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Stroke is a clinical term applied to any abrupt nontraumatic
brain insult—literally “a blow from an unseen hand.” Strokes
are caused by either brain infarction (73%) or hemorrhage
(25%), and must be distinguished from other conditions
causing abrupt neurologic deficits. Infarction is a permanent
injury which occurs when tissue perfusion is decreased long
enough to cause necrosis, typically due to occlusion of the
feeding artery. Transient ischemic attacks (TIAs) are classi-
cally defined as transient neurologic symptoms or signs lasting
less than 24 hours, which may serve as a “warning sign” of an
infarction occurring in the next few weeks or months. TIAs
are often due to temporary occlusion of a feeding artery. Even
though signs and symptoms may be transient, a TIA patient is
considered to have had a stroke if imaging confirms an acute
lesion. Hemorrhage is seen when blood ruptures through the
arterial wall, spilling into the surrounding parenchyma, sub-
arachnoid space, or ventricles. '

Stroke is the third leading cause of death in the United
States and major source of long-term disability among survi-
vors. The approach to treatment of ischemic stroke has been
largely preventative or supportive in the past, but approval
of intravenous (IV) thrombolysis for acute stroke and proven
outcome benefits of endovascular devices have made rapid
imaging and intervention a critical part of stroke management.
The patient with hemorrhage may harbor an aneurysm, vas-
cular malformation, or other condition, each having import-
ant differences in treatment options. The radiologist plays a
critical role in the triage and evaluation of all stroke patients.
Selection of the proper imaging protocol, recognition of early
ischemic changes, differentiation of stroke from other brain
disorders, and recognition of important stroke subtypes can
have a significant impact on therapy and outcome.

This chapter reviews the pathophysiology of stroke, the
time course of findings on computed tomography and mag—
netic resonance imaging, patterns of arterial and venous
occlusions, and overall radiologic approach to evaluation of
the stroke patient.
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Etiology Despite our best clinical efforts, no clear source is
ever identified in up to a quarter of patients with brain infarc-
tion. Among those with an established mechanism, about
two-thirds of infarcts are caused by thrombi and one-third
by emboli. Thrombi are formed at sites of abnormal vascular
endothelium, typically over an area of atherosclerotic plaque or
ulcer. Small vessel thrombi frequently occur in “end—arteries”
of the brain, accounting for about one-fifth of infarcts
(“lacunes”). Emboli may arise from the heart, aortic arch,
carotid arteries, or vertebral arteries, causing infarction by
distal migration and occlusion. There is obviously overlap
between the thrombotic and embolic groups, since the major-
ity of emboli begin as thrombi somewhere more proximal in
the cardiovascular tree (hence the practical term, “throm—
boembolic disease”). Vasculitis, vasospasm, coagulopathies,
global hypoperfusion, and venous thrombosis each account
for 5% or fewer of acute strokes, but are important to recog-
nize due to differing treatment and prognosis. A given patient’s
age, medical history, and type of stroke seen will help establish
the major etiologic considerations (Table 4.1).

Pathophysiologic Basis for Imaging Changes
Bit-tin i‘t'It'fJg’DESfil and Snicctit’e Webrcntbility. Neurons
lead a precarious life. The brain consumes 20% of the total
cardiac output to maintain its minute-to-minute delivery of
glucose and oxygen. Since there are no significant long-term
energy stores (e.g., glycogen, fat), disruption of blood flow for
even a few minutes will lead to neuronal death. The extent of
injury depends on both the duration and degree of ischemia.
Minor reduction in perfusion is initially compensated for by
increased extraction of substrate, but injury becomes inevita-
ble below a critical flov: threshold (10 to 20 mUl 00 g tissue!
min vs. normal 55 mL/100 g tissue/min).
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TABLE 4.]

DIFFERENTIAL DIAGNOSIS OF ISCHEMIC STROKE BY AGE

I PEDIATRIC
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Congenital heart disease
Blood dyscrasias
Lieningitis

Arterial dissection
Trauma

ECLIO

Venous thrombosis

ECMO, extracorporeal membrane oxygenation.

Certain cell types and neuroanatomic regions show selec-
tive vulnerability to ischemic injury. Gray matter normally
receives three to four times more blood flow than white mat—
ter, and is therefore more likely to suffer under conditions of
oligemia. Some subsets of neurons file.g., cerebellar Purkinje
cells, hippocampal CiA-l neurons} are injured more readily
than Others, possibly due to greater concentrations of recep—
tors for excitatory amino acids. The slower metabolizing
capillary endothelial cells and white matter oligodendrocytes
are more resisrant to ischemia than gray matter, but will also
die when deprived of nutrients. Cells served by penetrating
end-arteries or those residing in the watershed zone between
major territories have no alternate route for perfusion, and
are therefore more prone to infarction. Damage will likely be
more severe in a patient with an incomplete circle of Willis
than in one with a complete arterial collateral pathway.

Imaging Findings in Acme Iscbemia. Ischernia causes a cas—
cade of cellular level events leading to the gross pathologic
changes detected in clinical imaging. Failure of membrane
pumps permits efflux of K+ and simultaneous influx of Ca2+,

l YOUNG ADULT
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Cardiac emboli
Atherosclerosis

Drug abuse
Arterial dissection
Coagulopathy
Vasculitis

I ELDERLY
——.o-.———-__—uu——.—---- -—_—

Atherosclerosis

Cardiac emboli
Coagulopathy
Amyloid
Vasculitis

Venous thrombosis

Venous thrombosis
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Na", and water. This leads to cellular (“cytotoxic”) edema,
observed clinically as increased water content in the affected
region. Changes in brain ZUJZIE?‘ are key to understanding signs
of infarction by CT and MR. Even a small increase in water
content causes characteristic decreased attenuation on CT,
low signal on T1—weighted MR, and high signal on T2: and
diffusion-weighted MR. Cytotoxic edema peaks 3 to '-' days
post infarction and is maximum in the gray matter. A smaller
component of vasogenic edema also deve10ps as the more
resistant capillary endothelial cells lose integrity. {In contrast,
tumor-associated edema is primarily vasogenic and preferen-
tially affects the white matter—see Chapter 5 .)

Careful inspection of CT and MR images done within
minutes to a few hours after vessel occlusion can give clues to
ischemic injury, even before gross tissue edema or mass effect
are seen. These “hyperacute” signs primarily relate to morpho-
logic changes in the vessels or physiology of perfusion rather
than density or signal changes in the parenchyrna. On CT, the
actual thrombus may occasionally be seen in larger intracranial
branches, resulting in the “hyperdense artery sign” ilFig. 4.11.
On MR, the normal black signal of flowing blood within the

FIGURE 4.1. Hyperdense Artery Sign and Early Edema on CT. Three hours post occlusion, high density indicative of thrombus is seen in the
proximal right middle cerebral artery (arrows). Extensive right hemisphere edema is already present. The 10 regions scored by ASPECTS are
shown in the normal left hemisphere. The ASPECT score is only 3, with points off for low attenuation in the right insula, posterior lentiform
nucleus, Ml, MZ, M3, M4, and MS cortical regions. Edema involves more than 1/3 MCA territory and ASPECTS is much lower than ', both
predicting a poor candidate for acute thrombolysis. For a tutorial on ASPECT scoring, see: wwwaspectsinstrokecom.

a- --"l‘.
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FIGURE 4.2. Insular Ribbon Sign. A: A noncontrast CT done 4 hours after right MCA occlusion shows decreased attenuation
and loss of gray-white borders in the right insular region (arrows). B: Diagram of the insula in transverse and coronal planes.
The insular cortex, claustrum, and extreme capsule are infarcted due to occlusion of the MCA (arrow) beyond the lateral len-
ticulostriate vessels. (From Truwit CL, Barkovich A], Gean—Marton A, Hibri N, Norman D. Loss of the insular ribbon: another
early CT sign of acute middle cerebral artery infarction. Radiology 1990;176:801—806.)

lumen (“flow void”) is immediately lost and may be replaced
by abnormal signal representing clot or slow flow.
Aatte MCA Iscbemia on CT: Insular Ribbon and Lenti—
form Nucleus Edema. CT scans done within 6 hours of mid-
dle cerebral artery (MCA) occlusion will commonly exhibit the
“insular ribbon sign,” a subtle but important blurring of the
gray-white layers of the insula due to early edema (Fig. 4.2).
Early edema may also be most conspicuous in the putamen
in proximal MCA occlusions (lentiform nucleus edema sign).
MR examinations in the first few hours may show a similar
loss of grav-white borders and slight crowding of sulci in areas
destined to undergo infarction. However, the most sensitive
imaging sequence for detection of brain ischemia is diffusion-
weighted MR imaging, which may turn positive minutes after
infarction begins, well before the CT shows even subtle signs.
verintense signal on diffusion-weighted images (DWIs)
(“light-bulb sign”) precedes T2 hyperintensity, which typically
develops at 6 to 12 hours post ictus (Fig. 4.5).

Imaging Triage for Emergency
Stroke Intervention

Careful but rapid interpretation of CT scans is particularly
important in patients who are candidates for IV thrombo-
lytic drug treatment (e.g., tissue plasminogen activator [t-PA]),
intra—arterial (LA) endovascular intervention, or combined treat-
ment. IV t—PA is front line therapy for patients within 4.5 hours
of symptom onset, and patients with favorable imaging may
also be selected for endovascular thrombectomy up to at least
24 hours, sometimes using a bridging approach of IV fol-
lowed by IA therapy. The screening CT is examined to exclude
patients with brain hemorrhage, masses, or other structural

abnormalities that contraindicate thrombolysis. Patients with
extensive edema on their initial CT scan likely have an exten-
sive “core” area of infarction already, simultaneously reducing
their likelihood of benefit and increasing their risk for reperfu~
sion hemorrhage. Previous guidelines suggested patients with
edema affecting more than one—third of the MCA territory
should be excluded from reperfusion therapies, but no strict
cut-off value of baseline edema is universally agreed upon.
Many centers have adopted a simple 10-point scoring system
(ASPECTS) to provide a quantitative method of assessment
and fast communication within the stroke team (Fig. 4.1).
Patients with unfavorable low ASPECTS (-- <1") are excluded
from some treatment algorithms, while those with “good”
ASPECTS (~7—10) indicative of limited edema (e.g., isolated
insular ribbon sign or limited lentiform nucleus edema alone)
are considered appropriate for thrombolysis. Current work
suggests that perfusion-sensitive CT and MR techniques may
also be useful in identifying ischemic but still salvageable tissue
(ischemic penumbra) to successfully guide selection of patients
for stent retriever therapy beyond 4.5 hours (Figs. 4.3 to 4.6).

Difisriow—Weigbted HR in Amie fscbemio. DWI uses a
novel form of MR tissue contrast to detect ischemic changes
within minutes of stroke onset. DWIs are acquired by apply-
ing a strong gradient pair that sensitizes the images to micro-
scopic (Brownian) water motion. Brain water diffusion rates
fall rapidly during acute ischemia, recovering to normal over
days or weeks in infarcted tissues. Since random water motion
is slowed down in areas of acute ischemia, the early infarct
stands out as bright signal on DWI, compared to dark signal
(dephasing) in the normal areas. Acute stroke patients may
show clear DWI changes hours before any abnormality can be
seen on spin-echo T2-weighted MR (Fig. 4.5). This can also
be a useful way to distinguish new ischemic areas (high signal
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FIGURE 4.3. Multimodal CT—Based Stroke Triage and Endovascular Intervention. This 58-year-old woman developed abrupt left hemiplegia
2. days after hemicolectomy for colon cancer. She had atrial fibrillation and prior embolic strokes, but her usual oral anticoagulants were withheld
for surgery. CT shows low attenuation in the right lentiform nucleus and posterior limb of internal capsule {arrow}, with ASPECTS = 8. CTA
confirms right Ml occlusion (arrow) with poor distal collateral flow. CT perfusion (CTP) processed with RAPID software {iSchema\'iew) shows
a favorable “target mismatch” pattern: small low CBF volume = 6 mL (shaded pink), with significantly prolonged Tmax transit times = 92 mL
(shaded green), for a calculated mismatch volume (putative penumbra) = 86 mL. Given the favorable ASPECTS, a small “core” infarct, large
putative penumbra, and accessible proximal clot, she underwent emergent thrombectomy. At angiography the Ml occlusion was confirmed (AP
view, right carotid injection; arrow) and then promptly recanalized using a stent retriever. Postprocedure dual-energy CT using low KeV shows
stippled density in the lentiform nucleus indicative of benign angiographic iodine contrast retention (“stain”) in the ischemic core (arrow), with
small bland infarct (no hemorrhage) confirmed on the water density images with iodine density subtracted.

