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Short-Term Changes in Cerebral
Microhemodynamics after Carotid Stenting

Iain D. Wilkinson, Paul D. Griffiths, Nigel Hoggard, Trevor J. Cleveland, Peter A. Gaines,
Sumaira Macdonald, Fiona McKevitt, and Graham S. Venables

BACKGROUND AND PURPOSE: The cerebral hemodynamic sequelae of interventions in
patients with severe internal carotid artery (ICA) stenoses are not fully understood. In this
study, we sought to determine the immediate changes in cerebral perfusion characteristics,
determined by MR imaging in patients who have undergone unilateral transluminal angio-
plasty and stent placement.

METHODS: Eleven patients with symptomatic high-grade ICA stenosis underwent MR
imaging within 4 hours before and within 3 hours after carotid stent placement. First-pass
gadolinium-enhanced imaging of perfusion was performed by using a gradient-recalled echo-
planar technique. Localized relative cerebral blood volume (rCBV) and bolus first-moment
transit time (TTFM) were calculated for different vascular territories (middle, anterior, and
posterior cerebral arteries) in each hemisphere.

RESULTS: Significantly longer TTFM (P < .005) was observed in the symptomatic territory
of the middle cerebral artery before intervention. After intervention, TTFM remained signifi-
cantly longer in this territory (P < .05). However, the magnitude of the interhemispheric
asymmetry had declined significantly (50–60% reduction; P < .05). No significant differences
or changes in rCBV were identified between hemispheres, between images, or in areas of
unilateral leptomeningeal enhancement after intervention.

CONCLUSION: MR can demonstrate short-term partial resolution of timing asymmetry in
interhemispheric perfusion after angioplasty and stent insertion for severe stenosis of the ICA.

Interventional procedures aimed at reducing the risk
of stroke in patients with severe stenosis of the inter-
nal carotid arteries (ICAs) include surgical endarter-
ectomy (1, 2), percutaneous transluminal angioplasty
(PTA) (3), and a combination of angioplasty with
endovascular stent insertion (4). Whether the reduc-
tions in stroke risk afforded by these interventional
procedures wholly result from a reduced embolism
rate, from improved cerebral blood flow, or from a
combination of the two remains unproven. Parenchy-
mal vulnerability to the presence of emboli may itself
be influenced by blood flow (5). Knowledge of the
arterial perfusion characteristics before and after
treatment for ICA stenosis may aid our understand-

ing of the risks of stroke and of the hemodynamic
complications associated with intervention.

Advances in MR technology have enabled the in
vivo acquisition of high-quality multisection echo-pla-
nar images of the cerebrum with subsecond temporal
resolution. Chelates of gadolinium (6), a rare earth
metal, are commonly used as exogenous contrast
agents in MR imaging. These chelates have a modu-
latory effect on both the T1 and T2* of tissue within
their sphere of influence. Coupled with a fast T2*-
weighted imaging technique, the detection of the pas-
sage of a bolus of exogenous contrast agent as it
passes through the capillary bed provides a method
for spatially mapping the perfusion characteristics of
the cerebral parenchyma (7–9).

This study used a dynamic contrast-enhanced MR
perfusion technique to assess the short-term (�3
hours) cerebral microhemodynamic consequences of
PTA and stent insertion in a group of patients with
severe, symptomatic atherosclerotic disease of the
ICA. Leptomeningeal enhancement over the hemi-
sphere ipsilateral to the side of stent placement has
previously been reported (10). This study was also
conducted to specifically assess for perfusion changes
in regions demonstrating such enhancement.
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Methods

