4 cm long and are localized
to the level of the first and second cervical vertebral
bodies, although they may occur anywhere along the
cervical portion of the artery. Aneurysmal dilatation
may also occur in the vertebral artery {22].

Carotid and vertebral arterial dissections tend to
resolve (figure 5—12), sometimes progress, but seldom
recur. In Houser’s series {30}, stenotic dissections
resolved in 60%, improved in 20% and progressed in
15%, while those with aneurysm formation dimini-
shed in half and resolved in one fourth of patients.
An angiographic residuum was evident in 25% of
dissections.

Takayasu's Arteritis

PATHOLOGICAL AND CLINICAL FEATURES

Takayasu’s arteritis is a panarteritis characterized by
inflammation and stenosis of the large and intermedi-
ate-sized arteries, and usually proceeds to vascular
occlusion. It is named after a Japanese ophthalmo-
logist who described the retinal manifestations of the
disease without recognizing the major vascular ab-
normalities of the condition. Takayasu’s arteritis in-
volves primarily the brachiocephalic vessels but may
also affect the aorta and any of its primaty branches
{33}. It has also been called pulseless disease, aortic
arch arteritis, and obliterative brachiocephalic arte-
ritis. Takayasu’s arteritis is a rare form of giant-cell
arteritis, and the histological changes of the affected
vessels are similar to those of temporal arteritis,

except infiltration by giant cells is less common in
Takayasu’s arteritis.

There is a marked female predominance, with a
female-to-male ratio of 9:1. The disease usually
affects young women between the ages of 10 and 45
years. The disease was initially described in young
Japanese women, but it is now recognized as in-
volving all racial groups and is not geographically
restricted. Nonetheless, the disease is more common
in Japanese and Indians in the Western Hemisphere
than it is in Caucasians {33}.

The etiology of the disease is unknown. An auto-
immune process directed against the aorta and its
major branches has been proposed as the underlying
etiology. High titers of antiaorta antibodies, demon-
strated in a significant number of proven cases,
support this hypothesis.

The disease has been divided into acute and
chronic phases [34]. In the acute or systemic phase,
low-grade fever, myalgia, cough, and an elevated
erythrocyte sedimentation rate may be seen.

The signs and symptoms associated with the
chronic phase reflect ischemia of the involved organ
system. Not infrequently, the systemic symptoms
may be absent and symptoms related to ischemia
caused by occlusive elements may be the presenting
complaint. The disease is usually relentlessly progres-
sive, and surgical excision of a stenotic segment and
grafting may be necessary.

Hypertension, which occurs in about half of the
patients, may be secondary to narrowing of the
thoracic or abdominal aorta or may be due to renal
artery involvement. To detect the hypertension, the
evaluation of leg blood-pressure readings is essential.

RADIOLOGIC FEATURES

Plain films may demonstrate calcification of the
aortic arch and the origins of the brachiocephalic
vessels.

The diagnosis is established by finding the
characteristic changes on angiographic studies, and
biopsy of the affected vessel or vessels confirms the
diagnosis.

Angiographically, the disease may present occlu-
sive or aneurysmal changes or a combination of the
two [35].

The brachiocephalic vessels are the most frequently
affected arteries. Smooth, long segment fusiform
stenosis of the proximal arch vessels is the classic
angiographic finding in Takayasu’s arteritis. In
severe cases, progressive stenosis may result in com-
plete occlusion of one or more arch vessels. Any
single arch branch or any combination of the arch
branches may be affected. In 80% of cases, two or
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FIGURE 5-13. Takayasu'sarteritis. A 42-year-old Japanese
woman known to be pulseless in left upper extremity for
20 years. Arch aortogram. The left subclavian artery is
totally occluded at its origin (arrow). The other brachio-
cephalic vessels are not affected. There was segmental
narrowing in the aortic arch and descending thoracic
aorta (not shown).

more vessels will be involved. The left subclavian
artery is the most frequently involved vessel {35}
(figure 5-13). Ninety percent of the lesions are
located proximal to the vertebral artery origin. The
lefc common carotid artery, followed by the right
subclavian artery, is the next most frequent vessel
involved. The majority of right subclavian arterial
lesions occur distal to the origin of the vertebral
artery.
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The affected vessels are involved for a variable
distance along their length. The degree of narrowing
is not uniform for all the vessels. Patterns of col-
lateral blood flow secondary to the stenotic and oc-
clusive lesions may develop. In Takayusu’s arteritis,
saccular fusiform aneurysmal dilatation may develop
in the aortic arch or at the origins of its branches [34,
361.

In one third of patients, there may be evidence of
involvement of the descending thoracic and abdo-
minal aorta and its branches.

The intracranial vessels are spared by the disease
process.

Atherosclerosis may also cause narrowing and
occlusion at the origins of the brachiocephalic vessels.
Takayasu’s disease primarily involves young females,
and the lesions tend to be long, often smooth, and
symmetrical in appearance, while atherosclerotic
lesions are more irregular and predominantly affect
older individuals of both sexes.
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6. NEURORADIOLOGY OF
CEREBRAL INFARCTION

Michael A. Mikhael

Although approximately 500,000 patients suffer
from stroke each year in the United States, treatment
of these patients to date has consisted primarily of
prevention, supportive measures, and rehabilitation
[1-3}. The modification of surgical procedures to
restore adequate blood flow to areas of ischemia in the
brain has initiated the need for a more aggressive
approach for early diagnosis. It has not been possible
to predict which patients with transient ischemic
attacks (TIAs) are likely to have a stroke, although
major treatment decisions may hinge on this infor-
mation, since these high-risk groups are known to
have substantial risk for developing stroke. The
incidence of stroke in TIA patients has been esti-
mated to vary between five to ten per year {4—6].
Patients with global ischemia (cardiac arrest) do not
have enough collateral flow, and irreversible neuronal
damage commences within four to eight minutes
under normal thermic conditions, once the blood
flow is acutely blocked {7—10}. However, in focal
ischemia the trickle of flow from the collateral cir-
culation leads to a more complex biochemical situa-
tion and needs to be corrected early before permanent
damage results. Although the tolerance of neuronal
tissue for these low flows is unknown, a few studies
suggest that after three to four hours, neuronal death
is inevitable {11—13}. The potential for collateral
flow in focal ischemia (patients with TIAs) may
facilitate possible reversal of neuronal damage if
diagnosed early enough for possible correction. TIA
attacks precede lacunar infarction in about 20% of
cases, and among patients with TIAs, strokes are the
fourth most common cause of death following myo-
cardial infarction, cardiac failure, and arteriosclerotic
aortic changes with their complications {14, 15].
The initial attack involves the carotid territory in
78%, with the vertebrobasilar territory only in 22%
f16}1.

One of the primary acute reactions of brain par-
enchyma to vascular injury is swelling. Ischemic
edema has been divided into an early cytotoxic

(intracellular) and a late vasogenic (extracellular)
phase. Cytotoxic edema is due to ischemia. When
oxygen supply to the cells decreases, the sodium—
potassium pump fails, causing cellular swelling
{17-19]). The major effect of this edema is the
impingement on extracellular space and on potential
collateral flow. On the other hand, vasogenic edema
occurs hours to days after vessel occlusion and is
secondary to irreversible ischemic endothelial
damage and breakdown of the blood-brain barrier
with extravasation of plasma into the extracellular
compartment {20, 21}. This allows iodinated con-
trast to accumulate in the extracellular space during
postcontrast computerized tomography (CT) scan
and paramagnetic agents to accumulate during
contrast-enhanced magnetic responance (MR) imag-
ing. Cases of acute carotid vascular occlusive disease
may recover completely in 2—12%; 40—-69% will
have profound deficits and 16—55% will die of the
ictus. Cases treated with emergency endarterectomy
or embolectomy, however, have shown much better
results, with complete recovery with no deficit in
26-36% and recovery with minimal deficit in
26-42% with 29% showing moderate hemiparesis;
12% showed dense hemiparesis and 2% died [22,
23}. Early diagnosis and eatly treatment are import-
ant for better recovery with minimal deficits {24,
25]. The recent advancement of radiological diag-
nostic procedures concerning the early detection of
ischemia and/or infarction of the brain might help
in bettering understanding of the underlying patho-
physiology and in the early successful management of
the affected patients before permanent neurological
damage starts. Physicians should realize that neuronal
damage can be reversible only when discovered early
and that intervention (medical, surgical, or a com-
bination) may be a better alternative than supportive
measures alone.

The stroke syndrome can be produced by a variety
of conditions involving the intracranial and extra-
cranial vessels, as well as some systemic diseases.
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Evaluation by imaging of the extracranial source of
stroke is described in chapter 4. The present chapter
primarily describes the computerized tomography
(CT) and magnetic resonance imaging (MR) patterns
of cerebral infarction and the applicable role of angio-
graphy in intracranial vascular disease.

Computerized Tomography

Structural changes of the brain resulting from cere-
bral ischemia and/or infarction can be detected by CT
scan in 70—80% of cases. Because of well-developed
collateral pathways reconstituting the circulation,
one in three patients with symptoms of cerebral is-
chemia will have a negative CT scan in the presence
of an occlusive disease of the middle cetebral artery
shown on angiography. In the other two cases, a low-
density lesion or lesions with or without enhance-
ment following intravenous contrast may be seen in
areas of luxury perfusion and/or possible change in
the ‘blood—brain barrier {26—30}. CT scan studies
include plain (nonenhanced scans) and contrast-
enhanced CT scans.

PLAIN (NONCONTRAST-ENHANCED) CT SCANS
Noncontrast-enhanced CT scans of the head should
be carefully examined for the presence of a low-
density lesion, mass effect, and/or acute intracranial
bleed. The visualization of a lesion in areas of recent
infarction depends on the time elapsed between the
acute stroke and CT scan (figure 6—1), the size and
site of lesion (area of damaged brain) (figure 6—2),
the underlying condition of collateral circulation
(figure 6—3), and the presence or absence of hemor-
rhage and/or edema in the area of infarct (figure 6—1)
[26—32}. Depending on the size of infarction and the
resolution of the CT scanner, the detectability of
lesions on CT scans increases with time. The overall
accuracy is lower in the first two days (less than
10%), higher in the following three to seven days
(60%), still higher after the first week (70%), and
highest in infarctions over three weeks (90%) (figure
6—-4) 126, 32].

In the first 24 hours, a lesion is detected only in
about 6—10% of cases of acute ischemic infarction
(figure 6—1). More commonly (90% or more), CT
scans are normal on the first days {28—32]. Radio-
logically, the acute ischemic infarct appears on CT
scans as an ill-defined, poorly demarcated area of
decreased density presumably from edema in the area
of damaged brain. In the watershed area or in large
infarctions, the gray matter tends to be involved to
a greater degree than the white matter (figure 6—5).
In the latter region, the area of decreased density

assumes a triangular shape with the base toward the
periphery. These lesions are typically shown within
the territory of cerebral vessels. The demarcation
between the anterior and middle cerebral arteries is
an oblique line drawn from the corner of the frontal
horn to the cortical surface of the brain, while the
posterior demarcation is another oblique line drawn
from the corner of the trigone to the surface of the
brain (figure 6—5) {33}. In seven to ten days the
infarcted area becomes more clearly demarcated,
showing further decrease in density and probably in
size as well. Later, in the three-to-six-week period,
the area may become smaller, the edema disappears,
the density further decreases, and the lesion may be
identified as a small lacuna in cases of small infarc-
tions. It may remain as a permanent area of damaged
brain shown as a low-density lesion. Occasionally,
the area of the infarct disappears completely with
time, presumably when the damaged area of the
brain is small and the amount of edema is minimal,
or when the ischemic area of the brain is mostly
viable and can return to normal through revasculari-
zation via collateral circulation. If the infarct is near
the ventricular wall, it may give a false impression of
direct continuity with the ventricle. If it is near the
surface of the brain, the low absorption area will
extend to the inner table of the skull in the form of a
prominent sulcus, simulating focal atrophy {32, 34,
351

Mass effect resulting from cerebral edema occurs
in acute ischemic infarct in about 22%. It usually
appears after the first day, with 70% appearing in
the first week after the stroke (figures 6—5, 6-6)
{26, 29]. The rate of disappearance of mass effect is
fairly rapid; by the end of the third week, only 29%
of cases show mass effect. By the eighth week, mass
effect completely disappears and a negative effect
may start to appear with dilatation of the ipsilateral
ventricle and/or prominence of the sulci if the infarct
was large.

Hemortrhage in the area of infarction will identify
the lesion more obviously as early as a few hours after

FIGURE 6-1. Series of cranial CT scans. First row scan
was done immediately after acute left body neurological
deficit and showed old left occipital infarction. Second row
scan was done a week later and showed right acute hemor-
rhagic occipital infarction, which was not shown on earlier
scan. Third row scan was done four weeks after acute attack
and showed gradual absorption of the blood leaving the
edema and mass effect. The last row scan was done 3.5
months from acute ictus and showed low density in the site
of right hemorrhagic infarction and dilatation of ipsilateral
ventricle.
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FIGURE 6-2. Contrast-enhanced cranial CT scan (upper row) showing no evidence of lesion shown on MR scan (lower row)
in the right pons (arrows). Both CT and MR scans were done two days after acute left body hemiparesis. MR images
obtained with spin-echo technique using TR 2,000 ms and TE 90 ms. Small cerebral infarctions and infarcts in posterior
fossa are difficult to visualize on CT scans (see figures 6-11 and 6-12).
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FIGURE 6—3. Contrast-enhanced cranial CT scan showing massive acute left cerebral infarction (arrows) in distribution of
left anterior and middle cerebral arteries, as a result of occlusion of left internal carotid artery with no significant collateral
circulation across the midline from the right side.
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FIGURE 6-4. Incidence of positive CT scan (detecting a visual lesion in cases of acute cerebral infarcts) in relation to time of
acute neurologic deficit.
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FIGURE 6-5A

FIGURE 6-5B

FIGURE 6-5C
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FIGURE 6-6. Incidence of mass effect in CT scans of acute
cerebral infarcts in relation to time of acute neurologic

deficit.

the acute ictus (figure 6—1). The amount of blood
in the area of infarction varies from petechial hemor-
rhage to discrete hematomas. Although CT scans
done with no contrast injection are commonly normal
in the first day of acute infarcts, the early CT scans are
important to detect hemorrhage in the brain, which
can modify the medical treatment {35-37].

