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Severe Occlusive Carotid Artery Disease: Hemodynamic
Assessment by MR Perfusion Imaging in

Symptomatic Patients

Masayuki Maeda, William T. C. Yuh, Toshihiro Ueda, Joan E. Maley, Daniel L. Crosby,
Ming-Wang Zhu, and Vincent A. Magnotta

BACKGROUND AND PURPOSE: Cerebral hemodynamic status has been reported to influ-
ence the occurrence and outcome of acute stroke. The purpose of this study was to assess
hemodynamic compromise in symptomatic patients with severe occlusive disease of the carotid
artery by the use of echo-planar perfusion imaging.

METHODS: Spin-echo echo-planar perfusion imaging was performed in 11 patients (two
had bilateral disease) with severe stenosis or occlusion of the carotid artery who had experi-
enced either a recent transient ischemic attack or minor stroke. Relative cerebral blood volume
(rCBV) maps and relative mean transit time (rMTT) maps were generated from the time-
concentration curve. Findings on T2-weighted images, angiograms, rCBV maps, and rMTT
maps were compared and assessed qualitatively and quantitatively.

RESULTS: Although the abnormalities on T2-weighted images were absent, minimal, and/
or unrelated to the degree of stenosis or collateral circulation, rMTT maps showed much larger
and more distinct perfusion abnormalities along the vascular distribution of the affected vessels
in all 13 vascular territories of the 11 patients. Despite obvious abnormalities on rMTT maps,
none of the patients had evidence of decreased rCBV in the affected brain tissue (increased in
three, normal in eight). A statistically significant difference in rMTT values was found between
the affected and unaffected brain tissue, whereas no significant difference was seen in rCBV
values.

CONCLUSION: Echo-planar perfusion imaging is a noninvasive and rapid method for eval-
uating the hemodynamics in severe occlusive carotid artery disease and the compensatory vas-
cular changes, and it may be useful in patient management.

The cerebral hemodynamic status of patients with
severe occlusive carotid artery disease has been re-
ported to play a significant role in the occurrence
of stroke (1). Two mechanisms of cerebral ischemia
in this disease have been identified: vascular occlu-
sion from an embolism or propagating thrombus
from an atherosclerotic plaque of the carotid artery
(artery-to-artery embolism), and watershed or bor-
der-zone ischemia caused by critically reduced per-
fusion pressure (hemodynamic stroke). Insufficient
collateral circulation may cause a critical reduction
in cerebral blood flow (CBF) and an increased risk
of hemodynamic stroke. It is well known that hy-
poperfused tissue under chronic hemodynamic
stress may undergo compensatory changes, which
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can be difficult to diagnose with conventional CT
or MR imaging (2) in patients who are also at in-
creased risk for a major stroke (3). Therefore, a
noninvasive and convenient means to detect and
evaluate the underlying hemodynamic compromise
in symptomatic patients with severe stenosis or oc-
clusion of the carotid artery may be helpful in the
diagnosis and management of this common disease.

Technological advances have made it possible to
obtain direct and more accurate measurements of
the regional hemodynamics of brain tissue, such as
regional CBF and regional cerebral blood volume
(CBV) by using positron emission tomography
(PET); however, this type of hemodynamic infor-
mation has not been widely applied in the clinical
setting, because the availability of PET is limited
by its cost and technical complexity. In addition,
PET cannot provide prompt information, making it
impractical in the management of acute stroke. Re-
cently, the development of perfusion MR imaging
has made the rapid assessment of cerebral hemo-
dynamics possible (4–10). Although this method,
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TABLE 1: Data for 11 patients with chronic cerebral ischemia

Pa-
tient

Age (y)/
Sex Symptoms

Angiographic Findings
(%)

Findings on T2-
Weighted Images

Prolonged MTT
on MTT Maps CBV Asymmetry on CBV Maps

1 41/F L hemiparesis R ICA stenosis (50) R watershed infarction R MCA Decreased CBV in R watershed
infarction

2 62/F TIA R ICA stenosis (95) Normal R MCA None
3 62/F TIA R ICA stenosis (80) Normal R MCA None
4 74/F TIA R ICA stenosis (90) Bil multiple lacunar

infarctions
R MCA None

5 84/F TIA R ICA stenosis (99) R watershed infarction R MCA and ACA Increased CBV in R ACA and
MCA