CBF < 30% Tmax > 6 sec

FIGURE 4.4. CT Stroke Triage; Futile!“Malignant” Pattern, Unsuitable for Intervention. This 62-year~old woman was transferred with stroke
of unknown onset time. CT shows a very large area of well-developed left MCA infarction (arrows; ASPECTS = 1), a small old right parietal
infarct, and old right basal ganglia lacunes. CTA shows a proximal left Ml segment MCA occlusion (arrow) with poor distal collateral filling.
CT perfusion maps (RAPID software) depict an essentially matchedfcompleted large infarct, with low CBF core = 135 mL (shaded pink) and
prolonged Tmax transit times = 153 mL (shaded green). Although the clot is proximal and technically accessible, this is a poor candidate for inter-
vention due to combined negative features of large core infarction (low ASPECTS and large volume of low CBF), matching severe Tmax region
(indicative of no significant penumbra to salvage), and poor collaterals on CTA.
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FIGURE 4.5. Edema in Stroke of Unknown Onset Time. This patient was found unresponsive with unknown time of svmptom onset.
Edema is detected as high signal intensity and mild sulcal effacement in the left MCA territory on T2-weighted transverse images, and
there is a loss of flow voids in the left sylvian MCA branches. Hj'perintensity on DWI and hypointensity on ADC maps are characteristic
of cytotoxic edema in acute ischemia. These images suggest the stroke is approximately 4 to 8 hours old. Recent wake-up stroke trials
show that if TZIFLAIR is negative, with only a small diffusion positive lesion, this indicates an early infarct, and the patient may be .1
candidate for IV TPA (based on the “tissue clock”—not the “ticking clock”).

.

FLAIR
FIGI TRE 4.6. Diffusion—Perfusion Mismatch in Acute Ischemia. This 86-year-olc woman with a history of atrial fibrillation developed
sudden right hemiplegia and aphasia. A: The noncontrast CT shows subtle low attenuation in the left putamen, insula, and sylvian cor—
tex (arrows). On TZW'I, the cortical gray matter shows mild edema, confirmed to represent cytotoxic edema on DWI and ADC. FLAIR
shows cortical edema and stasis in the left MCA. Perfusion-weighted images (MTT, mean transit time; and CBV, cerebral blood volume)
show a larger area at risk extending into the parietal lobe (MTT defect in white dashes; DWI lesion superimposed in black dashes). The
hypoperfused tissue not yet infarcted is considered tissue at risk, or the ischemic penumbra. Diffusion lesions tend to “grow into ”; severe
surrounding perfusion lesions if untreated. Follow-up CT shows extension of infarction into the penumbra] tissue identified by MTT.
.___._ ——_-_— : —_ -.——- ..,___—-_ “—1—
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FIGURE 4.7. Fogging Effect and Gyral Enhancement in Subacute Infarction. As edema and mass effect subside, but before devel-
opment of atrophy, infarcts may be inconspicuous on unenhanced CT or AIR images. A: T2WI is essentially normal in the occipital
regions 13 days after right posterior cerebral artery infarction. B: TIWI after gadolinium shows enhancement of the infarcted deep
right occipital cortex inflow].

on DWI; from older lesions {normal or low signal on DW‘IL
By using a series of different diffusion gradient strengths, the
process may also be quantified in an apparent diffusion coeffi-
cient {ADC}. The ADC reflects “pure” diffusion behavior, free
of any underlying T2 contributions (“shine through” or “dark
through”). DWI acquisition is facilitated using echo-planar
MR systems with their inherently fasrer, stronger gradients
and rapid digitization equipment.

FLuid Attenuated Inversion Recovery (FLUR) in Bohemia.
FLAIR allows T2 weighting of the parenchyma while simultane-
ously suppressing free water signal from the cerebrospinal fluid
{C513}. These techniques increase conspicuity of T2 changes in
ischemia. FLAIR is not inherently better than T2 AIR for early
detection of ischemia, but may be particularly helpful in detect-
ing small lesions in the cortex and is critical for exclusion of
acute subarachnoid hemorrhage (SAH; using MRI.

Subucrtte t-lfld C{ironic Ischemitt. In the subacute phase,
edema leads to mass effect, ranging from slight sulcal efface-
ment to marked midline shift with brain herniation, depending
on the size and location of infarcr. These changes peak at 3 to
7 days, with progressive brain softening geneephalomalacia}
ensuing thereafter. One potential imaging pitfall, the “fog—
ging effect,” may be encounterec on CT5 done during the 2nd
week after infarction as edema and mass effect are subsiding.
At this stage, decrease in edema and accumulation of proteins
from cell lysis balance one another such that brain morphol—
ogy and density in the injured region can be nearly normal by
CT. hogging effecrs are much less of a problem on MR due to
its greater tissue sensitivity, particularly when contrast is used
fFig. 4.7}. Edema or mass effect that persists beyond 1 month
effectively rules our simple ischemia, and should raise the pos—
sibility of recurrent infarction or an underlying tumor.

In the weeks and months following infarction, macrophages
remove dead tissue, leaving a small amount of gliotic scar and
encephalomalacia behind. CSF takes up the space previously
occupied by brain. The affected corticospinal tract atrophies
(Wallerian degeneration} leading to a shrunken appearance of
the ipsilateral cerebral peduncle. If hemorrhage accompanied
the infarct, hemosiderin may be seen grossly or detected as sig-
nal hypointensity by "fl-weighted images nifTZVC-"Ii. Widening
of adjacent sulci and “ex-vacuo” dilatation of the ventricle
occurs adjacent to the infarcted area iFig. 4.8).

Hemorrhagic Transformation of Infarction
Reperfusion into infarcted capillary beds may secondarily
lead to gross or microscopic hemorrhage, seen in up to half
of infarcts. In most cases this takes the form of microscopic
leakage {diapedesisg of red blood cells, but on rare occasions a
frank hematoma will form. Physical disruption of the capillary
endorhelial cells, loss of vascular autoregulation, and anticoag-
ulation or thrombolytic use may all contribute to the develop—
ment of these hemorrhages. Patients may develop headaches at
the time of bleeding, but commonly have no new symptoms,
presumably because the hemorrhage occurs within brain areas
that are already dead or dysfunctional. Hemorrhagic infarction
is confined to the territory of the infarcted vessel, whereas pri-
mary hemorrhage does not necessarily respect vascular bound-
aries. Intraventricular extension is uncommonly seen with
hemorrhagic transformation and should raise the possibility of
another process I:such as hypertensive bleed or a ruptured arte-
riovenous malformation [AVMlL

The peak time for hemorrhagic transformation is at
about 1 to 2 weeks post infarction. It is usually manifest as
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FIGURE 4.8. Chronic Infarction. Cystic encephalomalacia is present in the right MCA territory on MR in a 7 month old with neonatal infarc-
tion. Note cystic changes approach CSF on all sequences, including DW’I and ADC, with minimal gliosis. There is volume loss with widening of
the ipsilateral ventricle (ex-vacuo dilatation).

a serpiginous line of petechial blood following the gyral con-
tours of the infarcted cortex. These dots of hemorrhage are
often patchy and discontinuous. On CT a faint line of high
attenuation is observed, and on MR bright signal is seen along
the affected gyrus on the unenhanced TIWI because of met-
hemoglobin (Fig. 4.9). (Alternate explanations for this bright
signal have been offered, including laminar necrosis or calcifi—
cation related to infarction; the practical point is to recognize
this appearance as a feature of ischemia.) The petechial gyral
pattern is not seen in primary brain hemorrhage and can be
helpful in confirming the underlying ischemic etiology of a
suspicious lesion. This is considered a normal part of the evo-
lution of an infarct. hianagement in the presence of petechial
hemorrhage is controversial, but many neurologists continue
anticoagulation if there is a well-documented embolic source.

More extensive hemorrhagic transformation of the
infarcted tissue may lead to the formation of a gross paren-
chymal hematoma. Here, the blood does not conform to a
gyrus and may form a clot indistinguishable from a primary
hematoma. Large cortical infarcts are at somewhat higher
risk for this type of change, compared with limited cortical or
subcortical lesions. Catastrophic hemorrhagic transformation
can also follow thrombolysis, particularly when treatment is
delayed or the baseline CT shows extensive edema. In contrast
to the petechial gyral transformation described above, gross
parenchymal hematomas tend to occur earlier and are more
commonly associated with clinical deterioration. Confluent

hematomas seen on infarct follow-up studies should be
reported promptly since anticoagulation therapy is contrain-
dicated, even when the finding is incidental.

Use of Contrast in Ischemic Stroke
CT Triage. A noncontrast CT remains the initial radiologic
examination of choice for emergency triage ofsuspected acute
stroke. It serves to rule out hemorrhage, may define patterns
and extent of ischemic injury, shows areas of abnormal vas—
cular calcification (e.g., giant aneurysms), and excludes mass
lesions. This is important first-line information needed by the
clinician faced with determining the need for lumbar punc-
ture, vascular surgery, anticoagulation, thrombolysis, cardiac
evaluation, or other therapies—especially IV t—PA. Advanced
triage protocols now prospectively incorporate CTA and often
perfusion examinations to help refine selection of patients for
IV t-PA, endovascular therapy, or combinations. Advanced
imaging should be incorporated during the initial imaging ses—
sion to enable an accurate diagnosis, avoid delay, and individ—
ualize therapeutic choices. Given the urgency of stroke and
the low toxicity of modern iodinated contrast agents, contrast—
enhanced examinations need not wait for renal function
screening—stroke victims are treated like a trauma patient. All
acute stroke CTs should be reviewed as highest priority, real
time on the scanning console or PACS system to immediately
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FIGURE 4.9. Petechial Hemorrhage and Gyral Enhancement in Subacute Infarction. A: Precontrast TIWI shows mild
effacement of sulcl in the right MCA territory. A few subtle areas of bright signal i .tensity scattered along the cortex indicate
areas of petechial hemorrhage or laminar necrosis (arrows). B: Postcontrast T1WI demonSIrates marked gyral enhancement,
a hallmark of subacute infarction.

exclude hemorrhage or large infarcts so that IV t-PA decisions
can be made. If endovascular therapy is available, CTA and
CT perfusion are best done immediately after the noncontrast
CT—vvithout taking the patient off the scanner—to help deter—
mine suitability. A pOStcontrast head CT is normally acquired
last in the stroke protocol, since a nonstroke lesion such as a
tumor, abscess, or an isodense subdural hematoma might be
shown to better advantage with contrast. Although MRI with
diffusion sequences is arguably better than CT for acute stroke
triage, the speed and 24."-' practicality of CT win out as the
modality of choice in most centers.

An intact blood—brain barrier normally excludes contrast
from the brain. Leakage of macromolecular contrast agents
through damaged vessels leads to local accumulation of
iodine, seen as high attenuation (enhancement) of infarcted
parenchyma. Blood—brain barrier breakdown underlies borh
hemorrhagic transformation and contrast enhancement of
infaICtions. Not surprisingly, then, these processes are seen
at roughly the same time and often in combination. As with
petechial gyral hemorrhage, a gyral pattern of enhancement
1 by CT or LIR'E is highly specific evidence of an underlying
infarction. CT—detected enhancement of infarcted brain paren-
chyma typically begins at about 1 week, peaks at 7' to 14 days,
often assumes a gyral pattern, and is less commonly observed
in subcortical regions. Enhancement is seen in about half of
patients during the 15t week and in about two-thirds between
weeks 1 and 4. As gliosis ensues and the blood—brain barrier
is repaired, enhancement fades and then resolves by 3 months.