CONTRAST-ENHANCED CT SCANS

Contrast-enhanced CT scans increase the incidence of
detecting acute infarcts. The dosage of contrast is
1 cc/lb body weight using a 60% solution of Conray
60®. Enhancement is maximum after the first week,
reaching its peak around the second week after the
acute stroke. Contrast-enhancement can be seen in
about 50% of cases in the first week and 60—65% in
the second week; then it drops back to about 45%
in the third week, dropping gradually to 38% in the
fourth week and diminishing gradually to less than
20% in the eighth week (figure 6-7) {30, 32, 38}.
Patterns of enhancement include (1) dense, homo-
geneous enhancement outlining the deep-damaged
brain; (2) superficial gyral enhancement (figure

FIGURE 6-5. (A) Cranial CT scan showing infarction in
distribution of anterior cerebral artery and watershed area
(arrow). (B) Cranial CT scans (left and right) showing acute
middle cerebral artery infarction. Notice the sharp demar-
cation between anterior, middle, and posterior cerebral
arteries (arrows). (C) Cranial CT scan showing infarction
in distribution of left posterior cerebral artery (arrows).
Notice that infarct reaches the medial surface of occipital
lobe.

6-8a); and (3) mottled or irregular enhancement
within large areas of low density, probably resulting
from brain liquefaction (figure 6—8b).

Twenty percent of infarcts cannot be detected
for weeks after the acute attack because of their

'small size (beyond the resolution of the scanner),

the isodense nature of the lesion, the absence of mass
effect, and/or absence of enhancement.

It has been suggested by some authors {40, 41}
that contrast-enhanced scans should not be obtained
in the first few days following an acute infarct because
of the possibility of more damage to the brain by
leakage of contrast material to the ischemic and/or
infarcted area of brain.

DIFFERENTIAL DIAGNOSIS OF INFARCTS
Sometimes it may be difficult to differentiate acute
infarction from brain tumors, metastases, vascular
malformation, and meningitis. About 5% of stroke
syndromes are caused by underlying tumors, since
tumors can present as acute infarcts due to vascular
occlusion, and infarcts sometimes have a gradual
onset of symptoms mimicking tumors {34, 39}. The
following points can be helpful in the differential
diagnosis: (1) the shape and distribution of the lesion
(figures 6—3, 6—5)—a wedge-shaped lesion, with its
base directed against the peripheral part of brain in
the distribution of a specific cerebral blood vessel, is a
classic picture for infarcts; (2) follow-up scans that
show gradual decrease of the edema and the mass
effect (figure 6—1); and (3) cerebral angiography
which may demonstrate the vascular disease (figures
6-13, 6-14, 6-16).

Serial CT scans will show that the contrast en-
hancement, if present, will decrease in extent and
density, and the mass effect will diminish gradually
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until it disappears with concomitant ipsilateral ven-
tricular dilatation. The lesion either will shrink or
disappear, depending on the original size of infarct.
In cases of tumors, serial CT scans will show the size,
enhancement, and the mass effect of the lesion either
remaining the same or gradually increasing with
time. Gyral enhancement can be shown in infarc-
tion, old subarachnoid hemorrhage, cortical vascular
malformation, and also in meningitis. In acute men-
ingitis, the CT scan will show diffuse enhancement
crossing the natural boundaries between cerebral
vessels, the clinical presentation of the patient will be
different concerning body temperature and the state
of alertness, and CSF examination may show the
underlying infective organism.

Angiography is positive in about 50% of cases,
showing the abnormal vascular occlusive disease in
cases of infarcts (figures 6—13, 6—14). It may also
show neovascularity of tumors and abnormal vessels
of arteriovenous malformation {41}. The introduc-
tion of MR into the diagnostic field has helped
tremendously in the diagnosis of occult vascular
malformation where angiography is usually negative
and CT scan may show an enhancing area similar to
enhancing infarction (figures 6—9a, b).

Hemorrhagic infarcts and cerebral hematomas are
detected early on CT scans after ictus because of the
high density of clotted blood in the areas of brain
damage (figures 6—1, 6—-10) [42}. Hemorrhagic
infarctions are inhomogeneous arcas of increased
density while hematomas appear as homogeneously
dense lesions (figures 6—1, 6—10). Massive cere-
bral hemorrhage may result in large hematoma with
massive mass effect and herniation of the brain.
On the other hand, small hematomas have usually

FIGURE 6-7. Incidence of enhancement of acute cerebral

infarcts in CT scans in relation to time of acute neurologic
deficit.

minimal surrounding edema and mass effect (figure
6—10). Follow-up CT scans show gradual absorption
of the hematoma and the disappearance of the high
density, passing through an isodense stage with the
surrounding brain tissue, followed by a low-density
lesion and a negative mass effect with dilatation of
the ventricle on the same side (igure 6—1).

Magnetic Resonance Imaging

As the CT reflects a physical property (electron den-
sity) on radiographic CT scans by different degrees of
absorption of the ionizing x-rays, MR image can be
considered simply as a map of hydrogen intensity
within the examined part of the body {43—45]. Un-
like CT, MR is based on an apparently safe interaction
between radio waves and hydrogen nuclei of the body
in the presence of a strong magnetic field. Detection
of disease in the brain by MR is generally based on
alternations of normal anatomy (intensity) due to the
presence of edema (hydrogen) [44]. MR can thus
provide excellent gray—white matter discrimination
and provide information about early changes in the
normal brain pattern, detecting early ischemia and/or
infarction due to changes in the dynamic state of water
in the brain and its effect in altering the relaxation
time on the scan (T'1 and T2 relaxation times), which
are the basic parameters for obtaining the MR images
by the different sequences {46—48]. MR studies
include plain MR and contrast-enhanced MR scans.
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FIGURE 6-9A

FIGURE 6-9B
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FIGURE 6-10. Cranial CT scan showing left acute deep
temporal hematoma (arrow) in a patient with long-
standing hypertension. Notice the minimal surrounding
edema and mass effect.

FIGURE 6-9. (A) Precontrast cranial CT scan (upper row)
showing a negative study and a postcontrast cranial CT
(lower row) showing gyral enhancement of right temporal
region (arrows) similar to enhanced acute infarct. (B) MR
imaging of the same patient, coronal and axial views done
with spin-echo technique using TR 2000 ms and TE 90
ms showing a right vascular malformation (arrows).

PLAIN MR SCANS

In the brain MR will show the gray and white matter
standing out brightly, with marked delineation of the
ventricular system and the subarachnoid spaces {49].
With the change in the amount of water that results
from edema in cases of infarctions, the picture will
change with different sequences. From various sequ-
ences studied, spin-echo was found to be well suited
for detection of infarcts. Using echo time (TE) of 25—
100 ms and repetition time (TR) of 500—2,000 ms,
the study is usually both complete and diagnostic {43,
48}. Tl-weighted images (spin-lattice, short time)
and T2-weighted images (spin-spin, long time) are
important to visualize the ischemic and hemorrhagic
infarcts.
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In the case of acute infarct, MR is able to show not
only the mass effect of edema, if any, but also the
increased intensity in affected parenchyma on T2-
weighted images (white) and decreased intensity in
T1-weighted images (gray to black), due to the pro-
longation of both T1 and T2 [50—52] (figures 6—11a,
b). The T2-weighted images are more sensitive to
infarction and show more abnormality than T1-
weighted images, presumably because some of the
T2 effect is impossible to subtract from T1-weighted
images (figures 6—11, 6—12a). The abnormal areas
in MR consistently correspond to retrospective histo-
chemical observations regarding the size of the lesion
and the magnitude of damage with respect to the
development of brain edema {51, 53, 54]. The
abnormalities shown on MR are larger than those
detected on CT scan because of the high sensitivity,
particularly of ischemic strokes. MR appears to
effectively reflect the cerebral ischemic insult and is
able to detect the changes in the ischemic brain after
30 minutes to three hours following ligation of the
carotid artery in experimental animals {46, 55, 56}.
It was shown in humans that an abnormality cor-
responding to focal neurological symptoms from
stroke was clearly found in 94% of MR studies and
only in 82% of corresponding CT studies {57}
(figures 6—-2, 6—11). In particular, CT was negative
in acute ischemic infarcts scanned within two days
after the onset of symptoms and in infarcts of the
posterior cranial fossa and brain stem (figures 62,
6—4). MR performed within the same interval
detected all the lesions. Moreover, CT failed to
demonstrate small lesions, scanned 15—20 days after
the onset of symptoms, that could be identified
clearly on MR (figure 6—11). Thus, MR is an
extremely valuable tool for the early detection of
cerebral ischemia and is better suited than CT to
detect ischemic lesions in the brain in the first 24
hours after the onset of symptoms. This is especially
true for studies performed for small cortical or
subcortical lesions, and for small infarcts in the white

matter, posterior fossa, and brain stem {53} (figures
6-2, 6-10, 611, 6-12).

In MR studies, ischemic infarcts are usually clearly
visible as areas of increased-signal intensity (white) in
delayed T2-weighted images due to prolonged T2,
independent of the age of infarcts. Thus, acute and
old infarcts appear the same on delayed T2 images
(figure 6-11) {48, 511. However, old infarcts on
MR usually appear having two components: those
regions that behave more like CSF and those regions
that behave more like edematous or gliotic brain.
This reflects the changing molecular environment of
water during the evolution of an infarct. The
periphery of the infarct may appear more like edema
or gliosis, where the water occurs in hydration layers
in small cystic spaces. The center of infarct may have
larger cysts and a higher ratio of water to solid tissue
such that the water is the main bulk and behaves like
CSF (figure 6—11). Some chronic cortical infarcts
that manifested as areas of focal atrophy are well seen
on T1-weighted images, which enhance the contrast
between the brain and CSF. Lacunar infarcts in the
basal ganglia and periventricular white matter show
increased intensity in T2-weighted images (white)
due to the prolonged T2 relaxation time. The white
matter infarction in the periventricular region is
much more obvious on MR images than on CT scan.
On moderately T2-weighted (TR 2,000 ms, TE
30 ms) MR images, these infarcts appear bright
(white) while the CSF is isointense with the brain.
These small lesions in the periventricular region,

‘while abnormal, are commonly seen in the asympto-

matic elderly. They could be the result of silent small
infarctions from arteriosclerotic vascular disease
{51-59, 60}.

The ability of MR imaging to separate acute
hemorrhage from ischemic infarction has been sub-
optimal within the first few days of a clinically
manifested cerebrovascular accident [61-63]. In
circulation, hemoglobin exists in the oxy and deoxy
forms, the relaxation times of which are similar

FIGURE 6-11. Pre- (top) and post- (bottom) contrast-enhanced cranial CT scans showing no evidence of cerebral lesions in
a patient presenting with acute left hemiplegia. (B) MR imaging of the same patient showing acute right cerebral infarct as
high-intensity lesion (white arrow) in T2-weighted image (TR 2000 ms, TE 90 ms) (right, top). The lesion is shown as
a faint area of low intensity (black arrow) in T1-weighted image (left, top). MR scan also showed old small infarcts, just
posterior to the acute infarct, shown as high-intensity lesions (small arrows) in T2-weighted images (TR 2000 ms, TE 90
ms) (right, bottom) and as areas of low intensity, behaving like CSF in small cystic spaces (small arrows) in T1-weighted
images (left, bottom). (C) Top, normal CT scan of patient presenting with acute sensory deficit in left leg and foot. Bottom,
MR imaging of same patient showing acute right cortical infarct as high-intensity gyral lesion in T2-weighted images (TR
2000 ms, TE 90 ms) (arrows). (D) MR imaging of another patient presenting with acute cortical blindness. Bilateral
occipital infarcts are shown as high-intensity lesions in T2-weighted images (TR 2000 ms, TE 90 ms) (right). These
lesions are shown as faint areas of low intensity in T1-weighted images (left).
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FIGURE 6-11A

FIGURE 6-11B
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FIGURE 6-11C

FIGURE 6-11D
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to those of normal brain. Consequently, acute
intracranial hemorrhage may be detected only on the
basis of mass effect or the surrounding associated
edema [64, 65}. CT scans are more valuable and
more accurate in the detection of the acute intra-
cranial bleed than MR. Both acute infarction and
hemorrhage tend to show a high signal T2-weighted
image with a variably low to isointense signal on
T1-weighted images. However, when localized as
hematoma, MR scans obtained in high-field scanners
showed T2 shortening in acute hematomas, appearing
as a low-intensity signal area amid the high-intensity
signal edematous lesion, presumably because of the
presence of magnetically susceptible deoxyhemo-
globin. Thus, T2-weighted images are more sensi-
tive than T1-weighted images in MR evaluation of
early intracranial hemorrhage and acute ischemic
infarction. After a period of several days, hemoglobin
undergoes oxidation and denaturation, forming me-
themoglobin, which is paramagnetic. Continued
oxidation over a period of months results in the
formation of hemichromes, which are not para-
magnetic. Paramagnetic substances have short T1
relaxation times. Shortening of the T1 relaxation
time increases the intensity of the hemorrhage
(white), increasing the consequent conspicuousness
of subacute hemorrhage on T1-weighted MR images.
Acute subarachnoid hemorrhage is also more difficult
to show on MR images than on CT scans because of
the minimal shortening of T1 relaxation time of the
bloody CSF. A week-old subarachnoid hemorrhage
will be more obvious on MR because of the formation
of methemoglobin. CT, however, is more specific
than MR and thus should be considered the preferred
imaging technique for the evaluation of acute intra-
cranial hemorrhage {28, 31, 42}].

Many ischemic infarcts have at least some micro-
scopic hemorrhage that is not evident on CT scans.
Delayed MR scans have shown more hemorrhage in
more infarctions than CT, probably because of the
high sensitivity of MR to the paramagnetic effects
of methemoglobin, which is formed in small foci of
hemorrhage in the area of presumably ischemic
infarcts on CT scan. As the controversy continues
regarding the anticoagulation of patients with recent
infarction, such improved sensitivity of MR imaging
may add fuel to the discussion. We suggest reporting
the MR scans as ischemic infarctions, infarctions
with petechial hemorrhage, hemorrhagic infarctions,
and cerebral hematomas.