Decreased CBV in R watershed
infarction

6 73/F L hemiparesis R ICA occlusion R watershed infarction R MCA and ACA Increased CBV in R ACA and
MCA

Decreased CBV in R watershed
infarction

7 73/F None R ICA occlusion R basal ganglia
infarction

R MCA None

8 60/F L hemiparesis R ICA occlusion Bil multiple lacunar
infarctions

R MCA Increased CBV in R MCA

9 46/M TIA R ACA occlusion Bil multiple lacunar
infarctions

R ACA None

10 44/M TIA Bil ICA occlusions Bil multiple lacunar
infarctions

R watershed infarction

Bil MCA and ACA Decreased CBV in R watershed
infarction

11 55/F TIA Bil ICA occlusions R lacunar infarction Bil MCA and ACA None

Note.—TIA indicates transient ischemic attack; ICA, internal carotid artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; Bil,
bilateral; MTT, mean transit time; CBV, cerebral blood volume.

unlike PET, cannot provide absolute measurements
of CBV or CBF, it can offer a semiquantitative as-
sessment of relative CBV (rCBV) and vascular
mean transit time (rMTT) more promptly than with
PET. By using echo-planar perfusion imaging
(EPPI) techniques, multisection images can be
readily obtained to cover the symptomatic brain
within a very short time frame (8–10), which is
essential for feasibility within the clinical setting.

Our purpose was to assess the usefulness of EPPI
in the detection and evaluation of the underlying
hemodynamic compromise in patients with severe
stenosis or occlusion of the carotid artery who had
experienced either a recent transient ischemic at-
tack (TIA) or minor stroke.

Methods
Patients

Eleven patients (two men and nine women) aged 41 to 84
years (mean age, 61 years) with severe stenosis or occlusion
of the carotid artery who had experienced either a recent TIA
or minor stroke were studied. All patients underwent angiog-
raphy, which demonstrated unilateral occlusion of the internal
carotid artery (ICA) (n 5 3), unilateral stenosis of the ICA (n
5 5), bilateral occlusion of the ICA (n 5 2), or unilateral
occlusion of the anterior cerebral artery (ACA) (n 5 1). Ce-
rebral angiography was performed within 8 hours of the per-
fusion MR study. Patients’ symptoms, usually TIA or minor
stroke, are summarized in Table 1.

MR Studies

MR studies were performed on a 1.5-T MR unit retrofitted
for echo-planar imaging (EPI) capabilities. Axial T1- and T2-

weighted standard spin-echo sequences were obtained before
EPPI with imaging parameters of 600/20/1,2 (TR/TE/excita-
tions) for T1-weighted images and 2000–2500/30,90/1,2 for
T2-weighted double-echo images, with a section thickness of
5 mm, a matrix of 256 3 192, and a field of view of 24 cm.
Dynamic spin-echo EPI susceptibility-contrast images were
obtained with 8 to 10 axial sections at 2-second intervals for
60 seconds with imaging parameters of 2000/100/1, a field of
view of 20 3 40, a 128 3 256 acquisition matrix, single shot.
Approximately four to five images per section were obtained
before the start of an IV bolus injection (9 mL/s) of 0.1 mmol/
kg of gadopentetate dimeglumine using an MR-compatible
power injector.

The theory of nondiffusable tracers was applied to these
data. Since no arterial input function was available, only rel-
ative regional measurements were obtained. Although rMTT
calculations cannot be performed without a complete under-
standing of the topology of the vasculature (11), important
information about tissue perfusion is provided by rMTT cal-
culations, especially when corresponding hemispheres are
compared. Because of susceptibility effects, signal intensity
drops as the contrast material reaches the tissue and corre-
sponds to relative tissue perfusion. A plot relaxivity ( ) or*dR2

versus time is the first step in quantitative analysis and*1/T2
is assumed to be directly proportional to the concentration-time
curve.

SI(t)
*DR 5 2ln TE1) 2 1 2@[ ]SI0

where SI(t) is the signal intensity at time t, and SI0 is the signal
intensity before the arrival of contrast material. SI0 was cal-
culated as the average signal intensity over the first four
images.