Subjects
The study group consisted of six men and five women (mean

age, 69 years; range, 58–79 years) who had symptoms consis-
tent with cerebral or retinal ischemia or infarction (Table 1).
The recruitment and investigative protocols were approved by
the local research ethics committee, and all subjects provided
written informed consent before their participation in this
study. Patients were assessed with initial screening with Dopp-
ler sonography and then conventional angiography if sonogra-
phy showed an ICA stenosis of greater than 50%. Angiography
was performed to confirm the presence of severe carotid bifur-
cation stenosis and to look for significant atherosclerotic dis-
ease of the aortic arch, its branches, and the intracranial arte-
rial system. Patients with severe stenosis in the ICA (according
to the North American Symptomatic Carotid Endarterectomy
Trial criteria [1]) and without significant disease other than
that at the level of the carotid bifurcation (ie, an absence of
significant tandem lesions) were recruited into this study. One
of the patients (number 9) had undergone previous carotid
stent insertion on the opposite side to that being treated during
this study. Table 1 shows the degree of ICA stenosis ipsilateral
and contralateral to the patients’ symptomatic side, with the
patient demographic data and the interval between MR exam-
inations.

MR Examinations

MR examinations were performed on a 1.5-T system
(Eclipse; Philips Medical Systems, Cleveland, OH) within 4
hours before and less than 3 hours after stent placement. The
MR protocol included the acquisition of axial images of the
brain by using a dual-echo fast spin-echo technique (TR/TE,
2000/20 and 90) and fluid-attenuated inversion-recovery
(FLAIR) technique (TR/TE/TI, 6000/95.9/1800). The latter
was performed both before and after the perfusion assessment.

Indirect indicators of parenchymal perfusion were as-
sessed by using a multi–time point, single-shot T2*-weighted
echo-planar sequence (TR/TEeff,1400/60; acquisition ma-
trix,192 � 188 zero-filled before Fourier transformation to
256 � 256; FOV, 25 cm). Twelve 5-mm-thick contiguous
axial sections were acquired over the cerebrum every 1.4
seconds for a total imaging time of 98 seconds, yielding 70
time points. Exogenous perfusion contrast was provided by a
20-mL bolus of gadolinium diethylenetriamine pentaacetic
acid (Magnevist; Schering, Berlin, Germany) (6). The bolus
was followed by a 20-mL sodium chloride flush administered
intravenously by using a power injector (Spectris; Medrad,
Beek, the Netherlands) at a rate of 5 mL/s starting on the
10th imaging time-point.

Post-acquisition processing was performed by using software
integrated with the imaging system, in a manner similar to that
described elsewhere (11). As the bolus of gadolinium chelate
passes through a region of interest (ROI), a loss in signal
intensity occurs as the transverse relaxation rate (R2*) in-
creases as a result of localized signal dephasing. For each
imaging episode, the timing of the signal-intensity change
within user-defined ROIs was obtained with respect to those
defined by the signal-intensity time-course of a circular ROI
placed within the proximal intracranial ICA on the asymptom-
atic side (Fig 1A). Four hemodynamic anatomic ROIs (Fig 2)
were defined in each cerebral hemisphere as follows: posterior
cerebral artery territory (PCAT), middle cerebral artery
(MCA) territory at the level of the lateral ventricles (MCAT1),
MCA territory superior to the lateral ventricles (MCAT2), and
anterior cerebral artery territory (ACAT). In addition, if uni-
lateral leptomeningeal enhancement was observed on FLAIR
images obtained after intervention and before the second per-
fusion run, ROIs were placed over the underlying cortical gyri,
both ipsilateral and contralateral to the area of enhancement.
The signal time-course of the average pixel value within an
anatomic ROI, S(t), was inverted and a gamma-variate fitted to
this experimental data (to minimize influences of recirculation
[12]) by using a nonlinear least-square fitting procedure (Fig
1B). The fitted concentration time curve, C(t), for this ROI is
given by Equation 1:

1) C�t� � ��k/TEeff�ln�S�t�/S�t � 0��,

where k is a constant and TEeff is the effective TE. The
concentration time-curve is directly proportional to the change
in transverse relaxation rate, �R2*, at time t bought about by
the proximity of the gadolinium ion as it passes through the
capillary bed, as shown in Equation 2:

2) C�t�	�R2*�t�.