ENHANCED MR SCANS
A paramagnetic agent (gadolinium DTPA) can be
used to enhance the pathological areas of the brain

before MR scanning {64—66}. Gadolinium DTPA
strongly enhances proton relaxation; it has been shown
to have good stability, rapid urinary excretion, and
low toxicity, which makes it an ideal contrast agent
for clinical application {65—67}. The design of con-
trast media for MR is different from that for CT scans.
MR enhancement should influence the proton density
or relaxation times, but the CT scan enhancement
should affect the degree of absorption of the ionizing
x-rays (photon density). Because of the difficulty in
achieving large changes in proton density, the en-
hancing agents used are compounds that shorten
both T1 and T2 relaxation times {67—69]. Perhaps
the most important immediate application of intra-
venous contrast agents in MR would be for identifica-
tion of the breakdown of the blood—brain barrier {67,
68). MR is more sensitive than CT for the detec-
tion of the breakdown of the permeability in acute
infarction. Delayed contrast-enhanced CT has been
used to visualize the same phenomenon, but it was
never widely applied due to possible untoward effects
of the hyperosmolar agent on already compromised
neuronal tissue. It is likely that gadolinium-enhanced
MR may offer a more convenient and better tolerated
method of acquiring the same information regarding
the blood—brain barrier integrity, which may in itself
be indicative of neuronal survival and clinical rever-
sibility. However, gadolinium MR was proven to be
no more specific than enhanced CT in areas of the
active permeability breakdown. As in CT, extravasa-
tion of the intravenously injected agent into the areas
of the brain where the blood—brain barrier is broken
by ischemia and/or infarction is the basic mechanism
of the enhanced MR images. However, the process
is not as simple as breakdown and extravasation,
because edema when extensive can result in collapsed
microcirculation and absence of perfusion to the
affected area, preventing extravasation of the injected
agent. This may explain why T2-weighted MR
image is so sensitive to early cerebral infarction,
when cytotoxic edema may dominate and effects of
the blood-brain barrier breakdown are not detectable
by conventional imaging. In fact, investigations thus
far have shown that the fluid accumulation from early
brain edema may be demonstrated by MR on T2-
weighted images without contrast agents from .5 to
two hours after an ischemic insult. This prolongation
of T2 is expressed as an area of increased-signal inten-
sity despite no breakdown of the permeability and no
net increase in local tissue protons. Gadolinium
enhancement in cases in infarction was shown in
10-35% of cases. Enhancement was found to be
maximal in the median-aged and late infarcts, the
mean enhancement percentages being 30% and
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FIGURE 6-12A
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29%, respectively {68, 70, 71}.

The enhanced MR scans for infarctions are unlikely
to exceed the sensitivity of the nonenhanced T2-
weighted images in visualizing brain ischemia. At
present, the clinical role of gadolinium enhancement
in cerebral infarct evaluation seems as limited as that
of contrast-enhanced CT scans.

Angiography

Since 1927, when Egas Moniz and colleagues laid
down the basic foundation of angiography, the pro-
cedure has gone through many failures and successes,
through many modifications, changes in the indicator
agent (contrast), and changes in the route of injec-
tion. Recently, with the introduction of computerized
radiology, the visualization of cerebral vessels can be
achieved by selective arterial catheterization angio-
graphy as well as digital subtraction angiography via
intraarterial or intravenous routes {34, 41, 72}. Each
of these techniques has its own indications, advant-
ages, and limitations. However, selective arterial
catheterization angiography of the carotid and ver-
tebral arteries remains the definitive investigative
procedure for the accurate assessment of intracerebral
vessels {41, 73, 74}. The study of the extracranial
carotid and vertebral vessels will be considered in
chapter 5, while in this chapter the role of angio-
graphy in studying the intracerebral vessels will be
discussed.

SELECTIVE ARTERIAL ANGIOGRAPHY

Cerebral angiography is often needed for patients
with suspected cerebrovascular occlusive disease
presenting with transient ischemic attacks (TIAs),
for patients who developed strokes, and for those who
are considered for endarterectomy of the extracranial
carotid arteries or for the various surgical bypass
procedures (figures 6—13, 6—14). It is needed to

FIGURE 6-12. (A) Cerebral MR image showing multiple
acute cerebral infarcts shown clearly as high-intensity
lesions in T2-weighted image (TR 2000 ms, TE 90 ms)
(bottom, right), and as moderately intense lesions in
moderately T2-weighted image (TR 2000 ms, TE 30 ms)
(bottom, left). These lesions are shown as faint areas of low
intensity in T1-weighted images (top). (B) Cerebral MR
image showing right acute small cerebral infarct (arrow) as
a high-intensity lesion in T2-weighted image (TR 2000
ms, TE 90 ms) (left), and as a moderately intense lesion in
moderately T2-weighted image (TR 2000 ms, TE 30 ms)
(right). Note: T2-weighted images are far more sensitive in
showing infarcts.

establish the diagnosis of vascular occlusion and the
site of lesion as well as the potential route of revas-
cularization. Certain morbidity always accompanies
cerebral angiography, including a local small hema-
toma at the site of the puncture and occasionally
nausea and rarely vomiting. More serious complica-
tions are fortunately very rare and include embolic
occlusions and stroke {41]. The incidence of such
deficits ranges from .15—4%. Technical factors play
a major role in the development of complications,
including the skill of the angiographer and the time
spent during the procedure, together with the condi-
tion of the patient. Complications are four times
more likely to occur in patients with advanced
cerebrovascular disease as compared to those having
normal carotid arteries.

Both local cerebral embolism from mural throm-
bus formation in the extracranial carotid arteries and
reduced cerebral effusion due to severe extracranial
carotid stenosis or occlusion have been proposed to
explain cerebral ischemia from arteriosclerotic disease.
By definition a TIA is an event characterized by focal
neurologic deficit for a brief time ranging from two
to 30 minutes from which the patient fully recovers
within a 24-hour period. The background of localized
ischemia is suggested by the occurrence of symptoms
in a particular vascular territory and by the reversi-
bility, indicating the absence of cellular death {14,
751. It has been stated that 20-40% of stroke
patients have their symptoms from lesions of the
extracranial vessels [14, 15}. In 149 cases of vascular
disease of the head, angiography showed that the
internal carotid artery was involved in 93 cases, the
common carotid in 12, the innominate artery in 14,
the subclavian artery in 21, and the vertebral artery
in 9. The vertebral lesions are most often at the
origin of the artery from the subclavian trunk. In
another study done in 1967-1976, 314 patients
(146 females and 168 males with a mean age of 49.2
years) were evaluated clinically and with angiography
studies. The initial attack involved the carotid
territory in 245 patients (78%) and the vertebral
vascular territory in 69 patients (22%) {78, 791
Fifteen patients (4.8 %) had ischemic brain infarction
during the follow-up and eight died. Acute myo-
cardial infarction occurred in 40 patients (12.7%),
and 24 infarctions were fatal.

There was a suggestion that recurrent cerebro-
vascular episodes were more common in patients
with kinks in the extracranial carotid and vertebral
arteries from arteriosclerosis. Metz et al. in 1961
found 16% incidence of redundancy among 1,000
angiograms reviewed. However, many others do not
believe that there is any relation between redundancy



210

FIGURE 6-13A

FIGURE 6-13. (A) Right selective carotid angiogram showing severe arteriosclerotic changes of right carotid siphon (arrow)
with irregular ulcerative plaques and stenosis. The intracranial vessels are normal. (B) Right selective carotid angiogram
showing normal right carotid siphon but severe arteriosclerotic stenotic disease of intracerebral vessels (arrows). Note:
Detailed information of carotid siphon and intracranial vessels are always helpful before considering surgical treatment and
cannot be clearly shown on digital subtraction angiography. (C) Left selective carotid angiogram showing normal right
carotid siphon (carotid bifurcation in neck was also normal), but showing the area of acute middle cerebral infarct
(presumably embolic) as perivascular luxury perfusion or blush (asterisk).
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of the carotid vessels and cerebrovascular occlusive
episodes {801.

For many years it has been felt that emboli are the
most common direct cause of intracranial arterial
occlusions of the small vessels (figures 6—13¢c, 6—-15,
6—16). The embolic theory is logical, particularly in
cases where multiple branch occlusions are demon-
strated. It explains the lack of evident intracranial
occlusions at autopsy in the face of severe fatal strokes.
Because emboli can disappear by lysis, cerebral
angiography may show vascular obstruction eatly in
the course of the illness and patent vessels later
(figure 6—17). The chance of demonstrating occluded
vessels is thus greater in the early studies (figures
6—16, 6—17). The main emboli will fragment and
the small fragmentations will migrate to the peri-
pheral vessels, where they disappear by lysis.

Disappearance of arterial occlusions of the main
cerebral vessels on follow-up angiogram is an un-
common but interesting phenomenon {81, 82}
(figure 6—-17). In our experience it occurs more
commonly in younger patients (20—40 years) with
segmental occlusive disease of one of the main
cerebral vessels and no evidence of diffuse cerebral
arteriosclerotic changes. Some of these cases show
only irregularity and marked stenosis of the cerebral
vessel which on follow-up angiogram opens into a
normal caliber. These interval changes cannot be
explained in every case on the basis of emboli with
subsequent fragmentation and peripheral migra-
tion. More interesting was the case shown in figure
6—17, where the original angiogram done shortly
after acute right hemiparesis of a 24-year-old man
showed occlusion of the horizontal portion of the left
middle cerebral artery. The follow-up angiogram
showed complete opening of the previously occluded
vessel with subsequent clinical recovery except for
slight neurologic deficit. Because of this important
group of patients showing reversible disease of the
main cerebral vessels in a few weeks, it is advisable to
repeat angiography within a few weeks after the acute
attack before considering bypass surgery. In our
experience, the bypass graft was occluded in some of
these cases and the natural process of opening the
previously occluded vessels occurred within a few
weeks to months from the acute stroke {34, 82).

Cervicocerebral angiography studies are reviewed
for the following abnormal findings: (1) stenosis or
complete occlusion of the major vessels in the neck
(vertebral and carotid arteries) and in the head
(basilar artery, carotid siphons, and the anterior,
middle, and posterior cerebral arteries) (figures 6—13,
6-14, 6-16, 6—17). The peripheral branches, in-
cluding the primary, secondary, and sometimes the

tertiary branches of the major cerebral vessels, should
be carefully examined for evidence of disease (figure
6—13b); (2) mass effect secondary to swelling and/or
edema of the brain on neighboring arteries and veins;
(3) appearance of collateral arterial circulation and
the extent of revascularization of the distal branches
of the occluded vessel or vessels (igure 6—15). It is
important to find and describe the collateral circula-
tion through the Circle of Willis and over the water-
shed areas to evaluate if the collateral circulation is
enough to supply the territory of the occluded vessel
for normal physiologic functions; (4) local increase in
the speed of circulation with shunting to local veins;
(5) capillary blush or stain, which sometimes is called
luxury perfusion (figure 6—13c); and (6) old infarc-
tion, which may be associated with local disruption
of the normal arterial pattern.

INTRAVENOUS DIGITAL SUBTRACTION
ANGIOGRAPHY

The digital subtraction imaging of cranial vasculature
after intravenous (IV) injection of contrast material
is an established outpatient screening procedure for
vascular occlusive disease of the extracranial arteries,
as well as for gross intracranial lesions like large
aneurysms, arteriovenous malformation, and com-
plete occlusion of a main cerebral vessel [83, 84].
Although selective transarterial angiography is still
the most accurate radiographic visualization of the
cerebral vessels and their branches, it cannot be used
as a screening test, especially for high-risk patients
and for serial follow-up studies. The role of intra-
venous subtraction angiography in the evaluation of
the extracranial vasculature is discussed in chapter 4.

INTRAARTERIAL DIGITAL SUBTRACTION
TECHNIQUE

Intraarterial digital subtraction angiography is be-
coming more and more useful in cases where there is
a need for increased spatial resolution and adequate
visualization for the intracranial vessels in the high-
risk patients {73]. The volume of contrast agent used
is much smaller than needed for IV digital angio-
graphy. The test is especially suited for high-risk
patients with a fluctuating neurologic deficit or im-

FIGURE 6-16. (A) Left selective carotid angiogram show-
ing intraluminal large embolus partially occluding left
middle cerebral artery (arrows). (B) Left selective carotid
angiogram showing intraluminal defects partially occlud-
ing left middle cerebral artery (arrows), proven at autopsy
to be fat emboli from fractured femur. Detailed informa-
tion can be shown only in selective arteriography.
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FIGURE 6-16A

IGURE 6-16B
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paired renal function. It is especially useful in cases
where repeated injections and different oblique views
are necessary for better evaluation and cannot be done
with IV digital studies because of the large contrast
load. However, using intraarterial catheterization
and the injection even of a small amount of contrast
into the selected arteries obviates the main purpose of
the test as being nonivasive.

With the increased diagnostic use of MR imaging
with higher magnetic-field-strength scanners and the
use of surface coils and thin-slices technique, the
cerebral vessels can be visualized in different planes
by T1-weighted images. MR will prove in the future
to be of great help in the follow-up of patients for the
size of aneurysms or for vascular occlusive disease of
the major cerebral vessels without the use of contrast
material or invasive catheterization {85—88}.

Recommended Protocol for Neuroradiological
Evaluation of Cerebral Infarctions

Medical and surgical treatment for patients present-
ing with acute cerebral stroke depends, among other
factors, on the radiological visualization of 1) pre-
sence or absence of brain hemorrhage, 2) size and site
of the lesion, 3) complicating factors such as mass
effect, and compression and/or herniation of the
brain, 4) the condition of the remaining brain, and
5) the status of the extracranial vessels.

Because cranial CT scans can detect acute intra-
cranial hemorrhage (within a few hours), the first
radiological test for patients presenting with TIAs or
acute neurological deficit should be a plain CT scan
of the head. CT scans can also visualize the condition
of the remaining brain, including old infarcts,
atrophy, and hydrocephalus, and may also detect
massive acute infarct with severe edema and mass
effect, as well as large tumors. Postcontrast cranial
CT is not advisable in the first few days following the
acute ictus {40, 41}.

Once hemorrhage is ruled out, MR scan is
obtained in selected cases to visualize the acute lesion
within a few hours from the ictus, and to rule out
other possibilities not usually detected on noncon-
trast-enhanced CT scan, such as multiple sclerosis,
vascular malformations, and tumors with no mass
effect. MR is more sensitive than CT in detecting

FIGURE 6-17. (A) Left selective carotid angiogram show-
ing complete occlusion of left middle cerebral artery
(arrow). (B) Repeat selective carotid angiogram after four
weeks showing interval opening of previously occluded left
middle cerebral artery (arrows).

lesions of the posterior cranial fossa, brain stem, and
upper cervical spine.

Follow-up CT scans are advisable particularly in
cases of questionable diagnosis to rule out the possi-
bility of tumors, and in cases of hemorrhage to follow
the evolution of the hematoma and rule out fresh re-
current bleed. Postcontrast CT scan can be obtained
after angiography in order to use the same injection
of contrast for both studies.

Intravenous digital subtraction angiography is an
outpatient study for screening the extracranial vessels
in patients presenting with TIAs or acute neurological
deficit. The limited resolution of this technique
makes it less useful for the study of intracranial
vessels. It can be repeated as a follow-up to monitor
the carotid arteries in the neck after carotid endarter-
ectomy, and in patients on long-term medical
treatment.

Selective intraarterial angiography is often needed
for patients with suspected cerebrovascular occlusive
disease before considering surgical treatment, end-
arterectomy, and/or bypass procedures to study in
detail the condition of the carotid siphon and
intracranial vessels.