A least-squares optimization to fit a four-parameter g variate
model of the versus time curve (equation 2) (11) was then*dR2
determined.
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a [2(t2t )]/ba*R (t) 5 k(t 2 t ) e2) 2 a

This facilitated the determination of starting and ending times
for the first pass of contrast material, thus eliminating second
and additional passes of contrast material from showing up in
the computation of rCBV and rMTT values. rCBV was defined
as the area under the curve. rMTT was calculated as the*dR2

ratio of the first moment of the curve and rCBV (9, 12–*dR2
14).

te
*rCBV 5 DR dt3) E 2

ta

and

te
*tDR dtE 2

ta
rMTT 54)

te
*DR dtE 2

ta

where ta was the starting time and te was the ending time of
the first pass of contrast material as found from the least-
squares fit of the g variate model of the curve. rMTT and*dR2
rCBV maps of the brain were generated by computing an
rMTT and rCBV at each pixel in the image. Numerical inte-
gration of the base line–corrected curve was performed*dR2
using Simpson’s rule. To avoid excess noise in the calculations,
rCBV and rMTT values were computed using a 5 3 5 mask.
To reduce the time required to generate the maps, the brain
parenchyma was segmented from the image automatically by
first applying a threshold to the image, which provided a means
to segment the brain, scalp, and eyes from the background. A
3 3 3 square was then used as a structuring element for image
erosion. The eroded image was dilated with a 5 3 5 square
structuring element. This provided a reliable automatic means
of segmenting the brain parenchyma and also of markedly im-
proved the computation time.

Our in-house software numerically generated the rCBV and
rMTT maps from the first-pass portion of the versus time*dR2
curve. This was completed automatically in less than 4 minutes
for 11 sections on a SUN SPARC2 workstation. The maps
were scaled and saved in an image format that could be trans-
ferred to the scanner and filmed for the radiologist to review.
Total time for the acquisition and processing of the EPPI was
approximately 10 minutes.

Normal rCBV maps showed higher signal intensity in gray
matter than in white matter, indicating greater rCBV in gray
matter, whereas normal rMTT maps showed lower signal in-
tensity (secondary to T2* effect) in gray matter than in white
matter, suggesting more blood supply to the gray matter. Is-
chemic tissue with prolonged rMTT showed higher signal in-
tensity than that of normal tissue. Normal rCBV and rMTT
maps showed symmetric signal intensity in both the gray and
white matter of the two hemispheres and in the anterior and
posterior circulation.

Data Analysis

Angiograms were reviewed for evidence of chronic occlu-
sion or degree of stenosis of the proximal vessels and collateral
circulation inside or outside (mainly the external carotid artery
[ECA] to the ICA) the circle of Willis. Conventional MR stud-
ies were reviewed for evidence of signal abnormality on T2-
weighted images.

rCBV and rMTT maps were qualitatively assessed by three
neuroradiologists in a side-by-side comparison with the cor-
responding T2-weighted images obtained at similar section
levels. Qualitative analysis of these perfusion maps was based
on visual assessment of the relative difference in signal inten-

sity between both hemispheres and the anterior and posterior
circulation on both the rMTT and rCBV maps. The final de-
cision was reached by consensus. Angiographic findings were
shown to observers after assessment of the T2-weighted im-
ages and the rMTT and rCBV maps.

In the quantitative analysis, region-of-interest (ROI) mea-
surements of signal intensity were performed where the rMTT
maps showed high signal intensity in nine patients with uni-
lateral artery occlusion or stenosis. ROIs were chosen by trac-
ing the brain tissue with prolonged rMTT. The rCBV maps
were also measured using the same ROI territory chosen in
the rMTT map. Corresponding T2-weighted images were re-
viewed, and care was taken to avoid placing the ROI over old
infarcted areas. Contralateral ROIs were also chosen from an-
atomically symmetric sites for comparison. In each case, quan-
titative analysis and selection of ROIs were performed in sev-
eral different contiguous images, because abnormal rMTT
maps were usually seen not only in a single axial section but
also extended in the craniocaudal direction in the territory of
the affected vessel. The mean value of the rMTT and rCBV
was obtained from the quantitative analysis of all the contig-
uous images with abnormal rMTT.

Statistical Analysis

A paired t-test (two-tailed) was used to evaluate the signif-
icant difference in mean rCBV and rMTT values between the
affected and contralateral sides. Differences between the means
were considered significant if the P values were below the .05
level of confidence (P , .05).