.MR Contrast. Most of the comments regarding the Strategy,
pathophysiology, and enhancement patterns for CT also gen-
erally hold true for contrast in MR. IV gadolinium contrast
agents are very well tolerated by stroke patients and may

give valuable information nOt readily available from the non-
contrast MR. Stasis of gadolinium within vessels or leakage
of contrast through an abnormal blood—brain barrier will
shorten T1 relaxation of adjacent protons, leading to hyper-
intensity {enhancement} on TRY-"I. As with CT, a noncontrast
MR sequence is mandatory before contrast is given since
enhancement and subacute blood borh appear hyperintense
on TlYi’I. (This will be discussed in the “Hemorrhage” sec—
tion.) An IV bolus of contrast may also be captured dynam-
ically using rapid imaging techniques to produce a family of
perfusion-weighted images to help identify ischemic regions.

Intravascular enhancement on .MR is commonly seen
in the infarcted territory during the lst week. This may be
due to slow flow or vasodilatation leading to stasis of gad—
olinium, likely in both arteries and veins. The intravascular
enhancement pattern may be detected within minutes of ves-
sel occlusion, is seen in a majority of cortical infarcts at 1 to
3 days, and resolves by 10 days. The proximal trunks of more
distally occluded arteries and leptomeningcal cortical chan-
nels are most prominently involved (Fig. 4.10). The area of
vascular enhancement may extend beyond the T2 hyperin-
tensity, possibly indicating recruitment of collateral supply at
the ischemic border. Meningeal enhancement which attends
meningitis, and durai enhancement seen postoperatively can
superficially resemble intravascular enhancement, but the
distinction should be obvious on clinical grounds. MR intra-
vascular enhancement helps identify early strokes, indicates
ongoing slow flow, and has no obvious CT counterpart.

MR parenchymal enhancement occurs in a similar pattern
to that seen on CT (and with the same time course seen by
nuclear medicine infarct scans of the past). It may occur as
early as day 1, but more typically begins after the lst week, a
time when intravascular enhancement is waning. Reperfusion
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FIGURE 4.10. Intravascular Stasis and Enhancement in Acute Infarction. Postcontrast T1 and FLAIR images in acute
left hICA infarction. hlild sulcal effacement and prominent enhancement of sylvian branches of the hICA (arrows) are
evident on T1. As seen here, FLAIR can show similar vascular signs of stasis, either before or after contrast. Intrat'ascu-
lar enhancement is typically seen only during the first 10 days after stroke.

after thrombolysis can lead to early enhancement. Virtually all
cortical infarcts enhance by MR at 2 weeks. Elster has sum-
marized this in his Rule of 35: MR parenchymal enhancement
peaks at 3 days to 3 weeks and resolves by 3 months.

The imaging time course for CT and MR examinations in
brain infarction are summarized in Table 4.2.

Pattern Recognition in Ischemic Stroke
Familiarity with the major vascular territories can help distin—
guish between infarction and other pathologic processes. The

clinical time course and localization should be consistent with
the imaging findings, and all should correspond to a known
vascular distribution. Stroke localization is not necessarily
synonymous with “focal.” An ischemic event may cause a
pattern of damage which is diffuse (hypoxic—ischemic injury),
multifocal (vasculitis, emboli), or focal (single embolism or
thrombus). The vessels causing stroke may be large or small,
and may be on either the arterial or venous side. There is no
such thing as a “funny” stroke; if it does not fit a vascular ter—
ritory then the differential diagnosis changes (Fig. 4.1 1).

The relation of vascular anatomy to functional neuroanat—
omy is at the heart of clinicoradiologic correlation in stroke.

IMAGING TIME COURSE AFTER BRAIN INFARCTION

li' CT

No changes

Ii TIlVIF

Minutes

2—6 hours Htpetdense arter‘.‘ sign
Insular ribbon s1gn
Sulcal effacement
+:’— Decreased attenuation

6—12 houis

12—24 hours Decreased attenuation

3—" data.-

3—21 days

Mammum swelling
Gvral enhancement

(peak: "—14 days]
Encephalomalama
Loss of enhancement

30—90 days

Resolution of petechial blood

I AIR

_ Absent fldw vmd
Arterial enhancement (days 1—10)
DWI: high s1gnal
Bram swelhng (T11
Subtle T2 ht perintensm'
T2 hvpermtensitt

T1 hvpomtensm'
MaXImum swelling
Ci" '1 al enhancement {peak 3—2I davs)
Petechial methemoglobm
Encephalomalaaa
Loss of enhancement
Resolution of petechial blood
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FIGURE 4.1 l. Glioblastoma lfimicking a Stroke. A: Tax-weighted axial section shows edema primarily in the right MCA
territory, but with additional involvement of the medial temporal lobe, thalamus, and periatrial regions. B: Postcontrast
coronal TIWI shows patchy, nodular areas of enhancement in the basal ganglia and periventricular regions furrows}.
Even with a strong clinical history for stroke-like onset, the nonvascular distribution and atypical enhancement pattern
effectively exclude underlying infarction. When in doubt, follow-up imaging studies will usually clarify the diagnosis.

Classically strokes and TlAs are divided into anterior [carotid
territory) or posterior {vertebrobasilar territory) events.
Patients with anterior circulation ischemia have been shown
to benefit from carotid endarterecromy when the carorid is
narrowed by at least 70 (it. compared to its normal diameter.
Surgery has not been proven beneficial for patients with lesser
degrees of carorid stenosis or those with posterior territory
TIAs, who therefore usually receive medical therapy {c.g,
anticoagulation). Ischemia in the carotid territory may cause
visual changes, aphasia, or sensorimotor deficits due to reti—
nal, cortical, or subcortical damage. Vertebrobasilar Strokes
are more likely to cause syncope, ataxia, cranial nerve find-
ings, homonymous visual field deficits, and facial symptoms
opposite those of the body. A given deficit can be predicted
from the known functional topography of the cortex and its
connections through the internal capsule iEig. 4.12).

The patterns of injury observed after occlusion of large
arteries in the anterior and posterior circulations, small
arteries in any region, and of the dural venous channels are
reviewed in turn.

Anterior (Carotid) Circulation
Internal Carotid Artery (I01). Thromboembolic disease in
the ICA may cause TIAs or infarction in its BICA or ante-
rior cerebral artery (ACA) branches or in the watershed zone
between them. Embolic occlusion of the ophthalmic branch of
the ICA may cause transient monocular blindness iamaurosis
fugax). Observation of any of these patterns should prompt
imaging of the carotid arteries. The extent and disrributlon of
ischemia observed depends on the time course of occlusion,

- egree of oligemia, and available collateral supply. Complete
carorid occlusions are occasionally found in asymptomatic
patients with a well-developed collateral supply.

Atherosclerotic disease near the carotid bifurcation is
responsible for the majority of ischemic events in the ICA ter-
ritory. Arterial dissection, trauma, fibromuscular dysplasia,
tumor encasement, prior neck radiorherapy, and connecrive
tissue diseases may also cause significant carotid narrowing
IfFig. 4.13). Hemodynamic effects begin to be seen when there
is >80% reduction in area or >60% decrease in diameter.
Lesions causing less severe narrowing may nonetheless become
symptomatic when they serve as a nidus for thrombus forma-
tion or are unmasked by hypotension. Studies have shown a
clear benefit of endarterectomy in symptomatic patients with
>70 9'0 stenosis but mm for those with <30% narrowing. In
many centers, carotid stents are now used in place of surgery,
especially for high-risk patients.

Noninvasive screening of the carotid arteries may be
achieved with either US, 31R angiography (MRA), or CT angi-
ography iCTAi. The choice of modality depends on the abilities
of the available personnel and equipment. Sensitivity and spec—
ificity are as high as 85 9’0 to 90 9-6 for each of these techniques.
These methods noninvasively identify patients with hemody-
namically significant disease who might then be referred for
conventional angiography or directly to intervention. US is the
most commonly employed screening examination in most cen-
ters. It has the advantage of portability, generally lower costs,
and can be performed in patients with contraindications to
MRJ‘MRA. U5 is more operator dependent than MRA and is
unable to reliably assess portions of the distal ICA near the
skull base. CTA provides excellent visualization from the arch
to intracranial circulation, but at the small risk of contrast



FIGURE 4.12. Homunculus. A coronal section through the precentral
(motor) cortex depicts the topographic representation of the opposite
side of the body. The face and hand areas are served by the hICA
territory, the leg by the ACA. (From Gilman S, Winans SS. Essentials
of Clinical Neuroanatomy (9' Neurophysiology. Philadelphia, PA: EA.
Davis Company; 1982.)

toxicity and radiation exposure. MRA can evaluate the entire
course of the carotid and may be quickly performed in con—
junction with the patient’s brain MR study. It is a particu-
larly good method for screening pediatric or elderly patients
in whom conventional angiography may be technically more
difficult.

Selective common carotid angiography remains the gold
standard for preprocedure carotid artery evaluation, but is
being replaced by noninvasive studies in many centers. The
study should cover the entire ICA, including cervical and cra-
nial portions. Evaluation of the surgically inaccessible cranial
segments (petrons, cavernous, and supraclinoid) is necessary
to exclude high—grade intracranial stenoses or “tandem”
lesions which might contraindicate endarterectomy.
maria? Cei'ehr. iLl-17'tciy. The terminal bifurcation of the ICA

is into the anterior and middle cerebral arteries (Fig. 4.14).
The ACA is divided into three subgroups: medial lenticulo-
striates serve the rostral portions of the basal ganglia; perical-
losal branches supply the corpus callosum; and hemispheric
branches serve the medial aspects of the frontal and parietal
lobes (Fig. 4.15). About 5% of infarcts involve the ACA.

The medial lenticulostriates penetrate the anterior perfo-
rating substance to give variable supply the anterior-inferior
aspect of the internal capsule, putamen, globus pallidus, cau-
date head, and portions of the hypothalamus and optic chiasm.

Chapter 4: Cerebrovascular Disease

The largest of these vessels supplies the caudate head/anterior
internal capsule region and is recognized as our friend, the
recurrent artery of Heubner. Infarction in the medial lenticu-
lostriate territory may cause problems with speech production
(motor aphasia), facial weakness, and disturbances in mood
and judgment.

Above the takeoff of the lenticulostriates, the ACAs are
interconnected by the anterior communicating artery. Each
ACA ascends further, giving off branches to the frontal pole
(orbitofrontal and frontopolar arteries). The ACAS terminate
as a bifurcation into the (lower) pericallosal and (upper) callo—
somarginal branches. These arteries run parallel to the corpus
callosum from front to back, giving supply to the medial cor—
tex of the frontal and parietal lobes. As its name would imply
the pericallosal artery courses around and feeds the corpus
callosum. ACA branching patterns are quite variable from one
patient to the next, with about 10% having only one perical-
losal branch which supplies both hemispheres, an “azygos”
ACA (Fig. 4.16).

Unilateral damage in the ACA hemispheric branches will
cause preferential leg weakness on the opposite side of the
body (Table 4.3). Bilateral ACA infarctions lead to inconti-
nence and an awake but apathetic state known as akinetic
mutism. Infarction of the corpus callosum can cause a variety
of interhemispheric disconnection syndromes.

Middle Cerebral Artery. The MCA supplies more brain tis-
sue than any other intracranial vessel and is host to almost
two-thirds of infarcts. Its offspring are the lateral lenticulo-
striates which supply most of the basal ganglia region and the
hemispheric branches which serve the lateral cerebral surface
(Figs. 4.4 and 4.17).

