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Hemodynamic Modifications in Patients with
Symptomatic Unilateral Stenosis of the Internal

Carotid Artery: Evaluation with MR Imaging
Perfusion Sequences

Alessandro Bozzao, Roberto Floris, Fabrizio Gaudiello, Vanina Finocchi,
Luigi Maria Fantozzi, and Giovanni Simonetti

BACKGROUND AND PURPOSE: Risk of developing ischemia is higher in patients with
reduced cerebrovascular reactivity than in those with preserved cerebrovascular reactivity.
Therefore, we assessed cerebral hemodynamic modifications in patients with unilateral stenosis
of the internal carotid artery by using perfusion-weighted MR imaging to determine if these
modifications underlie or anticipate ischemic signs and symptoms.

METHODS: Fifteen patients with unilateral 70–90% carotid artery stenosis were studied with
digital subtraction angiography and perfusion-weighted MR imaging. Their findings were
compared with those of 15 age- and sex-matched control subjects. Regional cerebral blood
volume (rCBV) and mean transit time (MTT) values were calculated in the middle cerebral
artery and border zone territories.

RESULTS: No significant difference was noted in rCBV and MTT values between the
hemispheres in the symptomatic patients. There was a significant difference in MTT values in
the border zones between patients and control subjects. MR images in patients and control
subjects did not reveal large territorial infarcts and did reveal similar white matter lesion
burdens.

CONCLUSION: There is adequate compensation of unilateral stenosis when the stenosis is
less than 90%. The risk of stroke is higher in patients with stenoses exceeding 70%, mostly
because of decreased collateral reserve when confronted with emboli.

Internal carotid artery (ICA) stenosis is among the
most frequent causes of cerebrovascular ischemia (1,
2). The mechanisms of ischemia are essentially two:
hemodynamic, for cerebral hypoperfusion, and em-
bolic, due to distal mobilization of piastrinic or athe-
romasic material, almost always secondary to plaque
ulceration (3).

When perfusion pressure decreases, functional
compensation mechanisms activate cerebral autoreg-
ulation, avoiding, within certain limits, the manifesta-
tion of ischemic lesions. When collateral circulation is
insufficient, and thus cerebral vascular reserve capacity
is inadequate, the risk for stroke increases, particularly

because microemboli have a higher possibility of be-
coming symptomatic in the hypoperfused areas (4).

In this study of symptomatic patients with 70–90%
unilateral stenosis of the ICA, we measured regional
cerebral blood volume (rCBV) and mean transit time
(MTT) within the middle cerebral artery (MCA) and
border zone vascular territories. The purpose was to
determine if identifiable hemodynamic disturbances
due to the ICA stenosis underlie or anticipate isch-
emic signs and symptoms.

Methods
We evaluated 15 symptomatic patients (nine men and six

women) aged 55–71 years (mean, 63 years), with unilateral
stenosis (� 70% by digital subtraction angiography, according
to the North American Symptomatic Carotid Endarterectomy
Trial [NASCET] criteria) of the ICA. All the enrolled patients
underwent neurologic and cardiologic examination, electrocar-
diography, Doppler sonography, and MR angiography of the
epiaortic vessels. Seven patients sustained a hemispheric tran-
sient ischemic attack, eight an ocular transient ischemic attack;
all of them were treated with antiplatelet therapy (usually with
low-dose aspirin). In all cases, symptoms were referable to the
side of the stenosed ICA. The degree of stenosis ranged from

Received January 4, 2002; accepted after revision April 19.
From the Department of Neuroradiology, II Faculty, University

of Rome “La Sapienza” (A.B., V.F., L.M.F.) and IRCCS Neu-
romed, Pozzilli (IS) Italy (V.F., L.M.F.), and Institute of Radiol-
ogy, University of Rome “Tor Vergata,” Italy (R.F., F.G., G.S.)

Address reprints requests to Alessandro Bozzao, MD, Depart-
ment of Neuroradiology, Ospedale Sant’Andrea, Via di Grotta-
rossa 1035, 00189 Rome, Italy.