Results

Angiographic Findings

Angiographic findings are summarized in Table
1. In four patients with unilateral stenosis of the
ICA (patients 1 through 4), the blood supply of the
middle cerebral artery (MCA) on the affected side
was mainly antegrade via the ipsilateral ICA. In
four patients with unilateral occlusion or preocclu-
sive stenosis of the ICA (patients 5 through 8), the
MCA supply on the affected side was via the ip-
silateral ophthalmic artery from the ipsilateral ECA
in two patients (patients 5 and 6), via anastomotic
channels across the surface of the brain from the
ipsilateral ACA in one patient (patient 8), and via
the anterior circle of Willis from the opposite ca-
rotid circulation in one patient (patient 7). In one
patient with unilateral occlusion of the ACA (pa-
tient 9), the ACA on the affected side received pial
collaterals from the ipsilateral MCA. In two pa-
tients with bilateral ICA occlusion (patients 10 and
11), bilateral MCAs and ACAs were via the pos-
terior circle of Willis from the vertebral arteries.

Findings on T2-Weighted Images

T2-weighted images showed either no (n 5 2)
or minimal (n 5 9) abnormality, revealing small
lacunar or watershed infarctions (Table 1). Abnor-
mal T2-weighted changes were noted on the ipsi-
lateral (six patients) or contralateral (three patients)
side.
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FIG 1. Patient 2: 62-year-old woman with
TIAs.

A, Angiogram shows 95% stenosis of
the right ICA (arrow).

B, Findings on T2-weighted MR image
are normal.

C, Corresponding MTT map shows ex-
tensive high signal intensity in the right
MCA distribution, indicating prolonged
MTT on the affected side compared with
the contralateral side.

D, Corresponding CBV map shows sym-
metry in signal intensity, indicating normal
CBV.

Qualitative Analysis of EPPI

Qualitative analysis of the rMTT maps and the
rCBV maps is summarized in Table 1. Large areas
of high signal intensity (prolonged rMTT) were
clearly shown on multiple contiguous images in the
vascular distribution of affected vessels in all nine
patients with unilateral occlusion or stenosis as
compared with the contralateral hemisphere (Figs
1–3). Qualitatively, the extent of involvement and
increased signal intensity are proportional to the se-
verity of proximal vessel disease in all cases. Two
of the nine patients (patients 1 and 3) with less
severe stenosis on angiography (Table 1) had a
smaller area of involvement and less signal abnor-
mality (less hyperintensity) in the affected vascular
territories (Fig 2) than the other patients (Fig 3). In
two other patients with bilateral ICA occlusion, al-
most the entire territory of the ICA had abnormal-
ities, with greater prolonged rMTT (higher signal
intensity) than those of the respective posterior ce-
rebral arteries (Fig 4). Four patients had old water-
shed infarctions with prolonged rMTT (Fig 3).

The findings on the rCBV maps were much less
impressive than the findings on the corresponding
rMTT maps (Fig 3). Qualitatively, no decrease in
the rCBV of the regional hypoperfused tissue
(shown by prolonged rMTT) along the 13 vascular
distributions was found in any of the 11 patients
(normal or increased). On the rMTT maps, the ab-
normality involved both cortex and white matter,
whereas the area of increased rCBV was limited to
the cortex or deep gray matter (Fig 3). An increase
in regional rCBV on the affected side was visually
identified in three patients with unilateral occlusion
or severe stenosis of the ICA (Table 1 and Fig 3).
The angiograms in these three patients with in-
creased rCBV showed the presence of collateral
circulation outside the circle of Willis (via the oph-
thalmic system in two patients and the meningeal
collaterals in one patient). The rCBV maps in the
remaining eight patients showed no evidence of
rCBV changes on the affected side (Figs 1, 2, and
4). In patients with old watershed infarctions, mild-
ly decreased rCBV was seen in the areas of gliosis
(Fig 3B).
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FIG 2. Patient 3: 62-year-old woman with
TIAs.

A, Angiogram shows 80% stenosis of
the right ICA.

B, Findings on T2-weighted MR image
are normal.

C, Corresponding MTT map shows high
signal intensity in the right MCA distribu-
tion. The extent of high signal is less than
that in patient 2 (Fig 1C).

D, Corresponding CBV map shows sym-
metry in signal intensity.