The lateral lenticulostriates arise from the proximal LICA
as numerous small perforating end-arteries distributed to the
putamen, lateral globus pallidus, superior half of the inter-
nal capsule and adjacent corona radiata, and majority of the
caudate. Isolated vascular lesions of the globus pallidus or
putamen are commonly asymptomatic or may affect contra-
lateral muscle tone and motor control. Lesions of the internal
capsule or corona radiata may cause pure or mixed sensory
and motor deficits on the opposite side of the body. Interrup-
tion of visual connections to the lateral geniculate nucleus
results in a subtle type of contralateral homonymous hemian-
opsia. Rarely, the arcuate fasciculus pathway from W’ernicke
to Broca speech areas may be selectively infarcted, leading to a
conduction aphasia (inability to repeat or read aloud, despite
preserved comprehension and fluency).

The MCA loops laterally through the insula where it bifur—
cates or trifurcates into its major cortical branches (Fig. 4.14).
The insula itself is supplied by hemispheric branches, not by the
lateral lenticulostriates. When the proximal MCA is occluded,
this insular region is farthest from any potential collateral sup—
ply, probably explaining the early appearance of edema which
gives rise to the “insular ribbon sign” (Fig. 4.2). The anterior
hemispheric branches of the MCA supply the anterolateral
tip of the temporal lobe (anterior temporal artery), the fron-
tal lobe (operculofrontal arteries), and the motor and sensory
strips (central sulcus arteries). Posterior hemispheric branches
of the MCA supply the parietal lobe behind the sensory strip
(posterior parietal artery), the posterolateral parietal and lat-
eral occipital lobes (angular artery), and the majority of the
temporal lobe (posterior temporal artery).

Occlusion of the rostral MCA branches of the dominant
hemisphere will cause a motor (Broca) aphasia in which com—
prehension remains intact. Posterior branches in the dominant
hemisphere supply W'ernicke area, causing a receptive apha—
sia when occluded. Posterior temporal branch occlusion may
interrupt visual radiations, causing contralateral homonymous
field defects. Involvement of either hemisphere’s precentral

87-
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FIGURE 4.13. Carotid Disease. A: Atherosclerosis. Lateral view of the carotid bifurcation by conventional digital subtraction angiography. The
diameter of the proximal [CA (arrow) is reduced approximately 60% compared with its normal caliber above. CCA, common carotid artery;
ICA, internal carotid artery; ECA, external carotid artery and its branches. B: Atherosclerosis. Lateral maximum intensity projection from a
2D time-of—flight MR angiogram in the same patient shows a very similar pattern of proximal narrowing (arrow). C: Carotid dissecrion with a
tapering occlusion in the ICA just above the bifurcation. D: Carotid dissection in another patient shows the “mural crescent sign” indicative of
intramural thrombus in the petrous portion of the left 'ICA {arrow}. Note the normal caliber flow void and scant amounts of fat surrounding the
normal right ICA (open arrow! on T1\VI. E: Carotid US shows calcified plaque with acoustic shadowing (arrows), vessel narrowing, and spectral
broadening (between arrowheads) in a case of atherosclerosis. F and G: CTA of carotid dissection with pseudoaneurysm. Source images (F) show
a flap (white arrows) between the narrowed native lumen and the medially situated pseudoaneurysm. Thick slab 2D reconstructions (G) show a
normal carotid bifurcation and distal cervical “wind-sock” pseudoaneurysm (black arrow).

gyrus (motor strip) will produce contralateral weakness which
affects face and arm more than leg (Fig. 4.12). Contralaterai
cortical sensory loss occurs when the primary or association
sensory cortex behind the central sulcus is affected. In the
nondominant right hemisphere, posterior lVICA infarcts com-
monly cause confusional states, bizarre impairment in visu-
osparial abilities, and sometimes neglect (or nonrecognition)

of the left body. Complete occlusion of the MCA beyond the
ienticulosniates causes a combination of these deficits: con-
tralateral face and arm hemiparesis, field defect, and either
neglecr or global aphasia, depending on which hemisphere is
affected. Leg weakness may also be seen when the RICA stem
is occluded, because of internal capsule involvement. These
relationships are summarized in Table 4.3.
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FIGURE 4.14. 13t Angiography of the Normal Circle of Willis and Its Branches. 3D time-of—flight (TOF) MRA images processed into thick
maximum intensity projections (MIPS) in three planes show major branches of the anterior (carotid) and posterior (vertebrobasilar) circulation.
Ax, Axial/submentovertex projection outlines the relationship of the major vessels to the circle of Willis. We are looking “down the barrel” of
the internal carotid arteries (ICA) and basilar artery. Small right posterior communicating artery (PCom) and small anterior communicating
artery (ACom) are present, giving potential collateral routes around the circle. The anterior cerebrals project between the ICAs. Cor, coronal!
anterior projection depicts the normal internal carotid arteries (ICA) with bifurcation into the ACA and MCA intracranial branches, numbered
sequentially for distal branching order (e.g., l\11, LIZ, M3, etc., proceeding proximal to distal). The paired vertebral arteries (VA) form the single
basilar (B) which terminates in paired posterior cerebral arteries (PCA), giving off the cerebellar arteries (SCA, superior cerebellar; AICA, anterior
inferior cerebellar artery; and PICA, posterior inferior cerebellar artery—not shown here) along the way. Sagittal (sag)/lateral projection shows a
single right PCom extending posteriorly and the ophthalmic artery (Ophth) coursing anteriorly.

Posterior (Vertebrobasilar) Circulation

Vertebral Arteries. The vertebral arteries usually originate
from the subclavian arteries, ascend straight upward in the
transverse foramina of C6—C3, turn sharply through the C2—
C1-foramen magnum levels and unite anterior to the low

Infarction of leg area

Infarction of
micturition

Site of occlusion
REFRE «1.1.5. Anterior Cerebral Artery Occlusion. An ACA occlu-
sion causes infarction of the paramedian frontal cortex responsible
for motor and sensory function of the opposite leg (stippled area). If
bilateral, incontinence and akinetic mutism may also be seen. Arrows
indicate direction of blood flow. (From Patten]. Neurological Differ-
ential Diagnosis. New York: Springer Verlag; 1996.)

medulla to form the basilar artery (Fig. 4.18). Atherosclerotic
narrowing commonly affects the vertebral arteries at their ori-
gins and may affect the basilar artery over variable lengths.
Narrowing of the cervical portion of the vertebrals may be due
to compressive uncovertebral osteophytes. Rapid head turning
(e.g., motor vehicle accidents) may stretch the vertebrals at the
C1—C2 level, leading to arterial dissection. Any of these con-
ditions may cause vertebrobasilar ischemia via thrombotic or
embolic mechanisms. Anticoagulation and antiplatelet agents
remain the mainstay of treatment for vertebrobasilar ischemia.

FIGURE 4.16. Hemorrhagic Infarction. Hemorrhagic infarction in a
bilateral ACA distribution (arrows) shown by noncontrast CT. This
was an embolic stroke, presumably occluding an azygos ACA.
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TABLE 4.3-

F U NCTIONAL VASCULAR ANATOMYa

I VESSEL I BRANCH

ACA' Hemispheric

Medial lenticulostriates

MCA Hemispheric

Lateral lenticulostriates

PCA Hemispheric

Thalamoperforators

Cerebellar PICA, AICA, or SCA

Watershed ACA/MCA/PCA

_...,_............- ... .. ....—. ._..

“Assumes left hem1sphere language dominance.

I SIDE

Either
Both
Either
Left

Either
Left

Right

Either

Either
Both

Either

Either

I DEFICIT!SYNDROME

Leg weakness
Incontinence, akinetic mutism
Facial weakness
Dysarthria; i motor aphasia
Face and arm > leg weakness
Motor aphasia (anterior lesion)
Recepnve aphasia(posterior lesion)
Global aphasia (total MCA)
Neglect syndromes
\‘isuospatial dysfunction
Variable lacunar syndromes

Hemianopsia
Cortical blindness
Llemory deficits
Somnolence
Sensory disturbances

Either
Bilateral

Ataxia, vertigo, vomiting
Coma if mass effect
i Brainstem deficits

Man in a barrel syndrome
Severe memory problems
....._—...__. _ .--....--—-.——--. _ _--.-—

PICA, posterior inferior cerebellar artery; AICA, anterior inferior cerebellar artery; SCA, superior cerebellar
artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.

Angioplasty or stenting are sometimes feasible for correction
or atherosclerOtic lesions, but are usually reserved tor medi—
cally retractory cases.
Basil-arrirtcry. The basilar is formed by the union of the two ver-
tebral arteries. As it ascends between the clivus and brainstem,

Motor and
sensory cor-fer
inter-(jet!

lee area of cone: snared

Site of vessel
occlusion

raters? {samurai
:ebe maimed

Media; Minnow
1‘0t spam-d

FIGURE 4.17. LIiddle Cerebral Artery Occlusion. An IVICA. occlu-
sion distal to the lateral lenticulostriates causes infarction of the
motor and sensory cortex of the arm and face (stippled area). More
proximal occlusion will also affect the internal capsule, potentially
adding leg deficits. (From Patten]. Neurological Differential Diagno-
sis. New York: Springer Verlag; 1996.)

it sends large branches to the cerebellum and smaller perforat-
ing vessels to the brainstem. The basilar ends at its bifurcation
into the posterior cerebral arteries just above the tentorium
cerebelli. Occlusion of the basilar artery itself is usually rap—
idly fatal, due to infarction of respiratory and cardiac cen-
ters in the medulla. Occlusion of the perforating end-arteries
from the basilar artery causes focal brainstem infarction, usu-
ally manifest as cranial nerve dysfunction, ataxia, sorrmolence,
and crossed moror or sensory deficits. These lesions character-
istically respecr the midline of the brainstem and often extend
to the ventral surface i'Fig. 4.191. Metabolic disturbances (e.g.,
central pontine myelinolysisf: and hypertensive hemorrhages
{most commonly in the pons? tend to be more centrally or dif-
fusely located. Large or multiple lesions in the pens can cause
a nightmarish syndrome of quadriparesis with intact cogni-
tion, the “locked in” state.

Posterior Cerebral Artery (PC. :1). The basilar artery ends at
its bifurcation into the PCAs at the midbrain level, just above
the tentorial hiatus. The major branches of the PCA include
midbrain and thalamic perforating vessels, posterior choroi-
dai arteries, and corticai branches to the medial temporal and
occipital lobes (Fig. 4.20). Ten to 15% of infarcts occur in the
PCA territory.

The proximal segments of the PCAs sweep posterolaterally
around the midbrain, giving off small perforating branches
to the mesencephalon and thalamus along the way. Midbrain
infarction causes loss of the pupillary light responses, impaired
upgaze, and somnolence due to damage of the quadrigeminal
plate, third cranial nerve nuclei, and reticular activating for-
mation, respectively. Proximal PCA perforators also supply
the majority of the thalamus and sometimes portions of the
posterior limb of the internal capsule. Thalamic infarcrion
may cause a variety of disrurbances, but contralaterai sensory
loss is the most common problem.
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FIGURE 4.18. Vertebrobasilar Arteries. A: Lateral view. 1, left vertebral; 2., posterior meningeal; 3, posterior inferior cerebellar (PICA); 4, bas~
ilar; 5, anterior inferior cerebellar artery (AICA); 6, pontine perforators; 7, superior cerebellar artery (SCA); 8, posterior cerebral artery (PCA);
9, branches of the SCA and AICA in the horizontal fissure of the cerebellum; 10, SCA hemispheric branches; 11, superior vermian branches.
B: Anterior view. 1, right vertebral; 2, left vertebral; 3, anterior spinal; 4, PICA; 5, basilar; 6, AICA; 7, pontine; 8, SCA; 9, PCA; 10, posterior
communicating; 11, ICA. (From Osborn AG. Introduction to Cerebral Angiography. Philadelphia, PA: Harper 6c Row; 1980.)

The posterior choroidal arteries arise from the proximal
PCA to supply the choroid plexus of the third and lateral ven-
tricles, pineal gland, and regions contiguous with the third
ventricle. Isolated posterior choroid infarctions are rare due
to rich collateral supply through the choroid plexus. PCA
cortical branches supply the inferomedial temporal lobe
(inferior temporal arteries), superior occrpital gyrus (parieto-
occipital arterv), and visual cortex of the occipital lobes
(calcarine artery) (Fig. 4.21). Hemispheric PCA occlusions
are usually from an embolic source. Inferomedial tempo-
ral infarction may cause memory deficits, which are severe

when bilateral. Loss of the primary visual cortex causes com—
plete loss of vision in the opposite visual field (homonymous
hemianopsia).