© American Society of Neuroradiology

AJNR Am J Neuroradiol 23:1342–1345, September 2002

1342



70% to 90% (Table 1). The contralateral ICA either was
normal or showed a stenosis lower than 40%. Fifteen subjects,
matched for age and sex, who were proved not to have stenotic
lesions by sonographic carotid examination and no signal in-
tensity alterations with MR imaging of the brain, were studied
as control subjects. The study protocol was approved by our
institutional review board, and informed consent was obtained
from patients or guardians in all cases.

MR perfusion study was performed with a 1.5-T unit (In-
tegra; Siemens Medical Systems, Best, the Netherlands) with
23-mT gradient intensity and a dedicated head coil. A prelim-
inary study was carried out to exclude the presence of MCA or
border zone infarcts. A T2-weighed sagittal sequence was pre-
viously acquired to highlight the bicommisural line necessary to
plan the axial images for brain and perfusion studies. T1-
weighted axial images (25-cm field of view; matrix, 256 � 128;
200/9 ms [TR/TE]) and axial T2-weighted turbo fluid-attenu-
ated inversion recovery, or FLAIR, images (3800/22 ms; 10-mm
section thickness; 230-mm field of view; matrix, 256 � 256)
were thus acquired.

A T2*-weighted echo-planar sequence (18/26 ms; section
thickness, 3.5 mm; flip angle, 8°; matrix 128 � 64; 40 dynamic
series; one signal acquired; imaging time, 1 minute 22 seconds)
was used to obtain dynamic susceptibility contrast images along
the anteroposterior commisural plane. Nine sections with a
thickness of 7 mm were acquired. A single dose of 0.2 mmol/kg
gadolinium chelate (Magnevist; Schering, Berlin, Germany)
was injected via an antecubital vein, by using a power injector
(Spectris; Medrad, Indianola, PA), at the rate of 5 mL/s. Per-
fusion data were processed and converted into parameter maps
for rCBV and MTT.

To evaluate MTT and rCBV maps, regions of interest
(ROIs) were positioned, bilaterally, in the vascular territory of
the distribution of the MCA and border zone (Fig 1) by using
the cortical and intracerebral boundaries proposed by van der
Zwan et al (5) and modified by Hupperts et al (6). Pixels with
signal intensity higher than 2 SDs above the brain mean value,
supposed to represent blood vessels, were excluded from all
regional analyses.

With use of a method proposed by Kluytmans et al (7), the
obtained values were correlated with those obtained in the
cerebellum, and thus the hemispheric (MCA and border zone)
rCBV-to-cerebellum rCBV ratio and the hemispheric (MCA
and border zone) MTT-to-cerebellum MTT ratio were consid-
ered for the statistical evaluation. This was done to allow
interpatient and control patient comparison.

For each variable, rCBV and MTT, one-way analysis-of-
variance tests were performed to assess differences between
the stenotic and contralateral sides and between patients and
control subjects. Excel 97 (Microsoft, Bellview Redmond, WA)
was used for data analysis. By means of a semiautomatic seg-
mentation intensity-based analysis, we also measured the vol-
ume of the hyperintense lesions found in the supratentorial
white matter of each hemisphere. Lesions were outlined as
ROIs, and lesion volume was calculated by multiplying the total
ROI by the section thickness.

Results
Findings are reported in Tables 1 and 2 and Fig 2.

From data analysis, no statistically significant differ-
ences were noted between the cerebral hemispheres
in the MCA and border zone territories in the pa-
tients. Comparing the mean values of the two hemi-
spheres with those of control subjects showed no
statistically significant differences concerning rCBV
in both the MCA and border zone territories. Con-
sidering MTT data, a statistically significant differ-
ence was noted between patients and control subjects
for the values in the border zone territory (P � .05)
but not for those in the MCA vascular territory. No
significant differences were evident between patients
and control subjects concerning the white matter le-
sions.