Summary

Patients with stroke syndrome should be examined
first with a plain CT followed in selected cases by
cranial MR, if available. Angiography is needed
before considering medical and/or surgical treat-
ment. Subtraction angiography is a screening test for
extracranial vessels while selective arterial angio-
graphy is the study of choice for detailed study of the
intra- as well as the extracranial vessels.
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Sagittal Sinus Thrombosis

INCIDENCE

Sagittal sinus thrombosis (SST) and SST-related
cerebral sinovenous occlusive disease (SOD) are not
uncommon. In one large autopsy series (8578 cases),
40 cases (.46%) of sinus thrombosis were found
{1}. But in another autopsy series (189 cases), in
which the dural sinuses and the venous system were
examined in detail, the primary cause of death due to
SOD was as high as 9% {2]. Thus far, there is no
reliable documentation of the true incidence of SOD
in vivo {3}; however, with the advent of computerized
tomography (CT), magnetic resonance imaging
(MRI), and more sensitive and specific radionuclide
imaging techniques, the true incidence may even-
tually be known.

ANATOMY

The venous drainage of the head can be divided into
three distinct groups [4]: a). superficial, which drains
the scalp, b) intermediate, consisting of diploic,
emissary, and meningeal veins, and ¢) the deep
group, consisting of veins that drain the cerebral
parenchyma (figure 7—1) This last group in turn can
be classified into supetficial and deep. Of these, the
sperficial group of veins runs a course over the brain
surface, usually emptying into one of the dural
venous sinuses.

The deep cerebral venous system consists of small
intramedullary veins, normally invisible on angio-
graphy, that drain either centrifugally or centri-
pedally, depending on their relative depth in the
brain parenchyma. Connections between the three
groups of veins—superficial (scalp), intermediate,
and deep veins that drain the brain—are extensive,
and thus representing a large venous collateral reser-
voir that can be called upon in venous occlusion. The

scalp veins are connected to the intermediate group
of veins by the emissary veins which traverse the
calvarium. Of the intermediate group, the diploic
veins are located in the diploe between the two tables
of the skull and drain into major dural sinuses. The
meningeal veins are located between the inner table
of the skull and the outer dura. They usually run
parallel with the meningeal arteries, and communic-
ate with the emissary, diploic, and cerebral veins.
The meningeal veins also provide tributaries that
drain the dura (including the outer and inner dura
that surround the superior sagittal sinus) and falx
{51

The dural venous sinuses receive contributions
from the brain, meninges, and diploe as well as
emissary and scalp veins. They can be divided into a)
the posterosuperior and b) the anteroinferior groups
of veins.

a) The posterosuperior group comprises the super-
ior sagittal, inferior sagittal, straight, transverse,
sigmoid, and occipital sinuses (figure 7—1B). The
superior sagittal sinus (SSS) begins anteriorly at the
crista galli and runs posteriorly to terminate at the
torcular Herophili. The superior sagittal sinus con-
tinues to grow in size as it passes posteriorly, until it
reaches a maximal diameter of about 1-1.5 c¢m at
the torcular Herophili. The most proximal portion of
the superior sagittal sinus may at times be hypo- or
aplastic. This finding, therefore, should not be con-
fused with sinus thrombosis on angiography. The
torcular Herophili and the transverse sinuses are sub-
ject to large individual variation. Frequently, one
transverse sinus is hypo- or aplastic with one side
assuming virtually the entire burden of the venous
drainage. As the transverse and sigmoid sinuses run
downward along the sigmoid sulcus, each sigmoid
sinus lies contiguous to the mastoid, thus increasing
the susceptibility of this portion of the dural sinus
to thrombosis from an ear infection.
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FIGURE 7-1. (A) Cross-sectional diagram of the sagittal sinus (SS) showing the relationship of the sinus to all three groups
of collateral venous channels in sagittal sinus thrombosis. Cortical vein = CV, lateral venous lacuna = L, scalp vein = §,
diploic vein = D, emissary vein = E, arachnoid granulation = A. (B) Diagram, lateral view of the various dural sinuses.
ICV = internal cerebral vein, IPS = inferior petrosal sinus, SPS = superior petrosal sinus, SS = straight sinus. (C & D)
Axial CT without contrast showing the normal triangular configuration of the sagittal sinus (large arrows). (E & F) Axial CT
with contrast showing enhancement of the superior sagittal sinus (large arrows), vein of Galen (arrowhead) and internal
cerebral veins (white arrow). (G) Axial MRI showing lack of signal (hypointensity) emitted from the cavernous sinus (solid
arrow). The signal emitted from the carotid artery (open arrow) is even less, due to faster low in the carotid artery. (H)
Sagittal MRI showing the hypointense signal arising from the sagittal sinus (large arrow), straight sinus (open arrow), vein
of Galen (small arrow), and basal vein of Rosenthal (arrowhead).
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FIGURE 7—-1D

FIGURE 7-1C



224

d1—,4 TINOI

41—, 394NOI1d



7. RADIOLOGY OF DURAL VENOUS SINUS THROMBOSIS 225

FIGURE 7—-1H

FIGURE 7-1G
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b) The anteroinferior group consists of the caver-
nous sinuses, superior and inferior petrosal sinuses,
and the basilar venous plexus (figure 7—2). (Cavern-
ous sinus thrombosis is a rare disease. It is seldom
associated with SST and is discussed in a separate
section. )

The blood from the sinuses flows either posteriorly
into sigmoid sinuses and then into the jugular veins,
or anteriorly into the cavernous sinuses, orbital veins,
and pterygoid plexus.

Superior Sagittal Sinus Morphology. The endothelial-
lined lumen of the SSS is irregular in contour. Along
its inferior surface there are numerous furrows, bands,
and bridges referred to as the chordae Willisii (figure
7—3). Their function is unclear, but they are thought
to help prevent reflux of blood into the cortical veins.
Because the cortical veins turn acutely posteriorly
(along the direction of the SSS venous blood flow) to
empty their contents into the SSS, some reflux of
venous blood into them may be prevented {6]. The
cortical veins enter the inferior aspect of the SSS
(figures 7—7, 7—3C), below but seldom connecting
with lateral venous lacunae {7}. The latter are lateral
extensions of the SSS (figures 7—3D and E), usually
in three pairs located respectively at the frontal,
parietal, and occipital portions of the SSS [8, 91. In
the elderly, the lateral lacunae can become linked,
forming a chain {9]. They contain an unusual abun-
dance of arachnoid granulations (four fifths) {7} com-
pared to the SSS itself (figure 7—3F); consequently,
the venous blood in the lacunae is probably more
diluted by CSF than the SSS, which may explain why
the lateral lacunae are less affected by postmortem
clot than is the SSS.

Perhaps another important dural collateral pathway
in SST is the cavernous tissue. First described by Balo
[101, this spongy tissue, which resembles the corpora
cavernosa of the penis, consists of non-endothelial-
lined spaces about 50—100 microns in size located
usually at the dorsal aspect of the SSS, and surround-

FIGURE 7-2. Diagram, superior view of the basal dural
sinuses. CS = cavernous sinus, ICA = internal carotid
artery, SIS = sigmoid sinus, T = torcular Herophili, TS =
transverse sinus 2—6 = cranial nerves.

ing the straight sinus and torcular Herophili (figure
7—4). When filled with blood, these spaces can
protrude into the lumen of the SSS to such an extent
that Balo {10} thought they regulated venous blood
flow in the SSS (figure 7—4C). No supportive evidence
has so far been furnished to validate this speculation;
however, the theory that cavernous tissue may repre-
sent another collateral pathway has been substantiated

FIGURE 7-3. (A) Superior view of a dissected superior sagittal sinus demonstrating the multiple bands and bridges known
as the chordae Willisii (arrows). (B) Inferior view of the superior sagittal sinus showing large accumulation of adipose tissue
(arrow) surrounding the sinus. (C) Cast of the superior sagittal sinus, superior view, showing the relationship of the sagittal
sinus (A & B), lateral venous lacuna (C) and the cortical veins (D). Note that the cortical veins enter the inferior aspect of the
sagittal sinus below the lateral lacuna (C). (With permission. {7]) (D) Cast of the superior sagittal sinus (S) and transverse
sinus (T) in a one-month-old infant, superior view, showing early development of the lateral lacuna (large arrows). Note the
small meningeal veins (small arrow) communicating with the lateral lacunae. (With permission. {71) (E) Cast of the superior
sagittal sinus in a three-month-old infant showing considerable growth of the lateral lacuna (arrow). (With permission. {71)
(F) Dorsal view of dissected specimen of the superior sagittal sinus and lateral lacunae showing the great abundance of the
pacchionian granulations (arrow) in the lateral lacunae compared to the sagittal sinus. (In this specimen the ratio is about

100:1.) (With permission {71).
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FIGURE 7-3F

FIGURE 7-3E



FIGURE 7-4A

FIGURE 7-4B

FIGURE 7-4. (A) Photomicrograph of the cavernous spaces (arrows) along the dorsal wall of the superior sagittal sinus.
(With permission. [7]) (B) Diagram, lateral view, showing the distribution of cavernous tissue (shaded black). Note the
abundance of this tissue at the torcular Herophili and the superior sagittal sinus above the torcular. S = Superior sagittal
sinus, SS = straight sinus. (C) Dorsal view of a dissected specimen of the superior sagittal (S) and transverse sinuses (T). The
dorsal dural leaf has been reflected showing the degree of protrusion of the cavernous tissue into the sinus lumen (arrows).
(With permission. {7}) (D) A wooden peg has been introduced into the lumen of the transverse and the superior sagittal
sinus (white arrow). The dorsal dural leaf of the torcular Herophili is shown to contain numerous meningeal vascular
channels (black arrow). (With permission.) {7]
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by work with Vinylite casts that showed connections
between the vascular mesh, meningeal veins, and the
sagittal sinus {4].

In summary, the lateral lacunae, the cavernous
tissue, and the meningeal veins probably represent
important dural collateral channels that help to
bypass a clot in the early stages of SST, thereby
diminishing the effects of SST on the cerebral venous
circulation. This is important because the collateral
channels can be visualized on CT.

PATHOGENESIS, ETIOLOGY, AND
CLINICAL FEATURES
Certain anatomic and functional features peculiar to
the cerebral dural venous sinuses may predispose
them to thrombosis: a) venous blood flow is relatively
slow in the dural sinuses; b) the chordae Willisii of
the SSS may promote flow turbulence or even stasis;
and ¢) in infants the pliability of the cranial vault in
the supine position produces an inward bony displace-
ment, partially compressing the distal SSS {11}
(Aigure 7-5). (In one eight-day-old infant studied
with cerebral angiography, Newton and Gooding
[11} found nonfilling of the SSS due to bony compres-
sion in the supine position. But when the SSS was
examined by venous sinography it was patent, albeit
matkedly compressed by the parieto-occipital overlap.
Other predispositions to thrombosis, common to the
venous system, include a) changes in blood viscosity
(such as cardiac failure), b) presence of coagulating
agents (such as the release of thromboplastin in brain
injury), and ¢) the loss of integrity of the sinus
endothelium due to trauma or inflammatory disease.
In SST, some ventriculomegaly would be expected
because of the venous obstruction and failure of CSF
absorption. In fact, the relationship of this disease to
changes in blood and CSF volume is complex [12].
The adult intracranial cavity possesses a finite volume;
its contents are brain, blood, and CSF in varying
proportions. When the brain volume is unchanged,
then blood and CSF have an inverse relationship (the
Monro—Kellie principle) (figure 7—6). The phenom-
enon of CSF absorption across the arachnoid granula-
tions can be described by

Absorption (CSF bulk flow) = Pressure CSF- Pressure
sagittal sinus/Resistance across the archnoid granulations

{131

Due to the presence of an unyielding adult skull, a
positive CSF pressure gradient is always maintained
across the archnoid granulations. This has been well
documented in human and animal experiments {13}.
Another variable to be considered is the fact that,

with the development of raised intracranial pressure,
alternative routes of CSF absorption are brought into
play which also help to diminish the likelihood of
hyprocephalus. Further, brain volume may increase
due to brain edema as well as intraparenchymal
hemorrhages. Hydrocephalus usually occurs in a
child less than three years of age [13]. This fact has
been attributed to the distensibility of the pediatric
skull, which is able to dampen the raised intracranial
pressure, thereby reducing the CSF pressure gradient
across the arachnoid granulations, resulting in CSF
accumulation. Also, the archnoid granulations are
immature at birth and few in number. They become
more widely distributed by about four years of age.

Prognosis in SST depends on the initial location of
the thrombus, the rapidity of thrombus propagation,
the degree of venous obstruction, the area of brain
involvement, the ability to develop sufficient collat-
eral circulation, and the rapidity of clot organization
and recanalization {15}. Age is also important. The
infant brain tolerates such an insult poorly; this is
perhaps related to the immature, partly myelinated
brain, which has the tendency to liquefy due to the
high water content. The masking of the clinical signs
of raised intracranial pressure due to the distensible
pediatric skull is also another factor {3}. Collateral
circulation occurs mainly through the large cortical
veins, which drain blood in a downstream fashion
(flow reversal) to opened sinuses at the base of the
skull. Some of the venous blood is also rerouted to
the deep venous system via medullary veins as well as
the dural collateral circulation.

Tissue survival depends on whether the develop-

TABLE 7—-1. Causes of Sinus Thrombosis {14}

A. Septic

B. Nonseptic Pregnancy/postpregnancy
Skull trauma

Cardiac disease
Subarachnoid hemorrhage
Craniotomy

Oral contraceptives
Miscellaneous

FIGURE 7-5. Noncontrast axial CT from inferior to
superior, showing the effects of anterior displacement of
the occipital bone on the superior sagittal sinus. (A & B)
Note displacement of the occipital bone in the supine
position (arrows). The torcular Herophili and sagittal sinus
are poorly visible. (C & D) Sections above the occipital
bone (same infant) showing relative prominence of the
sagittal sinus (open arrow).



7. RADIOLOGY OF DURAL VENOUS SINUS THROMBOSIS

233

FIGURE 7-5B

FIGURE 7-5A



234

ds—L 34NosHd

2¢—L TINOII



7. RADIOLOGY OF DURAL VENOUS SINUS THROMBOSIS 235

FIGURE 7-6. Diagram demonstrating the Monro—Kellie
principle. (A) Normal. Dotted area = brain, darkened area
= skull, A = cerebral artery, V = vein, VE = ventricle.
(B) In obstructive hydrocephalus (obstructive element =
oblique lines), the ventricle is expanded at the expense of
the cerebral blood volume. (C) In communicating hydro-
cephalus, the subarachnoid space over the brain surface is
expanded along with the ventricle at the expense of the
cerebral blood pool. (D) In venous occlusion, cerebral
blood volume is expanded at the expense of ventricular
volume.

ment of collateralization is sufficiently rapid to pre-
vent ischemia and hemorrhage due to blood stasis.
Once survival is achieved, recanalization is probably
the natural outcome. As shown by Beck and Russel
[16} in experimental animals, regardless of any soft
material placed occlusively in the SSS, recanalization
will eventually take place. In humans this process
may require about one to two weeks {15].