In about 20% of patients, one or both of the proximal
(“P1”) PCA segments may be hypoplastic or absent. In these
cases flow is derived from the ICA system via a prominent
posterior communicating artery. This is commonly referred to
as “fetal origin” of the PCA, since embryologically the PCA
develops with the ICA. Since this is a fairly common variation,
both vertebral and carotid disease should be considered when
evaluating PCA infarctions.

.4"
n

FIGURE 4.133. Acute Brainstem Infarction. Although T2 appears normal in the pens, DW’I and ADC show a left paramedian pontine infarct
(white arrows) which respects the midline. Note vessel vrall thickening and narrowing of the flow void in the basilar artery on T2 (black arrow)
due to focal atherosclerosis.
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infarction ofposterior capsule tau-ring
hemisensory loss and if low enough a
trimmer?! homouymous hemianopia mav
also occur ~.

\

Area :u’reotporaf lobe also lnfarcted b main vessel
ocdusioo out unless bilateral minima memory deficit occurs

Cerebellar .e’lrteiies. Headache, vertigo, nausea, vomiting,
and ipsilateral ataxia are the hallmarks of cerebellar stroke;
85% are ischemic and 15% are primary hemorrhages. Clin-
ically it is difficult to distinguish which cerebellar subter-
ritory is involved and whether it derives from infarction or

Main vessel occluded

Infarction ofoccipital cortex typically
causes macular sparing lremianopias
clue to a dual blood supply

I' —- Lower peripheral visual field

\ Upper peripheral visual field

' A" Calr'arlne artery occluded

Penetrating branch occlusion

FIGURE 4.20. Posterior Cerebral
Artery“ Occlusion. A PCA occlusion
results in syndromes of memory impair-
ment, opposite visual field loss, and
sometimes hemisensory deficits. (From
Patten J. Neurological Differential
Diagnosis. New York: Springer Verlag;
1996.)

hemorrhage. Because of clinical urgeuc); acute evaluation of
suspected cerebellar strokes should be performed by CT Cer-
ebellar hemorrhages and any infarctions with significant mass
effecr are neurosurgical emergencies requiring posterior fossa
decompression. Multiplanar MR is preferred for evaluation

FIGURE 4.2i Posterior Cerebral Artery Infarction. Adjacent TZWI shows involvement of the left occipital lobe and
medial temporal lobe. The patient presented with a dense right homonyrnous visual field defect.
—n.--.-_—.II —.r - - -I- —-. —..



Lr.

Chapter 4: Cerebrovascular Disease 93

FIGLRE 4.22. Vertebral Dissection With PICA Infarction. This patient developed neck pain and ataxia following a skiing accident. Sagittal (A)
and transverse (B) TIWI without contrast show high signal in the occluded right vertebral artery (closed arrows) with preserved flow void in the
left vertebral arterv (open arrows). Hemorrhagic infarction is seen in the right PICA territory (arrowheads).

beyond the acute phase, since beam-hardening artifacts degrade
posterior fossa images on CT.

Even though deficits related to the cerebellar territories
are hard to distinguish clinically, it is important to recognize
characteristic distributions in order to elucidate stroke mech—
anisms. Luckily, only a SAP would forget the correct order
of cerebellar branches going from top to bottom: the supe-
rior, anterior inferior, and posterior inferior cerebellar arteries
(AICAs) (Fig. 4.18).

Superior Cerebellar Arteries (SCAs). The upper parts of the
cerebellum are supplied by the SCA. These arise from the dis-
tal basilar as the last large branches beneath the tentorium cer-
ebelli. The SCA territory includes the superior vermis, middle
and superior cerebellar peduncles, and superolateral aspects of
the cerebellar hemispheres (i.e., the “roof” of the cerebellum).
hlost SCA infarcts are embolic.

Anterior Inferior Cwefrciwr Arteries. These arteries arise
from the proximal basilar to supply the anteromedial cere-
bellum and sometimes part of the middle cerebellar pedun-
cle. AICA is usually the smallest of the three major cerebellar
hemisphere branches. Occlusion commonly causes ipsilateral
limb ataxia, nausea, vomiting, dizziness, and headache.

Posterior Irzfi‘wior Ceiehrflar A?"£¢i§i. The bottom of the
cerebellum is supplied by the PICA. The PICA is the first
major intracranial branch of the vertebrobasilar system, usu—
ally arising from the distal vertebral artery 1 to 2 cm below
the basilar origin. Its territory is variable but often includes
the dorsolateral medulla, inferior vermis, and posterolateral
cerebellar hemisphere. PICA maintains a reciprocal relation
with AICA above it. If the PICA is large then the ipsilateral
AICA is usually small, and vice versa. This arrangement is
sometimes referred to as the AICA—PICA loop. PICA is usu-
ally the largest cerebellar hemispheric branch and the most
commonly infarcted. Occlusions may occur from extension
of a vertebral dissection which began at the C1—C2 level (Fig.
4.22). If only the cerebellar hemisphere is affected, ipsilateral
limb ataxia, nausea, vomiting, dizziness, and headache are
seen, just as for AICA infarcts. Involvement of the medulla

in PICA infarction adds elements of W’allenberg syndrome,
including ataxia, facial numbness, Horner syndrome, dyspha-
gia, and dysarthria.

Watershed (Borderzone) Infarction
An episode of transient global hypoperfusion may result in
bilateral infarctions in the watershed regions between arterial
territories (also referred to as the borderzones). Typical trig-
gering events include cardiac arrest, massive bleeding, anaphy-
laxis, and surgery under general anesthesia. The borderzones
are regions perfused by terminal branches of two adjacent
arterial territories (Fig. 4.23). When flow in one or both of the
parent vessels falls below a critical level, the brain living in the
watershed zone is the first to go. Unilateral watershed damage
may be seen when carotid occlusion or stenosis is unmasked
by global hypotension. Images show a string of small deep
white matter lesions (“rosary bead sign”) or damage extend-
ing out from the “corners” of the lateral ventricles on higher
sections (Fig. 4.24). Characteristic clinical findings include
weakness isolated to the upper arms (“man in a barrel syn-
drome”), cortical blindness, and memory loss.

Small Vessel Ischemia
Lacunes are small subcortical infarcts that may occur in any
territory. They account for about 15% to 20% of all strokes.
Lacunes are the 2 to 5 mm3 cavities (literally, “little lakes”) left
in the brain as the result of occlusion of a penetrating artery
causing infarction and ensuing encephalomalacia. Patients
usually have a history of longstanding hypertension, leading
to Iipohyalinosis of the vessels and eventual thrombosis. TIAs
precede the stroke in 60% of cases, and a stuttering course
is common in the first 2 days. Pure motor or sensory syn-
dromes may occur with these small lesions. Characteristic
locations include the lenticular nucleus (37%), pons (16%),
thalamus (14%), caudate (10%), and internal capsulelcorona
radiata (10%) (Fig. 4.25).
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Anterior/middle cerebral watershed

Middlefposterior cerebral watershed

Anteriorl‘m‘iddle cerebral watershed

Midcier‘posterior cerebrai watershed

FIGURE 4.23. Watershed Ischemia. Stippled brain areas are served
by terminal branches of adjacent parent arteries. The watershed zones
are at highest risk of infarcrion when flow is reduced in one or both
carotids. (From Simon RP, Aminoff M], Greenberg DA, eds. Clinical
Neurology. Norwalk, CT: Appleton SC Lange; 1989.1

Internal capsule lemmas are an especially important subset
of lacunes because they are quite common and cause charac-
teristic syndromes. Axonal projections to and from the cortex
must funnel through the internal capsule and brainstem where
even tiny lacunes may cause major deficits. The internal cap—
sule receives supply from multiple small perforating arteries at
the base of the brain, all of which are common sites for lacu—
nar infarction and hypertensive hemorrhages. Its contributors
include the ACA and RICA lenticulostriates, the ICA ante-
rior choroidal branch, and PCA thalamogeniculates. Isolated
lesions of the anterior limb interrupt connections of the ante-
rior frontal lobe, but are usually clinically silent. Beginning at
the genu and working back, the capsule carries corticobulbar,
head, arm, and then leg fibers in a somatotopically organized
fashion {Fig 4.26). (Our little homunculus man, HAL, stands
in the posterior limb with his head at the genu, reclining with
his head directed medially as he enters the cerebral peduncle:-
Lesions in the posrerior limb are clinically most important
since they may cause severe sensory, motor, or mixed deficits.
Lesions at the genu may disrupt speech production or swal—
lowing, but generally become apparent only when bilateral.

Lac-mics Menus Perfzhzscrrlttr Space—s. “Etat lacunaire” refers
to a state of multiple lacunar infarcrions. The term is still used
in the literature and should be disringuished from the term
“etat crible” which refers to enlarged periyascular spaces
{_Virchow—Robin spaces) that may develop around perforating
vessels (Fig. 4.27). These normal spaces may simulate lacunes

MTIA-‘f 1 ' MRA
FIGURE 4.24. Watershed Infarctions. This patient presented with
eft body “shaking—limb” TIAs. DWI shows a cluster of lesions in the
right corona radiata [black arrow?. MTT maps indicate long transit
times for the entire hemisphere, particularly the deep watershed zones
(whiter colors = longer times}. Gadolinium—enhanced MRA shows
fairly normal great vessel origins, but a critical stenosis of the prox-
imal right ICA with a flow gap {white arrow}. Mechanisms leading
watershed ischemia are debated, but may include distal emboli, local
thrombosis due to 51 w flow, and hemodynamic causes.

_.'J_

but have no associated neurologic deficit or Other clinical rele-
vance. By definition, Vir-chow—Robin spaces should follow CSF
intensity on all MR sequences, have no associated mass effecr,
and occur along the path of a penetrating vessel. Common
locations include the medial temporal lobes and inferior one-
third of the putamen and thalamus. Occasionally they may be
seen along the course of small medullary reins near the vertex,
particularly on T2 images at 3 T. Most periyascular spaces seen
on MR are between 1 and 3 mm in diameter, but some may be
5 mm or larger. Enlarged perivascular spaces are observed as
a normal variant in all age groups (Fig. 4.2.8). Borh increasing
size and frequency are noted with increasing age.