Two variables were used to characterize C(t). These were
related to the local blood volume and to flow: rCBV, (the area
under the fitted curve) and the first moment (or the mathe-
matical center of mass) ofthe fitted gamma-function, as defined
by Equations 3 and 4, respectively:

3) rCBV � 0�


C�t�dt

and

4) TTFM � 0�


C�t�.tdt � 0�


C�t�dt.

To facilitate comparisons between data acquired before in-
tervention and data acquired after intervention, values of

TABLE 1: Patient Demographic Data and Interval Between MR Examinations

Subject/Sex/Age, y Presenting Symptoms

ICA Stenosis, %
Time between MR

Examinations, h:minSymptomatic Side Asymptomatic Side

1/F/74 Amaurosis fugax 90 0 06:31
2/M/58 Nondisabling stroke 95 50 03:59
3/F/72 Amaurosis fugax 85 �30 03:52
4/F/61 Transient ischemic attack 95 �30 03:39
5/F/79 Transient ischemic attack 90 �30 02:13
6/M/71 Transient ischemic attack 85 50 02:57
7/F/75 Amaurosis fugax 80 70 04:30
8/M/58 Nondisabling stroke 66 0 06:16
9/M/71 Transient ischemic attack 80 0 03:07

10/M/62 Minor stroke 95 30 06:13
11/M/76 Amaurosis fugax 90 0 03:17

1502 WILKINSON AJNR: 24, September 2003



rCBV were also expressed as the interhemispheric cerebral
blood volume ratio, rCBVR, for a particular hemodynamic ROI
between the symptomatic (stented) and asymptomatic hemi-
spheres for any one hemodynamic anatomic ROI (ACAT,
MCAT1, MCAT2, or PCAT), as shown in Equation 5:

5) rCBVR � rCBVsymptomatic/rCBVasymptomatic.

Values were also expressed for the TTFM as the interhemi-
spheric difference (in seconds), as determined with Equation 6:

6) �TTFM � TTFMsymptomatic � TTFMasymptomatic.

Statistical Analysis

Comparisons of rCBV and TTFM values between hemi-
spheres obtained during any one imaging episode and of
rCBVR and �TTFM values before and after stenting were
performed by using paired t tests after normality had been
tested for. Direct comparisons of intersubject TTFM and rCBV
were not undertaken, as this technique is not quantitative. That
is, k in Equation 1 was treated as an unknown and arbitrarily
set to unity.

PTA and Stent Insertion
In all cases, the stenotic ICA corresponding to the patient’s

symptomatic side was treated. During the interventional pro-
cedure, a diagnostic angiographic catheter was placed in the
common carotid artery from a standard femoral arterial ap-
proach, and then a wire (Compas; Mallinckrodt Medical Ltd,
Northampton, UK) was used to access the external carotid
artery. This step was followed by the placement of an 80–100-
cm-long 7F sheath (Arrow International, Reading, PA) into the
common carotid artery, followed by the administration of 1.2
mg of atropine. A 0.018-inch guidewire (V18; Boston Scientific,
Natick, MA) was used to negotiate the stenosis into the ICA.
Prestenting dilation was achieved by inflating a 3- or 4-mm-
diameter balloon once for approximately 15 seconds. A 7- or
9-mm-diameter carotid Wallstent (Boston Scientific) was then
deployed. Postdilation was achieved by using a balloon of 4 or
5 mm diameter inflated once for approximately 15 seconds.

Results

Good-quality or excellent perfusion data were ac-
quired in all cases for both imaging episodes by using
the subjective assessments of the time-intensity curves
previously proposed (13). Sample data are shown in
Figure 3. Perfusion data are summarized in Table 2.