Symptomatology depends on the severity of venous
stasis and its sequelae on the brain. In a series of 97
patients with sinus thrombosis, Yasargil and Damur
[14} reported the most common clinical manifestation
to be hemiparesis (69%), followed by seizures (45 %),
papilledema (41%), and coma (36%).

Bengin intracranial hypertension (BIH) refers to

the condition of increased intracranial pressure in the
absence of a space-occupying lesion or hydrocephalus.
This condition has been linked with cerebral SOD.
Patients present with features of raised intracranial
pressure, i.e., headache, obscuration of vision, diplo-
pia, tinnitus, papilledema, and occasionally sixth-
nerve palsy. The prognosis is usually good, the
clinical symptomatology subsiding within a few
weeks or months. Patients fall into two main groups:
those with otitic hydrocephalus and those with no
known cause. The term otitic hydrocephalus, as coined
by Symonds in 1931, is in fact a misnomer because
there is absence of hydrocephalus. The condition
refers to the development of BIH in a patient with
an ear infection. Due to the contiguous relationship
of the sigmoid sinus to the mastoid, inflammatory
spread from the mastoid to produce lateral sinus
thrombosis is not uncommon. In one surgical series
(33 patients with ear infection), as many as 83 % had
lateral sinus thrombosis {12}.

IMAGING TECHIQUES IN SST
AND SST-RELATED SOD

Computerized Tomography (CT). The capability of
CT to diagnose venous thrombosis was first recognized
by Wendling (1978) {171, when he described an 18-
month-old child with otitis who developed deep
cerebral venous thrombosis. On CT, the vein of
Galen and straight sinus were hyperdense and en-
hanced diffusely. Several months later, Buonanno
{181 reported 11 adult patients who exhibited several
CT signs of SST and SST-related SOD (including the
empty delta and the cord sign). Thus far, as many as
24 separate publications have described the CT find-
ings of this disease [15].

The CT findings of SST and SST-related SOD are
best classified pathologically: a) those related to the
blood clot, b) those related to the venous collateral
formation, and c) those related to the effects of the
sinus thrombosis on the brain.

a) On CT a blood clot is hyperdense, measuring
approximately 70—80 Hounsfield units. Because the
clot usually arises in the dural venous sinuses, sub-
sequently propagating into the cerebral cortical veins,
it is best seen in the dural sinus but may be found on
CT in either venous system (but more commonly in
the dural sinus, because of its larger size as compared
to the cortical veins). This finding is referred to as the
dense vein sign, and has most frequently been reported
in the distal superior sagittal sinus superjacent to the
torcular (figure 7—7). When filled with a clot, the
dural sinus will usually assume a rounded configura-
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FIGURE 7-7D

FIGURE 7-7C
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FIGURE 7-71

FIGURE 7-7. Superior sagittal sinus thrombosis in a young female. (A) Noncontrast CT showing a rounded hyperdensity
representing blood clot in the distal superior sagittal sinus (arrow). (B & C) Contrast enhanced CT performed three days
after the onset of symptoms showing peripheral enhancement surrounding the clot—the empty delta sign (arrows). (D)
Cerebral angiogram, anteroposterior view (agitated patient prevented proper positioning), showing absence of superior
sagittal sinus opacification (arrow). (E) Gross specimen of the brain, superior view. Subarachnoid clot can be seen over the
right cerebral hemisphere (closed arrow). Superficial cortical veins are distended and thrombosed (open arrows). (F) Inferior
view showing extensive thromboses. Note involvement of cortical vein along the inferior aspect of the temporal lobe (open
white arrow). Tonsillar (black arrow) and uncal herniation (open black arrow) can be seen. (G) Cut axial section of the brain
reveals a large hemorrhagic focus (arrow) in the right frontal lobe. Note extensive subarachnoid hemorrhage as well over the
fronted lobe. (H) The clot in the sagittal sinus, shown on cut section. No evidence of recanalization was seen. Note that the
rounded and distended configuration of the clot-filled superior sagittal sinus corresponds closely to its appearance on CT. (I)

Dural hemorrhages (H) can be seen in the superior sagittal sinus due to the rupturing of engorged dural vessels.

tion. It should be borne in mind, however, that the
torcular Herophili, being partially convex, may at
times show some fullness on axial CT due to venous
distension as well as to the presence of cavernous
spaces, which can exist in great abundance in this
location {10, 15]. Also, the diagnosis of SST should
only be suspected when the SSS shows this rounded
configuration for a significant length (several CT
slices). The dense vein sign has been reported in the
deep Galenic venous system {151, particularly in
children (figure 7—8). In general, the involvement of
the deep venous system is the result of thrombus
propagation from the SSS, a condition that is usually
lethal when it occurs. The concomittant telltale signs

of periventricular infarcts due to deep cerebral vein
thrombosis may be seen on CT.

Propagation of the thrombus into the superficial
cortical veins may result in the cord sign on CT, which
consists of a linear density located at the paramedian
high cerebral convexity extending toward the SSS
(figure 7—9). However, because the cortical veins are
of small size, this sign is seldom observed due to
partial volume averaging.

b) Subsequent to sinus thrombosis, venous col-
lateralization develops. This can be considered in two
forms. In all likelihood, dural collateral channels are
brought into play first; this is probably facilitated by
connections between the lateral lacunae, dural caver-
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FIGURE 7-8B

FIGURE 7-8A
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FIGURE 7-8F

FIGURE 7-8E
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FIGURE 7-81

FIGURE 7-8. Five-month-old black male with deep cerebral vein thrombosis due to pneumococcal meningitis. (A & B)
Noncontrast CT showing a clot (the dense vein sign) in the vein of Galen, straight sinus, and torcular Herophili (arrows).
Clot extended into right transverse sinus as well (not shown). (C & D) Contrast CT shows marked enhancement of these
structures (arrows) as well as of the falx and tentorium. Note the widened anterior subarachnoid space as well as mild ventri-
culomegaly compatible with early communicating (external) hydrocephalus or subdural effusion. (E & F) Noncontrast CT
one week later. Previously enlarged vessels are now almost normal in size, suggesting successful recanalization (solid arrows).
But ventricles are hydrocephalic, while the widened anterior fluid collection has dimished in size (open arrow). (G & H)
Corresponding contrast CT shows enhancement surrounding an intraluminal defect, which could represent a residual
isodense clot (arrow). (I) Cerebral angiogram, lateral view, showing a stringy, faintly opacified vein of Galen and straight

sinus suggestive of recanalized lumen (arrow).

nous tissue, and the SSS as the venous blood proximal
to the obstruction attempts to bypass the block.
Because a dural blood clot is lower in density then
the intravascular iodine located in these dural col-
lateral channels after CT contrast infusion the sagittal
sinus takes on a triangular or rounded peripheral
enhancement called the empty delta sign. That this
sign has been seen as early as three days after the
onset of symptoms of SST argues strongly against
it representing recanalization and/or reorganization
(which usually occur later in the clinical course of
SST), and more in favor of it representing dural
venous collateral channels. When the sign is unequi-
vocally positive, it is pathognomonic of SST. Collater-

alization in the meningeal (and tentorial) veins may
also manifest as enhancement of the tentorium on
CT.

Secondly, due to back pressure the cerebral veins
(superficial and deep) become engorged, and retro-
grade downward flow occurs toward the patent dural
sinuses along the skull base. The cerebral veins may
be visible on CT as serpiginous densities either along
the brain surface or intraparenchymally. Because of
their relatively small size and their frequent conti-
guity to the calvarium, these veins are rarely visible
on CT, and thus are best visualized on angiography.

©) As resistance to venous blood flow develops, the
overall cerebral blood volume is increased, with
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FIGURE 7-10. Noncontrast CT. Superior sagittal sinus
thrombosis (curved arrow) associated with isodense right
cerebral hemisphere swelling. (The relatively greater brain
swelling on the right may be due to a more extensive pro-
pagation of thrombosis into veins on that side.) Note mass
effect on right lateral ventricle with shift of the frontal
horns (straight arrow).

distension of the cerebral vasculature. At this point,
diffuse isodense swelling of the brain may be seen on
CT, with compression of the lateral ventricles (figure
7-10). With farther distension of these vessels and
stasis of venous blood, the brain becomes ischemic,
and hemorrhagic infarction may occur. The latter
findings are particularly prevalent in the frontal or

FIGURE 7-9. (A) Noncontrast CT in a child with a hemor-
rhagic infarct (open arrow) due to superior sagittal throm-
bosis in the right parietal lobe. Subarachnoid blood is
present on both sides of the hemisphere (solid arrows). (B)
There is propagation of thrombus into a cortical vein (the
cord sign, thick arrow). The superior sagittal sinus is
distended and dense due to the blood clot (thin arrow).

parietal paramedian locations adjacent to the SSS.
Since venous hemorrhagic infarction does not cor-
respond to any vascular territory, it can be easily
distinguished from arterial hemorrhagic infarction.
Further, in a small number of patients with bilateral
hemorrhages, they are frequently symmetrical, mak-
ing arteriovenous malformation, amyloid angiopathy,
and other primary causes of hemorrhage unlikely.
There are some pitfalls in the interpretation of
the empty delta sign on CT. Subdural hematoma
and empyema, subarachnoid hemorrhage, arachnoid
granulations, SSS septa, and skull artifacts can
simulate the empty delta sign {19, 20}. In addition,
metastatic disease to the dura in this region could
simulate SST (figures 7—11, 7—12). False negatives

" are probably common. When they are suspected, a

careful search should be made by studying the SSS
on the computer monitor under multiple-level and
window-width settings. A high-level and window-
width setting (bone window) has been suggested as a
means of increasing sensitivity {21}. To minimize
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FIGURE 7-11A

FIGURE 7-11B

FIGURE 7-11. Three-and-a-half-year-old child with metastatic neuroblastoma to the torcular Herophili. (A) Axial CT
with contrast showing enhancing mass at the torcular Herophili (arrow). (B) Sagittal reformation CT demonstrating the
superoinferior extent of the lesion (arrow).
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partial volume averaging, 5-mm thin sections should
be obtained. Very thin sections, 1.5 mm or less, will
result in marked reduction in contrast resolution.
Goldberg et al. {22] have suggested that coronal
reformations may be of value in visualizing lateral
sinus thrombosis, because the lateral sinus runs a
parallel course to the (axial) imaging plane (figure
7—13), and hence a central lucent defect representing
the clot could be missed by partial volume effect.
To be certain, the empty delta sign should also be
visualized on several sections.

As discussed, the anatomic architecture of the SSS
can give rise to the following effects: a) The dural
collateralization in the meningeal veins, lateral lacu-
nae, and cavernous mesh could give rise to enhance-
ment surrounding the SSS intraluminal clot on CT
(the empty delta sign); b) the cavernous mesh when
filled could produce an irregular bulge or convexity
in the SSS, so as to simulate a clot on noncontrast
CT; and c¢) the chordae Willisii could give rise to
spurious defects in the contrast-enhanced SSS simu-
lating blood clot(s). These points should be borne in
mind when searching for SST on CT [15].

A recent review of the CT manifestations of SST
and SST-related SOD (76 cases, 83% proven by
angiography, surgery, or autopsy) revealed the fol-
lowing {15}: the most commonly reported CT sign
was the empty delta sign, (29% of all signs, table
7-2), followed by the dense vein sign (20%). Hemor-
rhagic infarcts were reported in 22% of cases; no
bland infarcts were reported. Patients who had the
empty delta sign and/or hemorrhagic infarction
fared worse; and when both signs occurred together,
the mortality was 100% {15, 181. The majority of
children presented with the dense vein sign, usually
involving the deep venous system. The evolution of
CT signs was followed in several reports [13, 21, 23,
24, 25, 26}. In general, the dense vein sign will
disappear, due to venous recanalization, in about one
to two weeks {23, 24} (figure 7—8), while the empty
delta sign takes about one and a half to two months
to diminish {19, 21, 25, 26}.

Magnetic Resonance Imaging (MRI). The advantages
of MRI over CT are numerous. MRI has better soft-
tissue discrimination, has freedom to image in any
plane, and lacks ionizing radiation. In contrast to
CT, which is primarily dependent on the electron
density of tissue, MRI is dependent on multiple
parameters that influence image contrast: T1 (longitu-
dinal), T2 (transverse) relaxation properties of tissue,
proton density, and flow to create tissue contrast.
Thus far, MRI of arterial blood flow has been the
subject of several reports. Recently, however, it has

TABLE 7-2. CT Signs in Superior Sagittal Sims
Thrombois and Related Venosinus Occlusive Disease [15}

A. Noncontrast CT

Cord sign 4.5%
Unilateral hemorrhage 8.5%
Bilateral hemorrhage 6.0%
Dense vein 20.0%
Edema 8.0%
Compressed ventricles 14.0%
B. Contrast CT
Gyral enhancement 9%
Tentorial enhancement 3.6%
Empty delta sign 28.6%
Medullary veins 1.8%
Normal 3.6%

become apparent that MRI is able to determine
qualitatively not only CSF flow, but also venous flow.
Macchi et al. {27] reported three subjects with SST
diagnosed on MRI. Their early experience suggests
that venous thrombosis can be easily recognized by
the absence of flow void, i.e. hyperintensity instead
of hypointensity of the venous sinus (figure 7—14).
Normally, hypointensity represents lack of signal
which can indicate the presence of flow; this signal
void is created by hydrogen protons rapidly moving
out of the slice prior to giving up their relaxation
energy so that little or no signal can be detected.
Secondly, the chronology of the thrombus can
be determined by its appearance similar to that of
intracerebral hematoma. Therefore, acute hematoma
would appear isointense on T1-weighted images and
hypointense on T2-weighted images,  whereas sub-
acute hematoma would appear hyperintense on both
T1- and T2-weighted images, probably due to the
conversion of deoxyhemoglobin to the paramagnetic
methemoglobin. While these speculations are yet to
be proven by a study of a more extensive patient
population with SOD, the elusive nature of flow and
flow turbulence as well as the individual chronologic
variability in thrombus formation, organization, and
recanalization has created some justifiable scepticism.
Erdman et al. {28} experimentally induced five ven-
ous thrombi in dogs, imaged the evolution of the
thrombi; over a course of three weeks on a medium-
field MRI scanner, and compared the findings to the
pathologic specimen. They found that a subacute clot
does indeed appear hyperintense (relative to muscle)
on both T1- T2-weighted images, but its chronology
cannot be readily predicted. Others have warned
that, as in CT, pitfalls may exist in diagnosing SST
on MRI, such as mistaking flow turbulence, paradox-
ical enhancement, and slow flow for SST. Attempts
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FIGURE 7-14A

FIGURE 7-14B
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FIGURE 7-14C

FIGURE 7-14. MRI of posttraumatic SST. T1-weighted images. (A) Coronal view. An area of hyperintensity can be seen in
the superior sagittal sinus representing a clot (arrow). Note the outward bulging of the superior sagittal sinus wall. (B)
Sagittal view, off-midline. The clot corresponding to figure 7—11A is seen (open arrowhead). The flowing blood in the
branches of the pericallosal artery is seen as black due to signal void (closed arrow). (C) Sagittal view, midline. SST extends
distally (open straight white arrow), where, directly superior to the torcular Herophili, the sagittal sinus is severed (by
penetrating trauma, a bullet) (open curved white arrow). Extension of blood into the extradural space is seen (open black
arrow), which in turn communicates with a subgaleal hematoma, probably via a skull fracture (long white arrow).
Short white arrow = hypointense echo from flowing venous blood in the straight sinus.

to predict clot chronology may be self-defeating due
to recanalization [29}. Recanalization can in itself
produce areas of hypointensity in addition to flow
turbulence, which can all mimic the paramagnetic
effects of blood breakdown products {28}. These
reports seem to suggest that MRI has the greatest
potential of all imaging modalities to predict SOD
accurately; and in addition, MRI can accurately
visualize the untoward effects of sinus thrombosis on
the brain parenchyma (such as brain edema and
hemorrhagic infarction), as well as collateral blood
flow. But whether MRI is capable of predicting clot
chronology is still subject to debate.