Small Vessel Isclremic Changes. Small foci of T2 hyperin-
tensity are commonly seen scattered throughout the brains
of older patients, with or without clinical symptoms. These
“UBOs” {unidentified bright objects) can cause considerable
consternation. They are commonly associated with patchy or
diffuse T2 hyperintensity in the centrum semioyale {Fig 4.28).
Pages could be filled with different authors" terms for related
processes: white matter hyperintensities, small vessel ischemic
disease, senescent change, Binswanger disease, multi-infarct
dementia, and leukoariosis, to name a few. There is no con-
sensus on when these imaging changes should be considered
abnormal, and when they simply represent a normal part of
the aging process. At one end of the spectrum are patients who
have collected enough tiny infarcts over the years to impair
brain function. Individually or in small numbers these were
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FIGURE 4.25. Old Versus New Lacunes Distinguished by T2 and DWI. This patient presented with a pure motor stroke. T2 shows a
small old lacune in the right periventricular white matter (black arrow] and age-related periatrial white matter changes. The cytotoxic
edema of the acute infarct is seen only on DWI and ADC maps (white arrows). D‘WI in an acute infarct may remain hyperintense for about
a month, and then evolves toward more water-like signal thereafter.
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FIGURE 4.2.6. Somatotopy of the Internal Capsule. Transverse diagram showing the main parts of the internal capsule (labeled on the
right) and major fiber tracts passing through it (labeled on the left). CC(g), genu of the corpus callosum; CC(s), splenium of the corpus
callosum; C(h), caudate head; C(t), caudate tail; f, fornix; LV(a), anterior horn of the lateral ventricle; LV(p), posterior horn of the lateral
ventricle; SP, septum pellucidum; Th, thalamus; III, third ventricle. (From Gilman S, Winans SS. Manter and Gatz’s Essentials of Clinical
Neuroanatomy E?" Neurophysiology. Philadelphia, PA: EA. Davis Company, 1982.)
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FIGURE -4.2’.". Virchow—Robin Spaces. All
sequences Show enlarged but normal perivas-
cular spaces lick-it's arrows-I: which exactly fol—-
low CSF intensity. There is no mass effect, and
the patient had no symptoms referable to this
region. These spaces are commonly seen at the
ends of the anterior commissure (“black mus-
tache,” hiaer'e its-rows: in the anterior inferior
basal ganglia. They should not be mistaken for
lacunes, which typically show DXY'I hyperin-
tensity acutely and signs of gliosis on FLAIR
chronically.
—-_|- —- .--_ _--—.‘I'T'-r-
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FIGURE 1.23. Small Vessel Ischemic Changes and Perivascular Spaces in Aging. Transverse TZWI at the level of
the basal ganglia shows numerous areas of hyperintensity. The radial, linear areas likely represent prominent CSF
spaces around small medullary veins (“etat crible”). Coronal FLAIR shows hyperintensity indicative of giiosis
limited to just the old ischemic lesions, not seen around the prominent perivascular spaces.
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presumably asymptomatic, but in aggregate contribute to a
vascular dementia picture. At the other end of the spectrum
are perfectly healthy patients who have presumably developed
a speck of gliosis or occlusion of an inconsequential tiny vessel
as a normal part of aging. The clinical findings must determine
which of these patients with small vessel ischemic changes
needs further workup.
“mastitis and Reversible Cerebntl lizsoconstriction Rya-
dmme. Patchy inflammatory changes in arterial walls may lead
to either large or small vessel stroke. Vasculitis may be triggered
by autoimmune disorders, polyarteritis nodosa, and idiopathic
processes (e.g., giant cell arteritis). Drug exposure (heroin,
amphetamines, serotonin reuptake inhibitors), migraine, and
postictal states have been linked to reversible cerebral vaso-
constriction syndrome (RCVS), which can mimic vasculitis.
RCVS causes irregular beading of vessels, but usuallv without
the inflammatory infiltration of the vessel wall characteristic
of vasculitis. Vasculitic infarcts are often scattered across mul-
tiple vascular territories and therefore may produce atypical
patterns of damage. Varying stages of inflammation, necrosis,
fibrosis, and aneurysms may be seen simultaneously.

Cases of suspected vasculitis are evaluated by conven-
tional angiographv which provides the highest possible res—
olution. Views of the intracranial circulation and the external
carotid artery are reviewed in search of irregular focal nar-
rowing. High—resolution gadolinium-enhanced black blood
MR images with fat saturation can also sometimes show focal
arterial wall thickening. Positive sites may then be selected
for biopsy confirmation. Sometimes the vessels affected are
so small the angiogram is normal. In these cases, skin, nerve,
muscle, or random temporal artery biopsy may be required
to make the diagnosis. Diagnostic confirmation is important,
since many of the vasculitides respond to steroids or cytotoxic
drugs, or in the case of RCVS, potential treatment with vaso-
dilators and removal of the underlying trigger.

Venous Infarction

Venous occlusion is an uncommon but important cause of
stroke. Characteristically, venous infarcts occur in younger
patients who present with headache, sudden focal deficits,
and often seizures. Predisposing factors include hypercoag—
uable states, pregnancy, infection (spread from contiguous
scalp, face, middle ear, or sinus), dehydration, meningitis, and

FSE T2 3D PC MRA-MRV
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direct invasion by tumor. Even though arterial supply is intact,
blockage of outflow leads to stasis, deoxygenation of blood,
and neuronal death. Continued perfusion into damaged,
occluded vessels frequently leads to hemorrhage. Any dural
sinus or cortical vein may be affected, but the commonest are
superior sagittal, transverse (lateral), straight sinus, and cav-
ernous sinus occlusions, either alone or in combination.

A pattern of hemorrhagic infarction in the deep cortical or
subcortical regions is usually present. These lesions tend to be
rounded and may spare some overlying cortex, as opposed to
the classic wedge—shaped arterial occlusions which grow larger
toward the surface. Venous infarctions may also be suspected
when there is an apparent infarct not conforming to a known
arterial territory (Fig. 4.29).

The venous clot responsible may be seen indirectly as a fill-
ing defect in the superior sagittal sinus on contrast-enhanced
CT, the “empty delta” sign (Fig. 4.30). The empty delta sign
is usually present 1 to 4 weeks after sinus occlusion, but may
not be seen in the acute and chronic phases of the disease.
Small venous occlusions are not reliably detected by CT. An
appearance which mimics the empty delta sign has also been
described in up to 10% of normal patients when CT scanning
is delayed for more than 30 minutes after contrast infusion.
This is probably due to differential blood pool clearance and
dural absorption of contrast, effectively highlighting the dural
margins of a normal venous sinus.

A combination of spin-echo MR and MR venography
probably provide the best imaging evaluation for dural sinus
occlusion. On MR, venous sinus thrombosis is suspected
when venous flow voids are lost and confirmed when actual
clot is observed (Fig. 4.30). Normal but slowly flowing blood
can sometimes cause high signal within veins, a potential MR
pitfall in the diagnosis of venous occlusion. MR venography
can be very helpful in equivocal cases. W'hole brain CTA pro-
tocols modified to add a slightly longer scan delay after injec—
tion also offer an excellent noninvasive evaluation of venous
disease. Conventional angiography is now mostly reserved for
difficult diagnostic cases or when endovascular intervention is
considered.

HENIORRHAGE
Hemorrhage occurs when an artery or vein ruptures, allowing
blood to burst forth into the brain parenchyma or subarachnoid

'III

ZD TOF MRV
.FlGI-H‘F 4.2:". Transverse Sinus Occlusion With Venous Infarction. Venous infarction from combined left transverse sinus and vein of Labbe
occlusions. This previously healthy man presented with abrupt V'ernicke (receptive) aphasia. T1- and T2-weighted images show mixed edema and
early hemorrhage (consistent with intracellular deoxyhemoglobin—iso on T1, dark on T2) in the posterior inferior left temporal lobe (red arrows).
This location and appearance is classic for venous infarction in the territory of the vein of Labbe, which occurs when its drainage pathway into the
transverse sinus (white arrows) becomes thrombosed, as confirmed here on MR venography (3D phase contrast and 2D time of flight).
Hf—_._‘f--.'—" . _ _ .— — —_ --_----—I- _ ”___
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FIGURE 4.30. Venous Sinus Thrombosis Complicated by Hemorrhagic Venous Infarction. This 4-year-old girl recently
treated with L-asparaginase for leukemia presented with headache, seizures, and left hemiparesis. CT images (above) show
areas of right frontal lobe hemorrhage, edema, and leptomeningeal congestion. Filling defects (clot) outlined by enhancing
dura of the superior sagittal sinus are the classic “empty delta sign” of dural sinus thrombosis (arrows) in both axial and
coronal reconstructions. Follow-up MRI (below) shows T1-bright methemoglobin clot in the superior sagittal sinus (white
arrows) and isointense signal in the straight sinus; MR venography confirms lack of flow in these sinuses.

spaces. Although mixed patterns occur, hemorrhages are most
conveniently divided into subarachnoid and parenchymal cat-
egories. Imaging studies are critical in determining the source
of bleeding and in showing any associated complications. The
location and pattern of hemorrhage help predict what the
underlying lesion is and direct further workup.

Imaging of Hemorrhage
Hemorrhages are detected due to increased attenuation on
CT and complex signal patterns related to iron oxidation on
MR. In borh cases, the formation of =‘c10t,"" which has far less
serum and therefore water than whole blood, also plays a role
in the imaging findings. A noncontmst CT remains the test
of choice for emergency evaluation of suspected hemorrhage.
Although acute blood can sometimes be challenging to detecr
on routine MR, sensitivity is excellent when FLAIR is used for
SAH and gradient echo T2 ‘l sequences are used for parenchy—
mal bleeding. lVIR is better than CT for detecrion and charac-
terization of subacute or chronic hemorrhage (Fig. 4.31}.

The MR signal generated by blood depends on a complex
interplay of hematocrit, oxygen content, type of hemoglobin
and chemical state of its iron-containing moieties, tissue pH,
protein content of any clor formed, and the integrity of red

blood cell membranes. Dominant among these mechanisms
is the oxidation state and location of iron species related to
hemoglobin. Oxygenated hemoglobin is sequentially con-
verted to deoxyhemoglobin, methemoglobin, and then hemo—
siderin over time. The magnetic properties of the resultant
degradation products change the MR relaxation rates of adja-
cent protons, allowing the hemorrhage to be detecred. A small
halo of surrounding edema is common in the subacute phase
of parenchymal bleeds, sometimes making interpretation of
signal changes quite complex. High-field scanners and gradi-
ent echo sequences tend to improve conspicuity of subacute
and chronic blood producrs. The general pattern of MR signal
changes seen over time on a 1.5 T magnet is summarized in
Table 4.4 and Figure 4.32. Individual cases may of course vary
somewhat from these simplified guidelines due to the multiple
factors involved.

A brief stroll down physical chemisrry lane will help us
understand the complicated signal changes seen during the evo—
lution of a hemorrhage. In order to change the signal character-
istics of a tissue, hemorrhage must affect T1 or T2 relaxation.
The sequential oxidation products of hemoglobin accomplish
this due to changes in both magnetic properties and in molec-
ular conformation. Iron within hemorrhage breakdown prod-
ucts changes the effective local magnetic field, a process known
as magnetic susceptibility. This change in field is translated
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FIGURE 4.3 E Amyloid Versus Hypertensive Microbleeds. Amyloid (A—C): Noncontrast CT (A) and FSE T2 (B) show an acute left temporal lobe
hematoma (red arrows) which blooms darker on T2* (C). Key to the diagnosis of amyloid is the identification of numerous additional punctate
old hemorrhages (aka “microbleeds”) on T "', distributed peripherally, in the cortex and near the gray-white junction (white arrows). Hyperten-
sive hemorrhage (T2, D, and T2*, E) more typically involves the deep gray structures (white arrows), especially the thalami and basal ganglia,
often keeping company with lacunes. Although CT can detect large acute hemorrhages from any cause, MRI gradient echo T2"‘ or susceptibility-
weighted sequences are required to detect older microbleeds and thereby facilitate differential diagnosis.

into an alteration in signal intensity because of acceleration or
slowing of T1 and T2 relaxation rates. Changes in T1 relax-
ation occur only within a very short range (measured in ang-
stroms) while T2 effects can be seen millimeters away.

Under normal conditions, circulating red blood cells con-
tain a mixture of both oxy- and deoxyhemoglobin forms.
During transit through the capillary bed, tissues extract oxy-
gen according to metabolic needs, converting oxyhemoglobin
to deoxyhemoglobin in the process.

Neither of these forms have much detectable effect on T1
signal intensity in clinical images, but they may be distin-
guished due to their opposite effects on TZW’I. Oxyhemoglo-
bin is a diamagnetic compound containing ferrous (Fe*2) ions,
detected as high signal intensity on TZWI (particularly first
echo). Deoxyhemoglobin also contains Fe+2 ions but is a para-
magnetic substance. The magnetic susceptibility of deoxy-
hemoglobin causes accelerated dephasing of spins on T2- or
T2"'-weighted images (e.g., gradient-recalled echo sequences)
which results in signal loss. Deoxyhemoglobin is therefore
hypointense on heavily TZWI. These patterns of altered T2
signals are occasionally encountered on clinical images of
acute hemorrhage. These same magnetic susceptibility effects
related to the balance of blood oxygenation form the basis for
clinical functional MR mapping methods (brain regions acti-
vated by a task recruit more blood flow and oxyhemoglobin,
detected as a focal increase in T2* MR signal).