Discussion
Although so-called hemodynamically significant

stenoses (meaning, capable of causing local hemody-
namic change at the point of stenosis and considered
over 70% based on NASCET criteria) are frequently
encountered in clinical practice, hemodynamic stroke
conversely is rather rare. Nevertheless, the risk of
developing an ischemic event is higher in patients
with reduced cerebrovascular reactivity than in those
in whom cerebrovascular reactivity is preserved (4).
For this reason, different tools have been proposed to

TABLE 1: rCBV and MTT Values, Normalized to Cerebellum, in the Hemispheres Supplied by Normal and Stenotic ICAs in the MCA and
Border Zone Territories

Degree of
Stenosis by
NASCET

(%)
Age (y)/

Sex

rCBV MCA rCBV Border Zone MTT MCA MTT Border Zone

Normal
Side

Stenotic
Side

Normal
Side

Stenotic
Side

Normal
Side

Stenotic
Side

Normal
Side

Stenotic
Side

70 62/M 0,77 0,81 0,71 0,68 1,29 1,28 1,26 1,28
75 78/M 1,05 1,11 0,78 0,74 1,29 1,36 1,34 1,35
80 56/F 0,87 0,75 0,92 0,92 0,72 0,68 0,97 0,89
80 62/F 0,66 0,76 0,75 0,75 0,93 0,91 1,45 1,41
80 79/F 1,15 1,17 0,68 0,72 1,12 1,17 1,19 1,17
70 74/M 0,96 0,91 0,6 0,77 0,72 0,68 0,76 0,76
75 71/F 1,15 1,17 0,96 1,02 1,22 1,12 1,35 1,43
75 59/F 0,77 0,82 0,56 0,69 1,16 1,1 1,12 1,26
85 65/M 1,13 0,97 0,88 0,87 0,72 0,6 0,71 0,66
90 67/M 0,92 1,01 0,74 0,74 1,04 1,47 1,04 0,96
80 73/M 0,79 0,82 0,79 0,73 0,8 0,79 0,82 0,69
90 64/M 0,86 0,98 0,65 0,77 1,28 1,3 1,13 1,31
70 58/F 1,15 1,08 1,01 0,89 1,5 1,26 1,5 1,53
80 66/M 1,12 1,02 0,97 0,88 1,3 1,21 1,12 1,05
85 73/M 0,98 0,94 0,84 0,78 0,91 1,02 1 0,97
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test cerebral hemodynamics. Transcranial Doppler
sonography represents a noninvasive and reliable
technique that has been used in the last few years to
measure, in the intracranial arteries, the flow varia-

tions in response to dilatatory stimuli (acetazolamide,
CO2 inhalation, apnea) (8). Other imaging techniques
to study cerebral hemodynamics are PET, SPECT,
and, recently, perfusion-weighted MR imaging. Per-
fusion-weighted MR imaging allows the evaluation of
some fundamental parameters to study cerebral he-
modynamics, such as rCBV, regional cerebral blood
flow, and MTT. Perfusion-weighted MR imaging can
be easily performed as completion of a standard brain
MR examination, with a small increase in the time
and costs of the imaging technique.

We evaluated the cerebral hemodynamic modifica-
tions in patients with symptomatic unilateral carotid
stenosis by using perfusion-weighted MR imaging.
Our data show that MTT and rCBV have no variabil-
ity between the two hemispheres in patients with
70–90% carotid stenosis. Only mild and insignificant
increased rCBV was observed in the hemisphere sup-
plied by the stenosed ICA. These results were already
suggested by Kluytmans et al (7) who described that
patients with a severe stenosis of the ICA are not
hemodynamically impaired on that side. This finding
is confirmed in our study, considering both the MCA
and border zone territories. Our data partially dis-
agree with those recently reported by Maeda et al (9).
These authors indeed describe differences in MTT
between the normal and the symptomatic hemisphere
in distal vascular territories of cerebral arteries in
patients with ICA stenosis. This evaluation was per-
formed by positioning ROIs in areas that already
visibly presented signal intensity differences in the
MTT maps between the two hemispheres. Also, when
analyzing the patients in their series, only two patients
had an ICA stenosis lower than 90%: one had no

FIG 1. A–D, Left, Schematic representations of the MCA (blue in A) and border zone (red in B–D) territories. A–D, Right, Perfusion maps
of rCBV show the ROIs (black outlines) positioned in MCA (A) and border zone (B–D) territories.