Radionuclide Scan. Techpetium 99 m (Tc 99 m)
pertechnitate planar scintigraphy dynamic brain
scanning has been used in the past for the diagnosis

of SOD, but with little success, due to the lack of
resolution of planar scintigraphy {30}. Single photon
emission computerized tomography (SPECT) has
shown some promise in diagnosing cerebral SOD
noninvasively. Front et al. {31] reported the utiliza-
tion of technetium-labeled autologous (RBCs) in 19
patients suspected of SST. SPECT studies were per-
formed in six patients. In 12 cases, the diagnosis was
confirmed by angiography, surgery, or autopsy. Static
Tc-RBC scintigraphy was found to have a sensitivity
of 100%, a specificity of 86% and an overall accuracy
rate of 94%:; flow images were found to have a low
accuracy rate (61%). SPECT scanning was useful in
giving added spatial resolution so as to enable separa-
tion of other adjacent lesions such as tumors, which
might otherwise create a false positive or negative
reading.
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FIGURE 7-15A

Other researchers, following a similar tack by
tagging blood-clot components with a radionuclide-
emitting source, have been successful at imaging
SST. Bridgers et al. {32} imaged a patient with
proven SST with Indium-111 platelet scintigraphy,
which had previously been used for detecting peri-
pheral and intracardiac clots {33, 34]. They followed
the patient for two weeks, repeating the study at
the end of that period. The second study revealed
decreased uptake, suggesting decreased clot activity.
Thus, this early experience suggested that Indium-
111 platelet scintigraphy may be used to follow
platelet (and clotting) activity in SST.

Cerebral Angiography. Cerebral angiography was
previously considered as the gold standard in the
diagnosis of cerebral SOD. Certain points should be
borne in mind in performing cerebral angiography in
SST: a) Due to slow flow, the angiogram should be
performed well into the venous phase (at least 15
seconds) {14]; b) To facilitate the diagnosis of SST,
the head should be turned slightly on the frontal
projection so that the anterior and posterior segments
of the SSS will not be superimposed on one another.
One view is probably adequate to diagnose complete
SST, although for partial occlusion more views may
be needed; c) Digital subtraction angiography is
recommended to reduce the dose of the contrast
agent (about half that used for cut film angiography).
Digital arteriography is considered superior to digital

intravenous arteriography since the latter may result
in poor sinus opacification; d) Despite the purported
noxious effects of hyperosmolar contrast agents on
the capillary endotherlium and brain, a recent
review of the complications of angiography in SST
failed to establish this correlation {15]. Regardless,
newly developed nonionic contrast agents should be
utilized if available to maximize safety.

Findings on angiography include a) retardation of

arterial and venous flow due to the overall increased

resistance to flow, b) poor or nonopacification of the
sinus, and ¢) the presence of (enlarged) collateral
veins (figure 7—15).

Attempts to diagnose partial (or segmental) occlu-
sion of the venour sinuses, in particular the transverse
sinus, have been fraught with problems. One danger
lies in the numerous anatomical variations that exist
in this region. For example, nonopacification of one
transverse sinus may be due to aplasia of the sinus
on that side; clues on plain films, such as lack of
occipital sinus groove and small jugular foramen,
should be sought to make the diagnosis of aplasia or
hypoplasia of the sinus. Another misdiagnosis of par-
tial thrombosis may be due to filling by unopacified
vein(s). Thus, Yasargil and Damur {14} have recom-
mended that a special effort be made to identify all
the veins by injecting both carotid and vertebral
arteries. However, the finding of nonpacification of a
venous segment plus the presence of a bypassing
collateral venous formation can indicate thrombosis.
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FIGURE 7-15B

FIGURE 7-15. (A) Lateral view A cerebral arteriogram in
superior sagittal sinus thrombosis showing absence of the
superior sagittal sinus and prominent superficial cortical
veins (arrows). (B) Frontal view of the cerebral angiogram
demonstrating probable dural collateral vascular channels
(small arrow). Large downward draining cortical veins
(large arrow) are again seen.

Likewise, a small irregular channel traversing the
interrupted segment can suggest recanalization.

In an attempt to circumvent the technical problem
of poor sinus opacification, jugular venography has
been recommended {35}. But the venous approach
is seldom utilized in practice, probably due to the
interpretative difficulty of retrograde opacification.

In summary, it is our belief that despite the high
accuracy of cerebral angiography in making the

diagnosis of SST, the effectiveness of the noninvasive
imaging modalities such as CT, MRI, and radio-
nuclide scan represent better diagnostic alternatives.
Provided that the interpreter is well acquainted with
the anatomy of the venous system and the pathophy-
siology of SOD and its multiple radiographic mani-
festations, cerebral angiography can be circumvented.

Cavernous Sinus Thrombosis

NORMAL ANATOMY

The cavernous sinuses (CS) are located on either side
of the pituitary fossa, extending from the superior
orbital fissure to the petrosal apex from front to back.
The floor is formed by the roof of the sphenoid body.
Like the SSS the CS are enclosed by two (inner and
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outer) dura. Posterior to the CS, similar dural reflec-
tions enclose the Gasserian (fifth nerve) ganglion.
Contents of the CS include the cavernous portion of
the internal carotid artery (ICA) and the third, fourth,
fifth and sixth cranial nerves. The ICA conveniently
divides the CS into various compartments relative to
the artery. The cranial nerves lie in the lateral com-
partment below the inner dural reflection. Numerous
partitions are present within the CS. They may
represent counterparts of the chordae Willisii of the
sagittal sinus, or an intrinsic plexus of veins. The CS
are the major recipients of venous blood from the
brain, face, orbits, nasopharynx, and ears. Specifi-
cially, the CS communicate with both opthalmic
veins (inferior and superior), the central retinal vein
and sphenoparietal sinus anteriorly, the superior and
inferior petrosal sinuses and petro-occipital sinus
posteriorly, the uncal and deep sylvian veins super-
iorly, and the pterygoid plexus inferiorly {36]. In
addition, an intercommunication exists between the
two CS along the floor of the sella—a knowledge of
importance to surgeons in the conduct of transphe-
noidal pituitary surgery. Thus, the CS are susceptible
to the direct spread of tumor, infection, and throm-
bosis from these aforementioned anatomical areas as
well as from within themselves.

Due to the presence of blood, the CS are dense on
noncontrast CT and enhance on contrast CT. The
enhancement is homogenous on axial CT without
distinction between the intraarterial contrast in the
ICA and the intravenous iodine in the CS; but
posteriorly on axial CT, the overall homogenous
pattern is interrupted by the presence of the CSF-
containing Meckel cave (which does not enhance).
The cranial nerves passing forward from the brainstem
into the CS on their way to the face lie along the
horizontal (axial) plane, parallel to the CT scan plane,
and are therefore difficult to visualize with axial CT
due to partial volume averaging. However, on thin-
section direct coronal CT, these cranial nerves are
seen on cross section as small rounded defects in the
lateral compartment of the CS; they are assembled in
a more or less sequential vertical array, the third to
sixth cranial nerves superior to inferior. On both
axial and direct coronal CT, the outer contour of the
CS should assume a gentle concavity outward and at
times a straight line. Fullness of the C8 is expressed
by an outward convexity, which should immediately
raise suspicion of disease. This anatomical observation
is true also for MRI; however, on MRI the presence
of flowing blood within the ICA and the CS produces
a hypointense echo relative to the brain on both
Tl-and T2-weighted images (figure 7—1G), while
the CSF located within the Meckel cave becomes

bright on T2. The cranial nerves within the CS are
usually not visualized on MRI due to the lack of
inherent contrast {37} and the inferior spatial re-
solution of MR as compared to CT.

IMAGING IN CAVERNOUS SINUS THROMBOSIS
Cavernous sinus thrombosis can be caused by infec-
tion, trauma (with or without carotid—cavernous
fistula), neoplastic obstruction of adjacent venous
sinuses, and extension of the thrombus into the CS.
In addition, hypercoagulable disorders such as various
hematological diseases, steroid therapy, contracep-
tives, severe dehydration, and pregnancy can produce
cavernous sinus thrombosis. Prior to the advent of
antibiotics, and mortality rate for this disease was
close to 100%; in the era of antibiotics this figure is
considerably reduced.

The diagnosis of cavernous sinus thrombosis can
be made on contrast-enhanced CT. Filling defects
due to clot are seen within the CS along with indirect
signs of cavernous sinus thrombosis, such as swelling
of the orbital veins and extraocular muscles and scleral
thickening. These filling defects bear no relationship
to the course of the cranial nerves in the CS. (Not
uncommonly, fat in the cavernous sinus can pro-
duce spurious filling defects. Large amounts can be
found in Cushing disease {38].) Other diseases such
as ICA aneurysm, trigeminal neuroma, metastasis,
and fistula {36, 38], can also produce filling defects
in the CS. Thus, indirect signs of cavernous sinus
thrombosis on CT are important corroborative in-
formation. In addition, the CS should take on an
appearance of fullness, with bulging of the lateral
walls of the CS outward. Gas collection in the CS
(presumably from gas-forming organisms) has also
beenreported in cavernous sinus thrombosis{39}. Asin
SST, preliminary experience with MRI has indicated
that, due to a subacute clot (greater than 24 hours) in
the CS, the signal emanating from the CS will be
hyperintense in respect to the brain on both T1- and

FIGURE 7-16. Cavernous sinus thrombosis in a 59-year-
old female who presented with blurred vision, diplopia,
headache, and fever. (A) Orbital CT, axial view, showing
swelling in the left eyelid (arrowhead). There is enlarge-
ment of the superior ophthalmic vein (arrow). Proptosis is
present. (B) Both cavernous sinuses contain large filling
defects representing clots (arrows). (C) Gallium-67 scinti-
graphy shows accumulation of the radionuclide in the left
orbit and carvenous sinuses (arrows). (D) After 10 days of
antibiotic treatment, a second CT reveals resolution of the
pathology in the left orbit and cavernous sinus (not shown).
There was also a corresponding decrease in Gallium-67
activity (not shown) on the radionuclide scan.
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FIGURE 7-16A

FIGURE 7-16B
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FIGURE 7-16C

FIGURE 7-16D
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T2-weighted images {40}. Because lesion conspicuity
is considerably improved on MRI, this modality
should be as valuable here as it is in SST diagnosis.
Similarly, Indium-111 platelet scintigraphy and Gal-
lium-67 {41} represent good adjunctive noninvasive
imaging tests that can help confirm the diagnosis
(figure 7—16). Given the multiplicity of imaging
modalities available for the diagnosis of cavernous
sinus thrombosis, angiography and superior ophthal-
mic venography should play a small diagnostic role
(if any). Indeed, the later may in itself help to
disseminate infection and extension of thrombus. On
cerebral angiography, cavernous sinus thrombosis is
expressed as an absence of filling of the CS; there is
retrograde flow along the ophthalmic vein, when this
vein is opened {42].

Summary

1. The true incidence of SST is unkown; its clinical
manifestations may be more numerous and wide-
ranging than realized, extending from mild to
devastating types of presentations.

2. Since current imaging modalities can visualize
much of pathophysiology that occurs during a
major veno-occlusive event, understanding the
venous anatomy and pathophysiology is crucial.
After a major veno-occlusive event, several venous
collateral pathways are available to reduce the
physiologic impact on the brain. One of these
occurs via a collateral circulation that exists in
dural leaves of the sagittal sinus, the cavernous
tissue, and the meningeal venules.

3. Despite an impairment in CSF absorption after
SST, brain swelling is the predominant finding,
due to engorgement of the vascular bed.

4. SST is a multicausal disease. Prognosis is multi-
factorial, depending largely on the patient’s ability
to develop venous collateral circulation.

5. Key imaging modalities include CT and MRI.
Angiography should be performed as a last resort
when the noninvasive modalities are equivocal.

6. The main finding on non-contrast CT is the dense
vein sign, which represents a clot lodged in the
dural sinus. The most common sign on contrast
CT is the empty delta sign, which is an expres-
sion of the dural venous collaterals. Brain swelling
may also be seen associated with hemorrhagic
infarction.

7. On MRI, bright echoes on T1- and T2-weighted
images emanating from an enlarged dural sinus
are probably highly specific signs of this disease.
However, as long as quantitated blood flow on
MRI remains elusive, slow flow without veno-

occlusion cannot be ruled out. MRI is particularly
sensitive to the ancillary signs of SST, such as
brain swelling and infarction, which will corro-
borate this diagnosis.

8. Cavernous sinus thrombosis is a rarer disease than

SST clinically. Radiographic findings are similar
to SST.
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The institution of neonatal intensive care units has
resulted in a revolutionary improvement in the
survival of severely premature infants in the past 10
years. This chapter reviews the diagnostic evaluation
of intracranial hemorrhage (ICH), which along with
respiratory distress syndrome and necrotizing entero-
colitis represents the major source of morbidity and
mortality in this patient group.

ICH is present in up to 71 % of premature neonates
undergoing autopsy {1, 2}. However, most published
studies of in vivo imaging using computerized
tomography (CT) or ultrasound quote an incidence of
35—45% for some degree of ICH in this population
[3—13}. The incidence of ICH is most marked in
neonates with a gestational age of less than 33 weeks
or birth weights of less than 1500 grams. Infants
under 30 weeks of gestational age have twice the
incidence of those born at 31—34 weeks {14, 15}.