When hemorrhage occurs, oxyhemoglobin is converted to
deoxyhemoglobin at a rate dependent on local pH and oxygen
tension. This takes place over hours for parenchymal hemato-
mas but can be considerably delayed when oxygen-containing

CSF surrounds subarachnoid blood. This may explain why
acute subarachnoid blood is relatively difficult to detect by
routine MR, but is readily detectable with FLAIR imaging
(signal in bloody CSF is not suppressed). In parenchymal or
extraaxial hematomas, further oxidation of deoxyhemoglobin
leads to formation of methemoglobin, a ferric (Fe"3) paramag—
netic substance. This occurs over several days or longer, paral-
lel in time course to lysis of red blood cells.

hiethemoglobin causes a marked acceleration of T1 relax—
ation, leading to bright signal on T1WI (Fig. 4.30). Methemo-
globin contained within intact red cells is able to set up local
field gradients between the cell and the protons outside; this
magnetic susceptibility leads to signal loss on TZWI. After cell
lysis methemoglobin is dispersed throughout the tissue water,
the gradient is lost, and T2 relaxation similar to CSF is seen.
Bright T1 signal is a helpful indicator of subacute blood prod-
ucts; the appearance on T2 tells you whether this is still early
intracellular (dark T2) or later extracellular (bright T2) stage.
T2WI of subacute hematomas therefore show a “hematocrit
effect”: a dependent layer of intact cells exhibiting dark signal
and a plasma supernatant showing bright signal.

Further oxidation of hemoglobin and breakdown of the
globin molecule leads to accumulation of hemosiderin in the
lysosomes of macrophages. Hemosiderin causes the gross
rust—colored stain at the edges of an old hematoma seen at
surgery or autopsy, even years after the index event. This is a
paramagnetic ferric (Fe*3) containing substance that is insol—
uble in water. As a result, hemosiderin shows no appreciable
T1 effects but very prominent T2 shortening (dark signal) due
to magnetic susceptibility (T2"') effects. An area of remote
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hemorrhage will commonly be seen as atrophy alone on CT
or T1-weighted MR, but a dark rim along the cleft on "DWI
implicates a prior bleed. Occasionally, large or recurrent SAHs
will lead to diffuse hemosiderin deposition on the brain sur-
face, a condition known as superficial hemosiderosis (or super-
ficial siderosis 'I .

Subarachnoid Hemorrhage
The subarachnoid space is the CSF-iined compartment which
surrounds the blood vessels and communicates With the ven-
tricular system. SAH is most commonly due to aneurysm
rupture. A\-".l\ls of the brain or spinal cord and vascular mal-
formations involving the dura may also cause SAH, but usu—
ally in combination with parenchymal or subdural bleeding,
respecrively. Previously normal vessels may rupture into the
subarachnoid space when damaged by drugs, trauma, or dis-
section. SAH may also occasionally be seen in patients with
marked thrombocytopenia or other severe coagulopathies.

Patients with aneurysms may develop symptoms attributable
to either bleeding or local mass effect. Sudden, severe headache
is the most common symptom of aneurysm rupture, sometimes
described by patients as the worst headache of their life. Unrup-
tured aneurysms or those with limited surrounding hemorrhage
may also develop significant mass effect with or without head-
ache. Classic presentations in this regard are the unilateral third
nerve palsy due to a posterior communicating artery aneurysm,
cavernous sinus syndrome due to an ICNparasellar aneurysm,
and optic chiasmal syndrome (bitemporal field defect} due to an
anterior communicating artery aneurysm.

FIGURE. 4.32. Biochemical Evolu—
tion of Hemorrhage. Within minutes
of hemorrhage, a hematoma consists
of intact red blood cells containing
ozryhernogiobin. Over several hours,
the clot begins to retract and the
hemoglobin is oxidized from oxy- to
deoxy- to methemoglobin. hIethe-
moglobin tends to form in a ring
which converges from the periphery
to the center over time. Red cells lyse,
releasing methemoglobin into the sur-
rounding fluid. Macrophages break
down the iron products into hemo"
siderin and ferritin, leaving a stain at
the periphery of older hematomas.
(From Atlas SW1 Magnetic Resonance
Imaging of the Brain and Spine. New
York: Raven Press; 1991.]

A patient who presents with SAH is very likely to harbor a
ruptured congenital {berry} aneurysm lFig. 4.33). One to 2%
of us have aneurysms, thought to occur due to a congenital
absence of the arterial media. Probably many of these aneu-
rysms remain asymptomatic, but those greater than 3 to 5
mm are at increased risk for rupture. Berry aneurysms often
occur near branch points of the circle of Willis. About SS‘i'é.
sprout from the anterior part of the circle of Willis, while
15% arise in the vertebrobasilar territory. Common loca—
tions include branch points near the anterior communicat-
ing (33%), middle cerebral {3051-6 l, posrerior communicating
(25 %J, and basilar {109i}? arteries. Less commonly the oph—
thalmic artery, cavernous ICA, or PICA are to blame. \Vhen
disral branch aneurysms are seen, an episode of prior trauma
or systemic infection should be considered -:.e.g., bacterial
endocarditis with “mjcotic” aneurysml. Other conditions
associated with aneurysms include atherosclerosis, fibromus-
cular disease, and polycystic kidney disease. hianagement
depends on the clinical situation, location, and size of the
aneurysm. Treatment options include surgical clipping, inter-
rentional endoyascular coil embolization, and combinations
of the two (Fig. 4.34).

Even large acute SAHs easily seen by CT may be entirely
missed on routine spin—echo MR. CT is over 90% sensitive
for the detection of acute SAH, probably due to the increased
density of cloned blood. Use of FLAIR sequences on MR can
improve conspicuity of acute blood, but CT is still considered
the imaging method of choice when clinical findings suggest
the possibility of SAl-I (Fig. 4.34}. SAHs may be quite difficult
to detect even by CT when the patients hematocrit is low, the
amount of hemorrhage small, or there is a delay in scanning.
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L ' If I ). ligl u.1 3‘ Ln- 3-_ New. L. Ruptured Anterior Communicating Artery Aneurysm. This 21-year-old man collapsed immediately after snorting a line of cocaine.
A: Non-contrast CT shows blood in the interhemispheric fissure and in the dependent portions of the lateral ventricles. Blood in the ventricles,
cisterns, or layered in the sulci is subarachnoid by definition. B: Lateral View from a digital subtraction angiogram demonstrates a large anterior
communicating artery aneurysm (arrow). Over half of drug abusers with intracranial hemorrhage will be found to have an underlying aneurysm
or AVM. CTA in a similar case showing a ruptured aneurysm (white arrows) in sagittal (C) and coronal (D) thick 2D reconstructions.

In these cases detection of red blood cells or xanthochromia by
lumbar puncture may be the only way to confirm a suspected
SAH. The most sensitive places to look for SAH on CT are the
dependent portions of the subarachnoid space where gravity
causes the blood to settle—the interpeduncular fossa, posterior
sylvian fissure, and the far posterior aspects of the occipital
horns (Fig. 4.35). Prompt scanning is important, since disso-
lution of subarachnoid blood reduces CT sensitivity to 66%
by day 3.

About 15% to 20% of patients with subarachnoid bleed-
ing will have multiple aneurysms. Due to this multiplicity, a
CTA or “four—vessel” angiogram is needed on the initial eval—
uation. When multiple aneurysms are present, the one that is
largest or more irregular, has focal mass effect, intra-aneurys-
mal clot, or shows a change on serial examinations is likely
to be the culprit. CTA has become an important front line

screening tool for emergent evaluation of SAH, and in most
centers, has largely replaced diagnostic angiography. MRA
is not yet of proven reliability for the primary workup of a
patient presenting with SAH. The combination of MR and
MRA probably detects the vast majority of aneurysms greater
than 3 mm, making it a reasonable elective screening tool for
some at-risk patients (strong family histories, polycystic kid-
ney disease, etc.).

The location of blood in the subarachnoid spaces is imper-
fectly correlated with the location of a ruptured aneurysm,
as subarachnoid blood can layer dependently. Sometimes a
parenchymal clot will surround the site of hemorrhage, or
thrombus may be seen in the aneurysm itself. When the rou-
tine screening CT shows SAH, CTA can be immediately per~
formed to evaluate for aneurysms while the patient is still on
the scanner. Within a few days a focus of methemoglobin may
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l Hfgi Th1] 4. H. Endovascular Coil Treatment of a Basilar Tip Aneurysm. This 36-year—old patient presented with a severe
headache. A: A noncontrast CT shows prominent subarachnoid hemorrhage in the interpeduncular fossa (arrows) and
throughout the basilar cisterns (arrowheads). B: SAH is commonly missed on routine MR sequences, but is easily visible on
T2 FLAIR (large white arrows). C: Angiogram, frontal View of a left vertebral injection shows a basilar tip aneurysm (arrow).
D: Angiogram following endovascular placement of electrolytically detachable platinum coils shows obliteration of the aneu-
rysm (arrows) with preservation of adjacent arterial branches.

sometimes pinpoint the bleeding site on MR. Unless there has
been a massive SAH or rebleeding, subarachnoid blood is gen-
erally inconspicuous on CT at 1 week.

Evaluation and management of aneurysmal SAH has
changed considerably over the past 15 years due to wider
application of CTA and endovascular coil embolization.
While surgically easily accessible aneurysms are still well
treated by traditional open clipping, endovascular coiling has
been shown to have overall lower morbidity and mortality.
Early clipping or coiling allows more aggressive treatment for
vasospasm, a much feared complication seen beginning a few
days after SAH. These considerations have lead many centers
to screen all acute SAHs using diagnostic CTA, followed by
angiography for complex cases or those expected to proceed

to coil intervention. Two- and three-dimensional CTA recon-
structions of aneurysms can help select and plan either open
surgical or endovascular procedures.

Follow-up studies are an integral part of SAH evalua-
tion. The initial or subsequent CT may show communicating
hydrocephalus requiring a ventriculostomy or shunt. Epi-
sodes of possible rebleeding are evaluated with noncontrast
CT. Infarcts may also be seen in patients with elevated intra-
cranial pressure or vasospasm, and are the main pathologic
finding in patients whose condition continues to deteriorate
after the initial SAH. Posttreatment angiography is used
to assess adequacy of clip placement and to rule out vaso-
spasm. Angiography or MRA can be used to follow coiled
aneurysms.



FifiURF. 4.35. Subtle Subarachnoid Hemorrhage by CT. The most sensitive areas for detecting SAH are the dependent parts of the occipital
horns (A, arrow) and the interpeduncular fossa (B, arrow). The choroid plexus at the atrium of the lateral ventricle (A, CP) normally appears
dense due to calcification or enhancement. The nondependent location of the choroid differentiates it from hemorrhage.

Fairer i clrymal Hemorrh age
Primary intraparenchymal hemorrhage occurs as a result of
bleeding directly into the brain substance. Traumatic hemor—
rhages are not included in this section; they are discussed in
Chapter 3. Parenchymal bleeds generally have a higher ini-
tial mortality than infarcts, but on recovery show fewer defi-
cits than a similar—sized infarct. This is because hemorrhage
tends to tear through and displace brain tissue, but can be
resorbed. A similar-sized infarct is made up of dead rather
than just displaced neurons. The main differential consider-
ations are hypertensive hemorrhage, vascular malformations,
drug effects, amyloid angiopathy, and bloody tumors.