Before Intervention
No statistically significant differences were ob-

served between group mean interhemispheric rCBV
values in any of the four vascular territories. Mean
TTFM was symmetrical in the PCAT and ACAT be-
tween the ipsilateral and contralateral hemispheres
(mean �TTFM, –0.14 and 0.12 seconds, respectively).
Mean TTFM was significantly longer in the ipsilateral,
symptomatic hemisphere than in the contralateral,
asymptomatic hemisphere in the MCAT1 (mean
�TTFM, 1.31 seconds and P � .005) and MCAT2
(mean �TTFM, 1.09 seconds; P � .005).

After Intervention
As was the case before intervention, no statistically

significant interhemispheric differences in rCBV were
detected. Likewise, no significant asymmetry was de-
tected in the TTFM within the PCAT and ACAT (mean
differences, –0.02 and 0.16 seconds, respectively).
Smaller (than preintervention values), but still statisti-
cally significant interhemispheric asymmetry in mean
TTFM was found in the MCAT1 (mean difference, 0.51
seconds; P � .05) and MCAT2 (mean difference, 0.57
seconds; P � .05).

The observed decrease in TTFM asymmetry after
angioplasty and stent placement (61% in MCAT1 and
48% in MCAT2) was statistically significant within
the MCAT1 (mean �TTFM decreased by 0.8 seconds;
P � .05).

Complex changes in rCBV were also present but
not statistically significant. These included changes in
the postinterventional mean rCBVR of up to 10% in
the MCAT1 and ACAT. However, these were asso-
ciated with large intragroup standard deviations
(more than 50% in the ACAT).

Leptomeningeal Enhancement
Enhancement within the leptomeninges in symp-

tomatic MCA territory was observed in eight of 11
cases. A small difference between mean rCBVR (the
ratio between enhancing and contralateral nonen-
hancing areas) determined before and after stenting
was not statistically significant (mean, 1.07 � 0.25

FIG 1. Signal intensity versus time.
A, Mean signal intensity as a function of

time from an ROI placed within the proximal
intracranial branch of the MCA. The start-
stop interval is used to define the mean
baseline signal intensity, while the stop-last
interval represents the first pass of the con-
trast bolus. Note that subsequent de-
creases in signal intensity occur as the con-
trast material is recirculated.

B, Gamma-variate fit (solid line) to the
baseline subtracted and inverted data
(dashed line). The two variables used to
quantify the curve are the first moment of
the gamma-variate fit, termed the first-
moment transit time (TTFM), and the area
under the fitted curve (relative cerebral
blood volume [rCBV]).
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before and 1.01 � 0.18 after). Statistically significant
interhemispheric asymmetry in mean TTFM was
found in areas of enhancement when compared with
contralateral nonenhancing regions before interven-
tion (mean difference, 1.31 seconds; P � .05). After
stent placement, this difference declined and was no
longer statistically significant (0.64 seconds; P � .05).

Discussion
The relative degree to which changes in intracere-

bral perfusion and the distal migration of particulate
emboli effect stroke risk is uncertain. It is generally
agreed, however, that intracerebral hemodynamics
play an important role in disease progression and
outcome. Several reports have documented abnor-
malities in cerebral perfusion in patients with ICA
stenosis and occlusion, as measured by means of
dynamic exogenous contrast MR susceptibility map-
ping (14–18). There are limited published data
concerning the assessment of capillary bed perfusion
in the context of carotid intervention (19–22). To
our knowledge, this is the first report of the use of
such a technique to monitor the acute (�3 hours)
hemodynamic consequences of intervention in ca-
rotid disease.

To quantify flow in the capillary bed, two parame-
ters are often used: localized blood volume and flow.
These are related to each other by the mean transit
time, according to the central volume principle:
flow  volume/transit time. (For a review of these
concepts, see the article by Griffiths et al [23]). When
purely intravascular tracers are imaged, the mean
transit time cannot be calculated in a straightforward
manner from the first moment of a concentration time
curve, as the first moment is related to the second
moment which has a dependence on vascular topology
(24). To highlight this concept, we denoted the first
moment of the calculated concentration time curve as
TTFM rather than the mean transit time. TTFM has a
high dependence on mean transit time, and therefore, it
does provide information about the temporal character-
istics of tissue perfusion.