The germinal matrix of the subependymal lining
of the lateral ventricles is the source of almost all of
these hemorrhagic events {14, 16}. The germinal
matrix is a highly vascularized area composed of
blood vessels and pleoblastic neuronal elements. It
forms during early embryologic development and
serves as a source of nerve cells that migrate into
superficial cortical locations during fetal brain devel-
opment. This process diminishes during the third
trimester, and this change is associated with marked
diminution and, ultimately, the disappearance of the
germinal matrix. In early development, the germinal
matrix lines much of the body of the lateral ventri-
cles, extending from the head of the caudate nucleus
backward as it lies adjacent to the body and proximal
tail of the caudate. The germinal matrix is largest
adjacent to the caudate nucleus throughout gesta-
tion, and as it atrophies, at between 30 and 35 weeks
of gestation, this remnant in the caudothalamic
notch remains as a tangle of fragile vessels with a
marked propensity to hemorrhage under the stresses
associated with the premature’s early postnatal life.
The major arterial supply of the germinal matrix is

through the recurrent artery of Heubner anteriorly
and through the anterior and posterior choroidal
arteries posteriorly {14, 16, 17}.

An extensive literature has been developed eva-
luating precipitating causes of germinal matrix
hemorrhage in prematures. These have in common
either a loss of autoregulation which results in poorly
controlled blood flow, an increased blood pressure
secondary to hypoxia, or increasing blood flow
through the unstable capillary network in the ger-
minal matrix due to resuscitative efforts. This may
alternate with episodes of hypotension, predisposing
to local ischemic changes that compound the effect
of subsequent hemorrhagic episodes. Acute hypoxia
such as that associated with pneumothorax has a
particularly high association with the sudden devel-
opment of germinal matrix hemorrhage [8, 18—25].
Less commonly, coagulation abnormalities such as
decreased platelet adhesiveness secondary to maternal
aspirin use, thrombocytopenia, or the systemic
heparinization required in extracorporeal membrane
oxygenation (ECMO) may also give rise to germinal
matrix hemorrhage. In ECMO therapy, an artifical
lung is used as a temporary measure in severe but
potentially reversible respiratory failure when other
therapeutic modalities have failed. In one series,
25% of the patients developed ICH after placement
on ECMO. In addition, preexisting hemorrhages
may extend during this therapy {25-30].

The early literature on neonatal ICH emphasized
the catastrophic clinical presentation of those cases
coming to autopsy. In the most extreme cases, rapid
development of stupor, respiratory distress, and
seizures are associated with hypotension, bradycardia,
bulging of the fontanels, and dropping hemoglobin
level. Subsequently, the routine investigation of
premature neonates by ultrasound has demonstrated
that this overwhelming hemorrhagic catastrophe is
an uncommon clinical presentation of the pathology.
Over 50% of the cases are clinically silent. If clinical
signs are present, the most common is an un-
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explained drop in hematocrit. Other common signs
are alteration of the level of consciousness, hypotonia,
and abnormal eye movements {3, 4, 14}.

Ninety percent of prenatal intracranial hemorr-
hages occur within the first three days of life; 36—
50% occur in the first postnatal day, 25-32% on
the second day, and 15-18% on the third day.
Progression of the lesions occurs in 20—40% of
infants suffering ICH. The maximum extent of the
disease usually occurs within three to five days after
the initial hemorrhage {31—33}.

Neonatal ICH is conventionally divided into four
grades. In Grade I, the hemorrhage is localized to
the subependymal region in the locus of the remnant
of the germinal matrix in the caudothalamic groove,
immediately posterior to the foramen of Monro.
Rupture of the hemorrhage into the ventricular
system without significant ventricular dilatation
represents a Grade II hemorrhage. Intraventricular
hemorrhage with significant ventriculomegaly is a
Grade III hemorrhage. Intraventricular hemorrhage
associated with extension into periventricular brain
parenchyma advances the grading to IV {5, 6, 14].

Minor hemorrhages (Grades I and 1I) are reported
in 41-60% of the cases documented in major series.
The same reports indicate a 40—49% incidence of
major hemorrhages (Grades III and IV) {9, 14, 34}.
The highest incidence of major hemorrhages is found
in infants with birth weights between 750 and 1250
grams {35, 36]. Ventricular dilatation occurs in just
over half of those infants who survive the initial
hemorrhage {17, 37}. Hydrocephalus is often tran-
sitory {14, 38]. Ventriculomegaly is rare in children
demonstrating only Grade I hemorrhages. It is found
in 40% of those surviving Grade II, 62% of Grade
111, and 80% of those after Grade IV hemorrhage
[14}. In addition, porencephaly characteristically de-
velops in infants who survive Grade IV hemorrhages
{12}.

Although the presence of even a Grade I hemorrhage
has been reported to lower survival rates from 94%
to 55% in one series {14}, most reports indicate that
the survival rates of infants with Grade I hemorrhage
are similar to those of prematures without neurologic
pathology, i.e. a mortality rate of approximately
15% {39, 40}. Grade I hemorrhages add only
slightly to the mortality rate (20%) [41}. The major
hemorrhages are associated with 40% mortality rates
in Grade Il and 60% in Grade IV {3, 14, 17}. Major
neurological sequelae occur in approximately 15% of
the survivors of Grade I hemorrhage, 30% of Grade
11 suriviors, 40% of Grade III survivors, and up
to 90% of Grade IV survivors [3, 40, 42]1. Motor
deficits are the most common, particularly spastic

diplegia and spastic quadraparesis {43]. These major
motor deficits are more common with higher grades
of hemorrhage. With Grade I and Grade II hemorr-
hages, mild hyperreflexia or hypertonia are more
common {14, 42, 44}. Most long-term studies have
followed these children only through their first two
years of life. The motor deficits tend to stabilize
during the first year and may improve during the
second, except in Grade IV hemorrhages [45}.
Significant intellectual impairment may occur but
is less common than motor deficits {17, 40, 44, 46].
According to Smith (1985), even infants who sur-
vived major hemorrhages have a 45% chance of a
normal outcome {14}. Additional studies with longer
follow-up will be necessary to determine the ultimate
result of neonatal intracranial hemorrhage.

Ultrasound Findings

Although A-mode ultrasound was successfully uti-
lized for the noninvasive diagnosis of intracranial
midline shift in the 1960s, the very limited anatomic
information available with this technique led to its
abandonment with the advent of CT scanning in the
1970s. Articulated arm B-mode ultrasound scanning
provided more anatomic details than A-mode and
was used to a limited extent in the 1970s for imaging
of the neonatal brain. Both transcranial and trans-
fontanelle images could be obtained with this equip-
ment, but these fixed installations required transport
of critically ill patients to the ultrasound suite. The
anatomic detail compared poorly with that available
from even early CT scanners. The advent of portable
high-resolution sector real-time B-mode ultrasound
imaging in the late 1970s brought high-resolution
cross-sectional imaging to the patient’s bedside,
obviating the need to remove unstable prematures
from their protective environment. This approach,
with subsequent improvements in resolution, has
brought portable real-time ultrasound into a pre-
dominant position in the imaging of neonatal ICH
[47-50}.

Primary imaging planes used in ultrasound neo-
natal dignosis take advantage of the acoustic window
of the anterior fontanelle. From this position, multi-
ple planes of section are possible, but angled coronal
and oblique parasagittal scans are of the greatest
importance in the evaluation of ICH and its sequelae.
A phased array or mechanical sector transducer of
5 MHz or higher frequency gives the best results.
Linear arrays are less efficacious since they allow
visualization of only a narrow central portion of the
brain. A number of reviews of the detailed sono-
graphic evaluation of intracranial anatomy are avail-
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FIGURE 8-1. (A) Diagrammatic representation of coronal
sonogram. Righe, left, and sagittal midline indicate planes
of sagittal imaging. CSP = cavum septi pellucidi; CN =
caudate nucleus; CP = choroid plexus; LV = lateral
ventricle; 3 = third ventricle; 4 = fourth ventricle. Black
line with arrows indicates region of germinal matrix. (B)
Diagrammatic representation of sagittal sonogram. CN =
caudate nucleus; CP = choroid plexus; LV = lateral
ventricle; T = area of thalamus. Arrows indicate typical
site of germinal matrix hemorrhage.

able {4, 14, 17, 50-54}, but for the purpose of
diagnosis, staging, and follow-up of ICH, a few basic
anatomic details are of critical importance.

From the access point at the anterior fontanelle,
the echo-free ventricular system and the intensely
echogenic choroid plexus dominate the central intra-
cranial anatomy. Although there are occasionally
mild variations in the size of normal lateral ventri-
cles, the ventricular system in the vast majority of
neonates is bilaterally symmetric. It is useful to
begin the scan in a coronal plane to take advantage
of its symmetry, which allows instantaneous com-
parison of the two sides for subtle discrepancies as
well as the maintenance of proper orientation during
the scan and its interpretation. It is helpful, there-

fore, to begin the scan by angling posteriorly from
the anterior fontanelle in the coronal plane (figure
8—1A). With this orientation, the large concen-
tration of choroid plexus in the trigone of the lateral
ventricles is readily apparent as bright, thick, straight
lines that progressively diverge posteriorly. Deep to
the choroid are the thin, moderately echogenic,
posteriorly divergent lines of the tentorium and the
large, moderately echogenic mass of the cerbellar
folia.

As the transducer is angled slowly forward in the
coronal plane through the lateral ventricular bodies,
the normal choroid plexus smoothly and progres-
sively thins and ultimately plunges through the
foramina of Munro into the roof of the third ven-
tricle. Any echogenic material in or adjacent to the
ventricular frontal horns is hemorrhage rather than
normal choroid plexus {14, 51, 55]. In the lateral
ventricular trigone, the medial and lateral walls of
the ventricles are roughly parallel, but as the coronal
image is brought forward, the lateral walls of the
normal nondilated frontal horns become progres-
sively medially concave (figure 8—2A).

In the parasagittal images, the transducer is an-
gled to one side, producing a plane that transects the
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FIGURE 8-2A

FIGURE 8-2B
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FIGURE 8-2C

FIGURE 8-2. (A) Normal coronal ultrasound scan through
the midventricular bodies. Normal echogenic choroid in
the lateral (large arrows) and third (small arrow) ventricles.
Lucent cavum septi pellucidi (c) is flanked by normal
lucent ventricles (v). (B) Normal sagittal ultrasound scan
through the lateral ventricular body. Ventricle (v), normal
echogenic choroid plexus (c), cingulate sulcus containing
collosalmarginal artery (a), and area of germinal matrix (g)
are shown. (C) Normal sagittal ultrasound scan through
lateral ventricle in a 24-week gestational age patient. Note
lack of sulci, larger ventricle, and prominent, bulky
choroid plexus (¢).

elongated curve formed by the lateral ventricle from
the frontal through the temporal and occipital horns
(figure 8—1B). Once this orientation has been est-
ablished, additional scans should be made with as
great a degree of lateral arc as possible to demon-
strate the Sylvian fissure and lateral subarachnoid
spaces. Arcing medially, particular care is necessary
to show the frontally tapering shape of the normal
choroid plexus. The inferolateral aspects of the lateral
ventricular bodies just posterior to the foramina of
Munro should be inspected with special care to detect
limited subependymal hemorrhages. Scans in the
midline show the anatomy of the third and fourth
ventricles and the aqueduct. The sequence is then
repeated for the contralateral side (figure 8—2B, C).

Sonographically, Grade I hemorrhages produce
unilateral or bilateral echogenic foci inferolateral to
the lateral ventricles at or near the caudothalamic
notch. The echogenicity of the hemorrhage is similar
to that of the choroid plexus. These small masses
may remain echogenic for up to two months before
becoming progressively isoechoic (figure 8—3) {14,
511. A linear group of echoes near the germinal
matrix seen only on parasagittal scans is most likely
an artifact caused by specular reflection of sound from
the wall of the lateral ventricle {56]. A genuine
hemorrhage should be visible in two planes. A
minority of germinal matrix hematomas regress to
focal cysts at the site of the hemorrhage (figure 8—4)
{54, 571.

Each of the three higher grades of ICH provides
new ultrasound findings in addition to but not to the
exclusion of the pathology demonstrated in the lower
grades. Thus, in Grade II hemorrhage, the echogenic
or lucent foci in the area of the caudothalamic notch
are visualized and, in addition, echogenic clot is seen
within the lumen of the cerebral ventricles. Large
amounts of intraventricular thrombus are clearly
visible as echogenic masses or as CSF—thrombus fluid
levels, which are often fixed in position and more
often found in the dependent portion of the ventri-
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FIGURE 8-3A

FIGURE 8-3B
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FIGURE 8-3C
FIGURE 8-3. (A) Coronal ultrasound image of right
germinal matrix hemorrhage (arrow). Grade I ICH. (B)
Sagittal ultrasound image of Grade I germinal matrix
hemorrhage (arrow). (C) Axial CT of right germinal matrix
hemorrhage (arrow). Note normal slightly dense left
caudate (open arrow).

cular system, i.e., the occipital and temporal horns.
Smaller amounts of clot may become adherent to the
choroid plexus, or the hemorrhage may occur within
the choroid plexus itself {58, 49]. In these cases,
differentiation between small intraventricular thrombi
and anatomic variation of the choroid plexus may be
difficult. In general, the choroid is thickest in the
area of the trigone and tapers smoothly as it courses
anteriorly into the floor of the lateral ventricular body
and the roof of the temporal horn. In general, there is
little, if any, extension of normal choroid into the

occipital horn {14}. A normal choroid plexus also
shows little, if any, lobulation {54]. Alteration
of these normal appearances by apparent major
extension of the choroid plexus into the occipital
horn or marked lobulation of the structure is suspici-
ous for the presence of a small intraventricular
thrombus. Normal variation can usually be excluded
by follow-up scans to document change in the
appearance of the clot as it resolves or extends. The
normal choroid does not project anterior to the plane
of the foramen of Monro. Echogenic intraventricular
material in the frontal horns can be confidently
identified as a hematoma (figure 8—5).

The presence of intraventricular blood is often
associated with subsequent and usually transient
development of ventriculomegaly, primarily secon-
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FIGURE 8-4. Sagittal ultrasound image of subependymal cyst (arrow) forming within germinal matrix hemorrhage (h).

Normal choroid plexus (C).

dary to interruption of normal CSF pathways. This
ventricular dilatation has been treated aggressively in
the past, but more recent studies indicate that che
phenomenon is transient in the overwhelming majority
of cases [14, 60—65]. In general, ventricular size will
either stabilize or return to normal with conservative
management. In Grant’s series, only 5% of patients
with ventriculomegaly associated with Grade II
hemorrhage required intervention because of progres-
sive hydrocephalus {14]. Close follow-up with sono-
grams at weekly intervals is useful to document the
course of these patients.