.ffffy‘fr'rf'fi!’Hsti‘r' f’i'HEUJZFifl;Eltjt'b' are seen in the putamen (35%
to 50%), the subcortical White matter (30%), the cerebel-
lum (15%), thalamus (10% to 15%), and pons (5% to
10%) (Fig. 4.36). As with lacunes, lipohyalinosis of vessels
is thought to be the primary predisposing pathologic feature,
although miliary aneurysms in the vessel wall may also play
a role. Small hypertensive hemorrhages may resolve with
few deficits. Bleeds in the posterior fossa, those with a large
amount of mass effect, or hemorrhages extending into the
ventricular system have a relatively poor prognosis. The pat-
tern of microbleeds sometimes seen in a patient with hemor-
rhage can help distinguish hypertension from amyloid-related
bleeding (Fig. 4.31). Focal contrast extravasation within an
acute hematoma on CTA or routine contrast-enhanced images
(“spot sign”) predicts a high risk of clot expansion over the
first several hours after admission, compared to those without
a spot sign (Figs. 4.36 and 4.37).

iii-gr w are far less frequently encountered
than hypertension, but are a cause of hemorrhage which must
be ruled out, especially in young patients. Vascular malforma-
tions develop due to a congenitally abnormal vascular connec-
tion which may enlarge over time. The relative frequency of
vascular malformations as a cause of intracranial hemorrhage
is about 5%. There are four main subtypes: AVMs, cavernous
malformations, telangiectasias, and venous malformations.

clrr‘m'mzwnms Hmffi'n‘m'.(HUME are high flow lesions and the
most common type of brain vascular malformation. AVMs
are an abnormal tangle of arteries directly connected to veins
without an intervening capillary network. About 80% to
90% are supratentorial, but any area may be affected. Most
patients present with hemorrhage or seizures. AVMs have a
2% to 3% annual risk of bleeding, but the risk may double or
triple in the first year after an initial bleed. Treatment depends
on the age of the patient, symptoms, and philosophy of the
attending physicians. Embolization, surgery, and radiotherapy
all may play a role.

Unruptured AVMs typically appear as a jumble of enlarged
vessels Without mass effect (Fig. 4.38). Noncontrast CT will
Show a mixed attenuation lesion, sometimes with evidence of
calcification. MR demonstrates flow voids or complex flow
patterns, sometimes leading to artifacts in the phase-encoding
direction. T2- or T2*-weighted images may show dark signal
intensity related to the AVM, a sign of prior hemorrhage with
hemosiderin deposition. IV contrast usually results in marked
enhancement and therefore increased conspicuity of the AVM
on both CT and MR studies. Feeding arteries and draining
veins may show impressive enlargement well beyond the
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center (nidus) of the AVM. About 10% of AVMs will develop
an associated aneurysm, generally on a feeding artery. Angi—
ography remains the definitive method for evaluation of the
AVMs anatomy and dynamic flow patterns.
.5 d.rug-iwr.isi.i.~: are dilated capillary-sized vessels usually diag-
nosed at autopsy. These are generally small, solitary lesions

Hid Hi --I..‘-3u. Hypertensive Hem-
orrhage, “Spot Sign” Predicts Clot
Expansion. This patient with a his—
tory of hypertension presented with
abrupt left hemiparesis. Noncon-
trast CT (A) shows a focal parenchy-
mal hematoma centered in the right
putamen. CTA source images (B)
show a tiny focus contrast extrav-
asation (arrow) contained within
the hematoma which is even more
conspicuous on routine postcontrast
images (C) obtained 4 minutes after
the CTA. Focal spot signs on either
CTA or contrast CT suggest active
bleeding and therefore high risk of
hematoma expansion over the next
several hours. (D) Follow-up non-
contrast CT at 24 hours confirms
marked enlargement of the hema-
toma as well as worsening mass
effect.

found incidentally by contrast-enhanced MR, most often in the
pons. No treatment is necessary.
ii-mms whiff} arm. Mimi: (aka developmental venous anomalies,
venous angiomas) are congenitally variant veins which drain
normal brain. They are seen in about 5% of patients studied by
contrast MR but may easily be missed on CT or noncontrast

GRE T2*
]- l'i. . l H I- -i.. 1". Acute Left Parietal Parenchymal Hematoma on MRI. Signal intensity is isointense on T1 and T2, with heterogeneous dark signal
on T2*, indicative of a mixture of oxy— and deoxyhemoglobin (deoxy = dark components, “blooming” due to susceptibility). Focal puddles of
contrast enhancement along the lateral margin on T1 postcontrast images (arrow) are an MRI “spot sign” indicative of active bleeding with risk
of further clot expansion. Additional poor prognostic signs include intraventricular extension (arrow, T2 ’*), and clot volume >30 mL (5 x 5 X 4 cm
in diameter, for an estimated volume of 50 mL using [A X B X C]/2 rule in this case).
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Lenticulo- ,,
striates—J“;

FLT‘HH 4: 3 High-Flow Vascular Malformations. Top: Arteriovenous malformation (AVIVi) with nidus in the left insular region, fed by enlarged
MCA branches and drained by engorged cortical veins (CV) including the veins of Trolard (T) and Labbe (L), with prominent superior sagittal
sinus (SSS). Bottom: Infant girl with enlarging head circumference found to have a vein of Galen malformation, complicated by obstructive
hydrocephalus. There is rapid shunting from feeding vessels (arrows) into a rounded, enlarged vein of Galen (VG) pouch and outward through a
narrow straight sinus (SS) into a massively enlarged torcular herophili (TH).

MR. The classic appearance is of an enlarged enhancing stellate
venous complex extending to the ventricular or cortical surface.
The contrast-enhanced MR appearance is usually diagnostic,
and most will Show a dark signal on T2”r due to deoxygenated
venous blood, such that angiography is rarely if ever needed
for confirmation. Although these may rarely bleed, treatment is
somewhat controversial since they are very commonly seen in
asymptomatic patients and are often the only venous drainage
for a brain region.
f' .'.i.‘v.r.":*s.='mms new(_fiu'.rn.u'n_:.ris are thin-walled sinusoidal vessels
(neither arteries nor veins) which may present with seizures or
small parenchymal hemorrhages. These lesions may be asymp-
tomatic and can occur on a familial basis. CT scans and angi-
ography are usually normal. MR will Show a reticulated, often
enhancing lesion with dark rim (hemosiderin) on T2 (Fig. 4.39).
Venous malformations may provide drainage for cavernous
malformations, but no arterialized feeding vessels should be
seen. Unless recently ruptured, a cavernous malformation
should show no mass effect or edema. If all these criteria are
met, conventional angiography may be unnecessary.
i(.*:;.rn.-'.:fn2grt ..iu:t.—re in» {I.-.a.:_:;.=:.-:i;=.i:..‘i}.='::;~. Intracranial hemor-
rhage may also occur because of blood dyscrasias. Chronic
oral anticoagulation increases by eightfold the risk of intra-
cranial hemorrhage. The association is particularly true when

the coagulation parameters are extended beyond the recom-
mended therapeutic range and when bleeding occurs in the
setting of direct thrombin inhibitors.
373;"n .—\;t;=r:;~tr2i.zie.-{ Iiii-vicar»?'2'(_v.r_i;r. Sympathomimetic drugs seem
to provide an effective (if unintended) stress test for the presence
of brain vascular anomalies (Fig. 4.33). Drugs such as amphet-
amines and cocaine have been commonly associated with intra-
cranial hemorrhage. Symptoms develop within minutes to hours
following the use of the drug. The genesis may be related to tran-
sient hypertension or RCVS. Up to 50% of drug abusers who
suffer an intracranial hemorrhage have a demonstrable underly-
ing structural cause such as an aneurysm or AVM.

-\. myiu—ir! .(Hg-:3.E't'i1.3.?1'i/.-’}’ or “congophilic” angiopathy is an
increasingly recognized cause of intracranial hemorrhage, fre-
quently lobar in nature. It is characterized by amyloid deposits
in the media and adventitia of medium size and small cortical
leptomeningeal arteries. It is not associated with systemic vascu-
lar amyloidosis. This angiopathy characteristically affects elderly
individuals. Autopsy incidence rises steeply, ranging from 8% in
the seventh decade to 22% to 35% in the eighth decade, 40% in
the ninth decade, and 58% in persons older than 90. It is rarely
seen in patients younger than 55. Cerebral amyloid angiopathy
is associated with dementia in about 30% of cases. Systemic
hypertension is common in this age group but is not directly
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? .L 7.3
hFSE T2 1.7

I hid H l- 4.3”. Low-Flow Vascular Malformations. Top: Incidental pontine capillary telangiectasias. No changes are visible on T2, but focal
signal dropout on T2 "' (SWAN sequence) is indicative of deoxyhemoglobin in slow flowing small veins. These are visible as lacy, focal enhance—
ment on T1—weighted images after gadolinium (arrows). These are a “don’t touch” lesion that should not be confused with pathology such as
metastatic disease or active demyelination. Bottom: Developmental venous anomaly (DVA) with associated cavernous malformation (aka, cav-
ernoma). Characteristic “popcorn” lesion on T1 and T2 shows tissue loss and bright foci centrally, with dark periphery (red arrows). A small
DVA is seen, with small radicles adjacent to the cavernoma and a collector vein passing toward the periatrial ependymal veins (white arrows).
T2’* shows magnification of dark signal (“blooming”) due to old iron—containing blood products including hemosiderin. DVAs are usually
asymptomatic, but on rare occasions give birth to a cavernous malformation which can rebleed or cause focal symptoms.

f It .1 H. |,:-‘ 4.41 I. Hemorrhagic Metastases. This patient with oat cell carcinoma of the lung presented with new onset seizures. The
precontrast CT (A) shows a rounded bloody mass in the right frontal lobe with a “hematocrit” layer (arrow). Marked white matter
edema surrounds this lesion and is also seen in the right occipital lobe. Postcontrast scan (B) shows irregular ring enhancement of
the bloody lesion and a second discrete focus is identified in the occipital lobe. The degree of surrounding edema, focal and irregu-
lar enhancement, and nonvascular distribution implicate metastases and not stroke.
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FEATURES OF BENIGN VERSUS MALIGNANT INTRACRANIAL HEMORRHAGE

I SIGN

Evolutionof blood products
Hemosiderin rim
Surrounding edema
Acute enhancement patterns

related to cerebral amyloid angiopathy. Widespread, multifo—
cal involvement can be seen in some cases, particularly when
T2 "' -weighted MR sequences are used to make old hemorrhages
more conspicuous (Fig. 4.31). Amyloid angiopathy should come
to mind when an elderly or demented patient presents with
new or recurrent superficial hemorrhages. Pre-existing amyloid
“microbleeds” may also be an underlying source for some cases
of postthrombolytic hemorrhage.

”iiairy Hemorrhage Versus
iriernorrhagic Neoplasm

Intracranial tumors are an uncommon but well-recognized
cause of intracranial hemorrhage. They account for 1% to
2% of bleeds in autopsy series and as high as 6% to 10% in
clinical radiologic series. Tumor necrosis, vascular invasion,
and neovascularity may contribute to the pathogenesis of
hemorrhagic neoplasms. Glioblastomas are the most common
primary brain tumors to hemorrhage, while in the metastatic
category bronchogenic carcinoma, thyroid, melanoma, cho-
riocarcinoma, and renal cell carcinoma often bleed (Fig. 4.40).

It may be possible to distinguish between a hemorrhagic neo-
plasm and a primary (benign) intracranial hemorrhage based
on the MR findings. Intratumoral bleeds tend to be more com-
plex and heterogeneous than benign hematomas. The expected
evolution of blood products is commonly delayed with tumors,
possibly due to profound intratumoral hypoxia. If a patient is
scanned in the acute phase, lack of enhancement beyond the
hematoma strongly supports a primary intracranial hemor-
rhage. If there is an enhancing component, then lesions such
as tumor or AVM must be considered. In the subacute phase,
however, a resolving hematoma may develop a thin area of ring
enhancement of its own. Both acute hemorrhage and hemor-
rhagic neoplasms may cause an edematous reaction, although
in the tumors edema is more predominant. In a benign intracra—
nial hypertensive bleed, the edema should begin to substantially
resolve within a week, while in the presence of a neoplasm it
should persist. With a resolving benign hematoma, a fully cir-
cumferential hemosiderin ring begins to develop at about 2 to
3 weeks” time on MR. In the hematoma associated with tumor,
this hemosiderin ring may be absent or incomplete. These use-
ful differential features are summarized in Table 4.5. Sometimes
when the findings are ambiguous, a follow—up examination in 3
to 6 weeks will clarify the diagnosis, avoiding a biopsy.
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