No attempt was made to quantitate CBV (based on
knowledge of the arterial input), and thus, relative
values were obtained and compared. There were no
significant differences in rCBV between symptomatic
and asymptomatic vascular territories or in rCBVR
values before and after treatment. However, large
interhemispheric differences and changes over time
were apparent, but no patterns were detected with

FIG 2. Placement of the ROIs.
A, PCAT.
B, MCAT1.
C, MCAT2.
D, ACAT.
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respect to the symptomatic side or imaging time
points. Some previous reports have documented sta-
tistically significant differences in interhemispheric
blood volumes in carotid stenosis or occlusion (17, 21,
22), whereas others have not (15, 18, 20). Relative
interhemispheric blood volume is a complex entity
that may be influenced by the presence of other pa-
rameters, such as the status of the asymptomatic ICA

and the vascular connectivity in the circle of Willis.
One prominent feature observed in the present study
is the degree of variation and change in rCBV and
rCBVR within the ACAT. This observation may re-
flect the role that this supply has in collateral redis-
tribution in vascular disease.

Bolus transit time, as indicated by TTFM, did not
vary significantly between hemispheres within the

FIG 3. Perfusion data obtained at the level of the lateral ventricles in a patient with a symptomatic 95% stenosis in the left ICA and
a 50% stenosis of the contralateral ICA.

A, Preintervention rCBV map.
B, Preintervention TTFM map.
C, Gamma-variate fits corresponding to the depicted regions show a longer TTFM and a smaller rCBV in the symptomatic hemisphere.
D, Postintervention rCBV map.
E, Postintervention TTFM map.
F, Corresponding gamma-variate fits. Note the resolution of interhemispheric asymmetry in TTFM.

TABLE 2: Perfusion Data Before and After Treatment

ROI

rCBVR �TTFM, seconds

Before Intervention After Intervention Before Intervention After Intervention

PCAT 0.98 � 0.17 0.96 � 0.26 �0.14 � 0.42 �0.02 � 0.68
MCAT1 1.01 � 0.19 0.91 � 0.18 1.31 � 1.15* 0.51 � 0.61†‡

MCAT2 1.06 � 0.27 1.00 � 0.13 1.09 � 0.90* 0.57 � 0.75†

ACAT 1.11 � 0.36 1.01 � 0.51 0.12 � 0.64 0.16 � 0.66

Note.—Data are the mean � standard deviation. For cases of inter-hemispheric symmetry, the rCBVR was 1, and �TTFM was 0 seconds.
* Statistically significant interhemispheric asymmetry in mean TTFM, P � .005.
† Statistically significant interhemispheric asymmetry in mean TTFM, P � .05.
‡ Significant difference in mean �TTFM before and after intervention, P � .05.
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ACAT or PCAT. This finding is expected in many
cases because the areas may not be directly supplied
by the ipsilateral ICA. The significant interhemi-
spheric differences observed between MCA territo-
ries before intervention are in agreement with most
(15, 18, 20) but not all (25) published results. These
discrepancies may reflect different cohort characteris-
tics, most notably degrees of stenoses in both symptom-
atic and asymptomatic supply arteries. The standard
deviations in the mean TTFM within this study may
result from this variation and imply the existence of a
complex multiparameter-dependant threshold at which
changes in flow become physiologically important.

Data obtained before and after carotid stent place-
ment demonstrated a significant reduction in mean
TTFM interhemispheric asymmetry (48% and 61% at
the two MCA levels studied) within 3 hours of stent
placement. Other published studies report normaliza-
tion of perfusion parameters after 3 months (n  13)
(21) and 2–6 months (n  19) (22). Cerebral CO2
reactivity has been shown to increase by approxi-
mately 30% after 2 days and by 50% at 2 months after
PTA, to a degree similar to that observed with end-
arterectomy (26). Further studies are needed to elu-
cidate whether �TTFM continues to change during a
similar time scale.