Quantitative Analysis
The mean rMTT and rCBV values in each case

are summarized in Table 2. A significant difference
was found in the mean rMTT values along the vas-
cular territories of abnormal vessels (P , .01) com-
pared with the contralateral territories. However, no
statistical significance (P 5 .18) in the mean rCBV
was found, probably because of the small patient
population. In retrospect, mild and subtle elevation
in the mean rCBV value could be visually appre-
ciated on the rCBV maps in seven of the eight
cases previously judged to be ‘‘normal.’’

Discussion
Two basic methods are used to measure cerebral

hemodynamics in ischemic cerebrovascular disease
(2). The first strategy is to measure regional CBF,
regional CBV, and regional oxygen fraction in the
resting brain using PET (15). The second is to mea-
sure both the resting and stimulated brain by ace-
tazolamide, hypercapnia, or a physiological task us-
ing single-photon emission CT, xenon CT, or

transcranial Doppler imaging (16–19); however,
these stimulation methods carry the risk of deteri-
orating neurologic symptoms. In our study, new
techniques of perfusion MR imaging without a va-
sodilatory stimulus were used to assess the hemo-
dynamic compromise in patients with severe ste-
nosis or occlusion of the carotid artery who had
experienced either a recent TIA or minor stroke. In
these patients, compensatory changes may have de-
veloped that could make evaluation of the under-
lying hemodynamics challenging, especially at the
arteriocapillary (microcirculation) level. On the ba-
sis of our limited data, we found that MR perfusion
imaging without stimulation can readily and
promptly identify the vascular territory responsible
for the symptoms and its compensatory changes.
Because these patients have neurologic symptoms
that are not readily distinguishable from other caus-
es of stroke, identifying the characteristic hemo-
dynamic changes of severe occlusive disease of the
carotid artery can be essential to their proper man-
agement. With its relative availability and simplic-
ity as compared with PET, EPPI has the potential



AJNR: 20, January 199948 MAEDA

FIG 3. Patient 5: 84-year-old woman with
TIAs.

A, Angiogram shows 99% stenosis of
the right ICA.

B, T2-weighted MR image shows a right
posterior watershed infarction (arrowheads).

C, Corresponding MTT map shows ex-
tensive high signal intensity in the right
MCA and ACA distributions.

D, Corresponding CBV map shows high-
er signal intensity in the right than in the
left ACA distribution (arrows), indicating an
elevation of CBV in the right ACA distri-
bution. The higher CBV most likely repre-
sents brain parenchyma with maximal va-
sodilatation, while the lower CBV is most
likely caused by neuronal loss (old infarc-
tion/gliosis) (arrowheads).

to improve the diagnosis and management of acute
stroke in the chronically hypoperfused brain, even
though this technique is only semiquantitative.

Our patients with chronic hypoperfusion fre-
quently experienced transient and/or minor strokes.
Although profound restriction of proximal flow
was present on the rMTT maps, the rCBV maps
showed no abnormalities, indicating that the rMTT
maps are best for outlining the tissue with hypo-
perfusion, including both oligemic (asymptomatic)
and ischemic tissue, and rCBV is indicative of the
adequacy of compensatory changes, including col-
lateral circulation, to influence ischemic outcome.
In our limited patient population, the rMTT maps
showed a marked abnormality of the hypoperfused
areas along the affected vascular territories. As
compared with T2-weighted images, rMTT maps
correlate better with the hemodynamic information
obtained by angiography: the vascular lesion (ste-
nosis or occlusion) and the macrovascular collateral
circulation (ie, circle of Willis and ECA to ICA).
This may be explained by the method of deriving

rMTT maps by using the characteristics of the ar-
riving bolus of the dynamic study to assess the de-
lay of bolus arrival caused by proximal occlusive
disease. This type of information is usually gov-
erned by larger-sized vessels (macrovasculature)
that can be seen readily at angiography and that
influence the result of rMTT. In addition, rMTT
maps have been reported to be superior to T2-
weighted imaging and cerebral angiography in the
evaluation of TIAs and the detection of vascular
abnormalities (20). Because of the invasive nature
and higher cost of angiograms, rMTT may have the
potential to serve as a noninvasive adjunct to
screen for possible major arterial occlusive disease
before angiography.

The rCBV in patients with severe stenosis or oc-
clusion of the carotid artery was maintained despite
severe restriction of the antegrade blood supply re-
vealed by angiography and rMTT maps. The ability
to maintain a normal or even increased rCBV in
patients with a severe proximal vascular lesion sug-
gests that the hypoperfused brain tissue is likely to
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FIG 4. Patient 11: 55-year-old woman
with TIAs.