Marked ventriculomegaly is obvious sonographic-
ally, but early signs may be more subtle. A change
in the configuration of the frontal horns from slitlike
to bulbous with rounding of the lateral angles and a
lateral ventricular depth of greater than 3 mm are
indications of early enlargement [54].

Very rarely, a choroid plexus papilloma may
mimic a Grade II hemorrhage with ventriculomegaly.
This unusual benign tumor may arise congenitally. It
produces an echogenic mass in the choroid plexus
similar to an adherent hematoma. The absence of asso-

ciated germinal matrix hemorrhage and the demon-
stration of chaotic bidirectional flow in both systole
and diastole by Doppler sonography are characteris-
tic of this tumor {66].

Sonographically, the large amounts of intraventri-
cular clot in Grade III hemorrhages fill and distend
the lateral ventricles and are often identified in other
portions of the ventricular system as well. The
echogenic clot usually obscures the choroid plexus.
Either symmetric or asymmetric dilatation of the
ventricles may be present. If the clot resolves, an
echogenic rind is usually preserved along its periphery
as progressive liquifaction occurs in the remainder of
the hematoma. Eventually, the clot retracts from the

FIGURE 8-5. (A) Intraventricular hemorrhage involves
the left lateral (L) and third (T) ventricles. Grade II hemor-
rhage. Coronal sonogram. (B) Sagittal image of Grade II
(intraventricular) hemorrhage shows echogenic cast of
ventricle filling frontal (F), occipital (O), and temporal (T)
horns. (C) Axial CT of intraventricular hemorrhage (h)
demonstrates predominately left blood with some involve-
ment on the right.
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FIGURE 8-5A

FIGURE 8-5B



270

FIGURE 8-5C

ventricular wall and often produces the effect of a
shrunken cast of the involved ventricles surrounded
by CSF (figure 8—6) [51, 54}1.

The worst prognosis and highest mortality rates
are associated with extension of the intraventricular
thrombus through the ependyma into the adjacent
brain parenchyma. These Grade IV hemorrhages may
be present initially or may occur as complications of
lesser degress of bleeding. The clot most often
projects from the superolateral and anterior aspects
of the ventricular body into the high frontal or
parietal areas. The clot is intensely echogenic and
usually demonstrates a similar pattern of resolution
and retraction to that found in Grade III hemorrhages.
The echogenic rind or cast within the damaged areas
may persist for months. Because of the hemorrhagic
necrosis of that portion of the brain parenchyma

involved in the hematoma, the eventual production
of porencephalic cysts in the necrotic area is typical
(figure 8-7) [14, 671.

Recent studies have suggested that brain ischemia
or infarction plays a primary role in the intraparen-
chymal extension of germinal matrix hemorrhage.

FIGURE 8-6. (A) Coronal ultrasound image demonstrates
Grade III intracranial hemorrhage. Note right germinal
matrix hemorrhage (H), intraventricular component in
temporal horn (h), and enlarged ventricles (V). (B) Pro-
gression of hydrocephalus is evident on this coronal image.
Same patient as (A). Enlarged lateral ventricles (V), tem-
poral horns (T), and third ventricle (arrow) are shown. Also
note persistently echogenic germinal matrix hemorrhage
(H). (C) Sagittal view of Grade III ICH. Echogenic ger-
minal matrix hemorrhage (H), enlarged ventricle (V), and
blood clot in occipital horn (C) are shown.
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FIGURE 8-6A

FIGURE 8-6B
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FIGURE 8-6C

The same mechanisms may lead to the development
of periventricular leukomalacia (PVL). Although this
lesion is much less common than germinal matrix
hemorrhage, it has a much higher morbidity rate.
Spastic quadriplegia or diplegia and developmental
retardation are present in most survivors. Visual
deficits are also common {14, 68, 69].

Sonographically, acute PVL produces a wide band
of increased echogenicity adjacent to the lateral
ventricles. This must be differentiated from a normal
periventricular echogenic halo which is frequently
visualized, especially with higher-frequency trans-
ducers. PVL is usually as echogenic as the choroid
plexus. The normal halo is less bright. In some cases,
definite differentiation may not be possible without
follow-up songrams. Small cysts form in the infarcted
periventricular parenchyma up to three weeks after
the ischemic episode (figure 8—8). Identification of
these characteristic cysts permits a confident dia-
gnosis of PVL {69-75}].

Although intracranial hemorrhage in prematures
follows the patterns just described in the vast major-
ity of cases, occasional variations exist. Cerebellar
hemorrhage is the most frequent of these. This lesion
is present in 8—21% of prematures undergoing
autopsy {76, 771, but most of these hemorrhages are

small. The lesion is rarely diagnosed in life unless it
is large. Most often, it occurs as a complication or
extension of supratentorial hemorrhage and is associ-
ated with a high mortality in prematures {3}. Sono-
graphically, the hemorrhage is a brightly echogenic
infratentorial focus often associated with obscuration
of normal posterior fossa anatomic landmarks (figure
8-9) {781

Other etiologies of neonatal parenchymal intra-
cranial hemorrhages are extremely rare. These include
coagulation defects, trauma (which usually presents as
extraaxial hemorrhage), congenital aneurysms, arter-
iovenous malformations (usually involving the vein
of Galen), and tumors such as congenital glioma {3].

CT and MRI

CT and MRI can play important roles in the evalua-
tion of hemorrhagic disorders in infants. Ultrasound
is generally obtained initially due to its advantages
of cost, portability, lack of radiation, and lack of
sedation required. The majority of lesions can be
correctly diagnosed by ultrasound. However, some
abnormalities, particularly superficial fluid collections
and peripheral parenchymal lesions, are better studied
by CT and MRI.
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FIGURE 8-7B

FIGURE 8-7. (A) Grade IV hemorrhage on coronal ultrasound. Parenchymal hemorrhage (P) extends from left germinal
matrix hemorrhage. Note bilateral germinal matrix hemorrhage (H) and clot in right temporal horn (h). (B) Sagittal image
demonstrates the parenchymal (P) and intraventricular (H) blood. (C) Acute phase axial CT demonstrates intraventricular
(h) and parenchymal (P) hemorrhage. (D) Follow-up scan shows progression of hydrocephalus involving frontal (F), third
(arrow), and temporal (T) horns. Note retraction and change in echogenicity of the parenchymal clot as it ages (P). (E) Late
sequela of Grade IV hemorrhage. Porencephaly (P) is seen on follow-up coronal ultrasound scan. Note persistent hydro-
cephalus and residual clot (C). Coronal image. (F) Late CT shows porencephaly (P) connecting to persistently dilated
ventricles (V).
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FIGURE 8-7C

FIGURE 8-7D
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FIGURE 8-7E

FIGURE 8-7F



FIGURE 8-8A

FIGURE 8-8B

FIGURE 8-8. (A) Coronal ultrasound image demonstrates multiple small periventricular cysts (arrows) typical of late
periventricular leukomalacia. V-ventricles; c-cavum septi pellucidi. (B) Sagittal image just lateral to edge of ventricle,
showing multiple large and small cysts of leukomalacia (arrows).



FIGURE 8-9A

FIGURE 8-9B

FIGURE 8-9. (A) Coronal sonographic image of cerebellar hemorrhage (h). Note hydrocephalus involving frontal (F) and
temporal (T) horns. (Courtesy of Carol Rumack, M.D.) (B) Follow-up scan reveals porencephaly (P) in area of cerebellar
hemorrhage. Coronal scan. (Courtesy of Carol Rumack, M.D.)
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FIGURE 8-10A

FIGURE 8-10B
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FIGURE 8-10. (A) Anterior coronal image demonstrating
extraaxial subarachnoid fluid. Note separation of brain
from skull (arrows). (B) Posterior coronal image demon-
strates extent of subarachnoid fluid (s). C-normal choroid
in the right ventricular trigone. (C) Sagitral image also
shows separation of brain (arrow) from skull by fluid (s).

Subdural hematomas are much more common in
full-term infants than in prematures. Trauma is the
most common etiology. Subarachnoid hemorrhage
unrelated to the germinal matrix is also more com-
mon in full-term individuals and is usually associated
with either trauma or hypoxia. These extraaxial fluid
collections can be demonstrated by ultrasound if they
are large (figures 8—10, 8—11), but reverberation
artifacts in the near field and limited access through
the anterior fontanelle make the examination incom-
plete {79-82}.

CT is useful in evaluating peripheral lesions,
whether parenchymal, subarachnoid, or subdural.
Acute hemorrhage is dense, with CT numbers be-
tween 40 and 85. Some hematomas may become iso-
dense on CT within seven to ten days, with larger
ones taking up to two weeks to become uniformly
isodense. When the hemorrhage begins to break
down, the appearance changes from dense to isodense
to low density. Ancillary findings, such as mass

FIGURE 8-10C

effect, surrounding edema, and enhancement with
contrast, will help in the diagnosis. Contrast is
particularly useful when dealing with chronic sub-
dural hematomas. Membrane enhancement will dif-
ferentiate between a hypodense or isodense chronic
subdural hematoma and subdural hygroma (figure
8-12). CT detects calcifications very well, even
when they are small. Contrast or dynamic CT may
identify vascular lesions, such as AVMs, and aids in
the diagnosis of hemorrhagic infarcts and abscesses.
Disadvantages include radiation and the possible
requirement of sedation {50}.

MRI is useful in evaluating many of the same areas
as CT. It can be used for small parenchymal, sub-
dural, or subarachnoid hemorrhages. It is particularly
useful for lesions near the skull, especially the skull
base, since bone gives no MR signal. The ability to
obtain direct sagittal and coronal images is helpful
in giving clear, precise anatomical information {83}.
Vascular structures with rapidly flowing blood show
signal void and thus are readily identifiable. On
shorter T1-weighted sequences, some signal may be
seen in vascular structures, and where blood is flow-
ing sluggishly or with turbulence, signals will be
seen, particularly with varying pulse sequences {88}.



FIGURE 8-11A

FIGURE 8-11B

FIGURE 8-11. (A) Acute subdural hematoma (D) with displacement of the brain (small arrows) from the skull. Ventricles
are shifted to the left of midline (curved arrow). Coincident intraparenchymal hemorrhage is evident as well (H). Coronal
image. (B) As the subdural (D) and parenchymal hemorrhages (H) mature and start to liquefy, lucent areas appear. Mass
effect (arrows) and midline shift of ventricles (curved arrow) persist. Coronal image.
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Clotted blood older than five days demonstrates high
signal on both T1- and T2-weighted images {87].

T1 and T2 characteristics of hemorrhage vary with
age. Acutely, the hemorrhage may be isointense or
hypointense on T1-weighted images. The central
portion may be markedly hypointense on T2-weighted
images. Surrounding edema will be bright on T2.
After about one week and up to several months,
breakdown of the clot progresses from the periphery
towards the center. This is seen as increasing inten-
sity on T1-weighted images. On T2, the intensity
also increases dramatically but with a slight temporal
delay related to the T1 image. As hemosiderin from
the breakdown products accumulates within macro-
phages, a ring of hypointensity develops around the
periphery of the hematoma. This is most evident on
the T2-weighted images. Chronically, the hypoin-
tensity of hemosiderin persists as the cavity fills in.
A central area of cystic encephalomalacia may be
present that will demonstrate MR characteristics of
fluid [86].

Late sequelae of hemorrhage include porencephaly,
persistent long T1 in caudate or basal ganglia, and
hydrocephalus. Evaluation of hydrocephalus may be
done with either CT or MR. Periventricular edema
is especially well seen using MR. The exquisite
anatomical detail afforded by MR is also advantageous.
Appearance of small subdural hygromas can be easily
detected by MR. These findings are important in
determining if shunting is required and in evaluation
of existing shunts {89].

Infant white matter is poorly myelinated and
demonstrates much prolonged T1 and T2, possibly
three to four times that of the adult brain. This
changes rapidly during the first two years of life, as
white matter becomes myelinated. Pulse sequences
should be altered according to the patient’s age to
follow the changing myelination {84, 85, 89].
Edema and hemorrhage at certain stages are also
bright, but by comparing T1- and T2-weighted
images, they can usually be differentiated from white
matter and CSF.

Disadvantages include requirement of sedation,

confusion of signal void calcifications, and inability
to examine with MRI extremely ill patients who
require monitoring devices that contain ferromagnetic
components.

Diagnostic Approach

Real-time sonography remains the primary imaging
tool in neonatal ICH. High-resolution real-time
transfontanelle ultrasound imaging demonstrates
the central intracranial contents with extraordinary
clarity. Both acute hemorrhage and sequelae such as
ventriculomegaly and porencephaly can be accurately
evaluated without removing the patient from the
intensive care unit. Higher frequency transducers,
computed image processing, and the development of
color flow Doppler offer both additional anatomic
detail and physiologic information that will make
the portable ultrasound evaluation more complete.
Infants at risk for ICH, especially those with birth
weights under 1500 grams or gestational age under
34 weeks, should be screened by cranial ultrasound
at four to six days of age and again one week later.
Neonates with ICH should be followed at weekly
intervals until both the hemorrage and secondary
hydrocephalus have stabilized. Until the anterior
fontanelle closes at approximately six months of age,
ultrasound remains the major method of following
posthemorrhagic hydrocephalus. After that time, CT
or MR allows continuing evaluation of ventricular
size.

Ultrasound is less sensitive for the detection of
subarachnoid hemorrhage, posterior fossa lesions,
and pathology of the peripheral portions of the
cerebral parenchyma. CT or MR images should be
obtained when there is suspicion of these lesions, a
vascularabnormality not clearly defined by ultrasound,
or a choroid plexus hematoma, or in any term infant
with neurological signs who has a normal cranial
ultrasound scan. MRI is particularly helpful in
follow-up of hemorrhage, in evaluation of shunts,
and in assessing the status of myelination (figure

8—-13).

FIGURE 8-13. White matter underdevelopment on basis of ischemic—hypoxic encephalopathy. An eight-month-old
infant. This infant was born premature at 32 weeks of gestation and weighed three pounds and four ounces at birth. He
suffered severe ischemic—hypoxic insult in the neonatal period. He had presumed germinal matrix hemorrhage. (A) Proton-
weighted MRI (TR/TE, 2000/20), and (B) T2-weighted MRI (TR/TE, 2000/20). There is severe ventricular enlargement
on basis of neural tissue volume loss. Very thin white-matter radiations are seen, especially on T2-weighted images,
indicating severe underdevelopment of the white matter. The hyperintense rim along the lateral ventricles on both pulse
sequences is believed to represent extracellular methemoglobin. The slightly irregular linear hypointense area lateral to the
hyperintense region along the left lateral ventricle on T2-weighted images is believed to be hemosiderin in macrophages.
Evidence of old hemorrhage was present in all other images (not shown). There is also extraaxial fluid accumulation over the
right frontal lobe, parietal, and occipital lobe.
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