Previously reported “unilateral leptomeningeal en-
hancement” observed after carotid stent insertion
(10) was identified in eight of the 11 patients in the
present study. The cause of this enhancement is, as
yet, unidentified. Since the enhancement occurred
within areas supplied by the symptomatic MCA, the
observed changes in �TTFM, which followed those in
the MCAT1 and MCAT2 ROIs, were expected. Al-
though no significant changes in localized blood vol-
ume were identified within areas of leptomeningeal
enhancement (relative to contralateral parenchyma),
the changes in TTFM are likely to be indicative of
increases in arterial inflow to symptomatic MCA ter-
ritory, and this may be a contributory factor to the
development of localized enhancement. A lack of
vasodilatory response or capability may result in the
inability to detect significant changes in rCBV.

Although not encountered in the group of patients
studied here, rCBVR and TTFM may also provide
information regarding the nature of or perhaps a
prognostic marker for the hyperemia syndrome (27)
when measured at such a short interval after stent
placement. Our understanding of interhemispheric
asymmetry in bolus transit time is far from complete
and our inability to account for changes in rCBV on
a per-patient basis highlight a need for further study
in this area. One of the inclusion criteria for partici-
pation in this study was the demonstration of an
absence of significant obstruction both upstream and
downstream of the symptomatic ICA stenosis. If
present, such tandem disease would alter the arterial
input function to the supplied parenchyma and thus
be a cofactor in TTFM and its observed partial reso-
lution after intervention. It would also seem plausible
that, given the systemic nature of atherosclerotic dis-
ease, disease-induced changes in blood flow may be

present, even in cases in which no significant tandem
disease is identifiable at angiography. If so, this
change is also likely to influence measurement of
TTFM asymmetry, albeit to a lesser degree. Increased
knowledge of other possible factors of influence may
further our understanding of the effects of carotid
stenosis on brain perfusion and its relationship to
stroke risk. Such factors include normal variations in
macrovascular topography and its relationship to spin
history, the provision of contralateral blood supply
(variants in the anatomy of the circle of Willis), arte-
rial input to the brain (including cardiac output in
patients who have atherosclerotic disease and
whether brain vascular regulation is closely coupled
with cardiovascular output), and the vasodilatory re-
sponse in patients with carotid vascular disease.

Absolute quantitation of parenchymal perfusion
(blood transit time, rCBV, and hence blood flow) has
numerous potential advantages over the relative mea-
sures reported here. However, because of the numer-
ous unknown cofactors outlined above, absolute
quantitation is rather difficult. The potential advan-
tages of a fully quantitative approach include 1) a
reduction in the measurement error introduced by
the expression of results in terms of ratios or differ-
ences; 2) the ability to make direct interindividual
cross-sectional and intraindividual longitudinal com-
parisons; and, 3) with a combination of other MR
techniques, the possible determination of localized
oxygen extraction.

Conclusion
MR perfusion, as assessed by using an exogenous

contrast agent, appears to be a marker for the acute
cerebral hemodynamic sequelae of intervention in
carotid disease. With this technique, short-term par-
tial resolution of the timing asymmetry in interhemi-
spheric perfusion after angioplasty and stent insertion
for severe ICA stenosis has been demonstrated. Ar-
eas of leptomeningeal enhancement appear not to be
associated with localized blood volume changes over
the time scale of this investigation. Parenchymal MR
perfusion assessment may provide an important indi-
cator of the relative hemodynamic efficacy of differ-
ent interventional techniques. Further long-term fol-
low-up data are needed to determine the cerebral
hemodynamic outcome of carotid stent placement.
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