A, Angiogram shows collateral flow to
the cerebral hemispheres from the verte-
brobasilar distribution through the posterior
communicating arteries. Both ICAs were
occluded (not shown).

B, T2-weighted MR image shows no ab-
normalities except for a lacunar infarction
on the right.

C, Corresponding MTT map shows ex-
tensive areas with prolonged MTT in the
distribution of both ICAs. The only normal
blood flow is seen alone at both posterior
circulations (dark areas).

D, Corresponding CBV map reveals no
evidence of decreased blood volume.
Blood volume is increased in the posterior
watershed region bilaterally (asterisks).

have adequate collateral circulation to sustain hy-
poperfusion (oligemia) without persistent neurolog-
ic symptoms (CBF , 20 mL/100 g per minute) or
major infarction (CBF ,10 mL/100 g per minute).
In our study, the increased rCBV was found pre-
dominately in the gray matter, suggesting that the
collateral circulation to maintain the rCBV con-
sisted not only of the macrocirculation identified at
angiography (eg, circle of Willis and ECA to ICA)
with a size greater than 100 mm but also the an-
giographically ‘‘occult’’ pial arteriocapillary bed
(microcollateral circulation) in the region of the
cortex (white matter is usually supplied by fewer
terminal end arteries without collaterals).

It is likely that not only the collateral circulation
but also the physiological vascular dilatation results
in an overall increase in rCBV. Increased rCBV
was only observed in the cortex or basal ganglia,
which again suggests that more microvasculature
was found in the gray matter than in the white mat-
ter, and that vasodilatation is more prominent in
this microvasculature. Proximal restriction of blood
flow causes an overall reduction in lobar blood
flow. Autoregulation mechanism (vasodilatation)

compensates for the decrease in perfusion pressure
by reducing the arteriocapillary (microcirculation)
resistance to recruit and redistribute blood flow,
thus increasing tissue perfusion. Those patients
with maximal vasodilatation (increased rCBV) are
likely to have more hemodynamic stress of hypo-
perfusion and have a greater risk of incurring a
major stroke in the future than those with minimal
vasodilatation (normal rCBV).

Fluid-attenuated inversion recovery (FLAIR) has
been reported to be a better imaging technique than
multiecho T2-weighted imaging in the evaluation
of acute stroke. Therefore, FLAIR imaging has
been commonly included in the imaging protocol
of stroke, as it is currently at our institution. How-
ever, FLAIR imaging was not available at the time
of our study. The detection rate of abnormalities in
our patient group could have been improved had
FLAIR sequences been incorporated into our im-
aging protocol. The ischemic changes detected by
multiecho T2-weighted imaging and/or FLAIR in-
clude blood-brain barrier breakdown and gliosis,
respectively. FLAIR is likely to be a better tech-
nique in the detection of subtle changes of ischemia
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TABLE 2: Mean values of MTT and CBV in the affected and
contralateral sides

Patient

MTT (s)

Affected
Side

Contralateral
Side

CBV

Affected
Side

Contralateral
Side

1
2
3
4
5
6
7
8
9

17.97
18.07
18.22
20.35
22.60
20.64
20.06
43.58
23.70

17.72
17.37
17.65
19.66
18.90
19.45
18.60
39.20
21.78

26.03
31.22
35.90
26.02
31.08
18.91
21.58
40.81
23.33

26.74
30.54
35.86
25.78
30.35
17.97
20.64
32.63
22.91

Note.—MTT indicates mean transit time; CBV, cerebral blood vol-
ume.

(gliosis) that may have been missed by multiecho
T2-weighted imaging and might influence our re-
sults. The detection rate between these two tech-
niques may not have been dramatically different
because multiecho T2-weighted imaging is still
quite useful in the detection of gliosis, particularly
that involving the basal ganglia and watershed re-
gion. Regarding the detection of acute ischemic
changes in our patients with severe occlusive ca-
rotid artery disease, both techniques may have lim-
ited value, because collateral circulation is most
likely to have developed in this group of patients
and flow-related changes reflected by the perfusion
imaging may not be readily detectable by either
technique.