TABLE 2: Mean rCBV and MTT Values, Normalized to Cerebellum,
of Both Hemispheres in MCA and Border Zone Territories in Con-
trol Subjects and Patients

Subjects

MCA Border Zone

rCBV MTT CBV MTT

Controls 1,02 0,96 0,85 0,95*
Patients

Normal side 0,94 1,06 0,77 1,12*
Stenotic side 0,95 1,05 0,79 1,13*

* A statistically significant difference was found between MTT in
the border zone of patients and control subjects (P � .05).

FIG 2. Comparison of perfusion data in the MCA (symbols 1–4)
and border zone (symbols 5–8) territories between the control
group (3, 4, 7, 8) and patients with ICA stenosis (1, 2, 5, 6).
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CBV asymmetry, and the other had a CBV decrease
in an area of watershed infarction. All the other
patients from that series had ICA occlusion or steno-
sis over 90% (for this reason, this degree of stenosis
was chosen as the upper limit for our patient selec-
tion). Hemodynamic asymmetries between the hemi-
spheres in patients with symptomatic carotid occlu-
sion were also reported by Kim et al (10), who also
correlated the prolongation of MTT with the vascular
reserve capacity data obtained with SPECT before
and after intravenous administration of acetazol-
amide. Based on our results and the mentioned data
from other studies, we suggest that hemodynamic
changes probably occur in the cerebral hemispheres
only in cases with a high degree of stenosis or occlu-
sion of the ICA. Also, the presence of contralateral
significant stenoses or occlusions may lead to hemody-
namic impairment. It is likely that in the range between
70% and 90% the vascular reserve capacity of the
brain enables significant hemodynamic changes.

A potential bias to this observation is that only
patients without evidence of stroke were selected,
which may reflect subjects with an intact circle of
Willis or other means of collateral circulation. It is
likely that in patients with poor collateral circulation,
hemodynamic changes may occur even with a 70–
90% ICA stenosis.

Because no differences were found in the hemody-
namic between the hemispheres of patients, we as-
sessed whether these parameters differ from those of
the control group. For this reason, the mean values of
the MTT of both hemispheres (which is the most
sensitive in cases of carotid stenosis) were compared
with those calculated in subjects not affected by ca-
rotid stenosis. Our data analysis (Fig 2) demonstrated
a statistically significant increase (P � .05) in MTT in
the border zone territories in patients with respect to
that in the control subjects. Prolonged MTT in the
hemispheres of patients with carotid stenosis could be
related to microvascular impairment affecting small
vessels on both sides. Assuming that microvascular
disease may lead to signal intensity alterations in the
white matter, we evaluated white matter lesions in the
two groups, but no differences were found in patients
and control subjects. This observation may lead to the
conclusion that prolonged MTT in patients with ste-
nosis of ICA is not related to microvascular impair-
ments, more likely reflecting a hemodynamic com-

pensation between the two hemispheres, especially in
the border zone areas.

Conclusion
The present study documents that there are no

significant differences in cerebral perfusion between
the hemispheres supplied by the stenotic and the
normal carotid arteries in a group of symptomatic
patients with ICA stenosis greater than 70% but
lower than 90%. It is likely, as demonstrated in the
literature in cases with ICA occlusion, that these
alterations emerge for higher values of stenosis at
least in patients without stroke and thus, presumably,
with an intact circle of Willis or other means of
collateral circulation. A hemodynamic compensation
mechanism between the two hemispheres, particu-
larly for the distal border zone territories that tend to
have a slower MTT with respect to the control sub-
jects, seems to be demonstrated as well.
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