The role of T2-weighted imaging in the detection
and delineation of chronically hypoperfused tissue
and in the evaluation of hemodynamic stress seems
to be minimal on the basis of our limited data. In
addition, our results are not in complete agreement
with those of Yamauchi et al (21), who reported
that the presence of ipsilateral confluent high-inten-
sity areas on T2-weighted images indicated a risk
of hemodynamic compromise before the develop-
ment of major neurologic deficits or infarction in
the affected hemisphere in patients with ICA oc-
clusive disease. This result was found in only two
of the nine patients (patients 6 and 10) with ipsi-
lateral ICA occlusion. Interestingly, small deep
white matter infarctions were actually seen more
frequently on the contralateral side (three patients)
and did not correlate with the degree of severity of
rCBV.

The significance and practicality of obtaining ab-
solute measurements by MR perfusion imaging are
a matter of controversy. Our data suggest that ab-
solute measurement is an ideal but may not be nec-
essary in the practical sense. It is unrealistic to per-
form a long and extensive MR examination in the
management of acute stroke patients for the pur-
pose of obtaining absolute or near-absolute mea-
surements. For all practical purposes, the imaging
time that allows us to generate all the useful and

meaningful parameters must be short, preferably
within 15 to 30 minutes in patients presenting with
‘‘brain attack’’ (including a TIA, which is a retro-
spective diagnosis). This type of hemodynamic in-
formation can further facilitate patient manage-
ment, including the need for conventional
angiography, assessment of severity and risk of ma-
jor stroke, and choice of treatment (medical vs sur-
gical). Despite significant improvements in hard-
ware, pulse sequences, and methods to improve
quantification of MR parameters reflecting the CBF
and CBV of ischemic tissue, it is unlikely that MR
perfusion imaging can provide absolute measure-
ments of these parameters (22–26). Even with the
addition of arterial input functions, which would
increase the processing time, absolute measure-
ments still cannot be achieved, because many in-
herent factors exist that limit this possibility. First,
currently available gadolinium-based contrast
agents are not the ideal intravascular medium need-
ed for the absolute measurement of CBF. In addi-
tion, signal intensity is not linearly proportional to
the concentration of these contrast agents. It is still
not well understood how tissue relaxivities are af-
fected after the gadolinium contrast agent leaks into
the extracellular space, where the environment that
the proton may be interacting with is constantly
changing and different even along some vascular
distributions. Second, many methods are used in
the calculation of the different parameters, using
various parts of the dynamic contrast enhancement
curve (slope, area, time). Third, the dynamic con-
trast enhancement curve may not be the same at
different MR centers, because it can be influenced
by different scanners, hardware (gradient strength
and raising time), fast imaging techniques (ways of
sampling the k-space, EPI, or non-EPI), and pulse
sequences (number of preacquisition excitatory
pulses, flip angles, gradient echo versus fast spin
echo). Just these few factors mentioned can cause
variation in the dynamic contrast curve and limit
the ability to obtain uniform as well as absolute
measurements of CBF and CBV, even with intra-
arterial sampling of gadolinium contrast agents, as
is frequently done in PET studies.

Whatever techniques are used to generate the dy-
namic curve and derive the rMTT or rCBV map,
it is generally agreed, and suggested by our limited
data, that these semiquantitative MR parameters
and maps reflect the severity of hypoperfusion or
decreased antegrade CBF (rMTT map) as well as
the ability to maintain CBV (rCBV map) by de-
veloping collateral circulation and by dilatation of
the arteriocapillary bed (microcirculation). More-
over, even if an absolute value of CBF could be
obtained, the thresholds for infarction and ischemic
penumbra have been reported to vary among in-
dividuals, making the effort to obtain absolute val-
ues somewhat superfluous (27).

Conclusion
MR perfusion imaging can provide a rapid and

convenient means to assess the hemodynamic com-
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promise involving both macro- and microvascula-
ture in patients with severe stenosis or occlusion of
the carotid artery who have experienced either a
recent TIA or minor stroke. The MTT map pro-
vides the most obvious findings for the detection
and delineation of diminished antegrade CBF in
hypoperfused tissue and its macrocollateral circu-
lation. The CBV map provides additional infor-
mation about the underlying compensatory changes
regarding tissue reserve and its vascular response
to ischemic stress, particularly at the arteriocapil-
lary level. We believe that this type of capability
should be readily accessible in the clinical setting
and can be valuable in the management of patients
with severe occlusive disease of the carotid artery
who had experienced either a recent TIA or minor
stroke.
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