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Summary

Although a decrease in cerebrovascular re-
serves (CVR) is known to enhance the risk of
stroke, changes in this parameter after carotid
artery stenting (CAS) have rarely been investi-
gated. The present study is the first to compare
CVR recoveries after applying CAS to patients
with symptomatic carotid artery disease.

CAS was performed for 31 consecutive pa-
tients with symptomatic carotid artery disease.
They underwent acetazolamide-challenged sin-
gle photon emission computed tomography
(SPECT) before and after CAS to obtain data
on resting stage cerebral blood flow (CBF,e
values) in various regions of interest (ROlIs) de-
fined by a three-dimensional stereotactic ROI
template. CVR values on ipsilateral and con-
tralateral hemispheric sides were then calculat-
ed based on the CBF,. data.

The 31 patients were dichotomized into uni-
lateral (n=22) and bilateral (n=9) lesion groups,
and no significant between-group differences
were observed in CBF,.s before and after CAS.
In the unilateral group, there were no differ-
ences in CVR values before and after CAS. In
the bilateral group, however, the CVR values
significantly increased in nearly all the investi-
gated ROIs on the contralateral side. Also, the
hemispheric CVR values on both sides signifi-
cantly increased after CAS in the bilateral
group, while no such increase was observed in
the unilateral group.

CAS in patients with symptomatic bilateral

carotid artery disease has the potential utility
for their haemodynamic improvement even on
the contralateral hemispheric side.

Introduction

Carotid endarterectomy (CEA) has been
used as a standard method for preventing
stroke episodes in patients with symptomatic
unilateral carotid artery stenosis 1-2. However,
the North American Symptomatic Carotid En-
darterectomy Trial (NASCET) reported that
CEA, when performed in patients with bilater-
al carotid artery stenosis, increased a perioper-
ative risk up to the relative risk score of 2.3 3.
Although carotid artery stenting (CAS) is a
possible alternative to CEA, the widespread
use of CAS remains controversial because of
the lack in high-level evidence regarding its ef-
fectiveness 1-2. Meanwhile, a Stenting and Angi-
oplasty with Protection in Patients at High Risk
for Endarterectomy (SAPPHIRE) study has
shown that CAS as well as CEA is suitable for
patients with contralateral carotid artery occlu-
sion with a similar level of effectiveness to pre-
vent their adverse events 4. Because severe ca-
rotid artery diseases, particularly bilateral ca-
rotid artery lesions, have an increased risk of
not only distal artery-to-artery embolisms but
also haemodynamic ischemia, the use of CAS
in these severe cases would potentially improve
cerebral haemodynamics.

Reportedly, a decrease in cerebrovascular re-
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serves (CVR) enhances the risk of stroke >-10.
The CVR decrease, as assessed by transcranial
sonography (TCD) 11, magnetic resonance im-
aging (MRI) 12 or single photon emission com-
puted tomography (SPECT) 14, has been rec-
ognized as a useful predictor for CEA out-
comes. The effectiveness of CAS can also be
assessed by the quantitative measurement of
CVR 510,

The present study first attempted a quanti-
tative analysis of cerebral haemodynamics us-
ing acetazolamide (ACZ)-challenged SPECT
in CAS-treated patients with carotid artery
diseases including contralateral carotid artery
lesions (occlusion or severe stenosis).

The CVR values before and after CAS were
then compared in different regions of interest
(ROIs) defined by a highly reproducible three-
dimensional stereotactic ROI template
(3DSRT) consisting of 12 regions in each hem-
isphere. Here we report the results of this pilot
study of evaluating the CVR recovery after
CAS for treatment of symptomatic carotid ar-
tery stenosis, in order to provide new informa-
tion on the potential risk reduction in ischemic
stroke through the recovery of cerebral
haemodynamics.

Materials and Methods

Subjects

Patients with symptomatic carotid artery dis-
ease (stenosis or occlusion), admitted consecu-
tively to Yokohama Brain and Stroke Center
between January 2003 and September 2005,
were evaluated by routine diagnostic investiga-
tions, and 37 of them were found qualified to
undergo CAS based on the NASCET criteria 3.
The CAS procedure was approved by the insti-
tutional ethics committee. Of these 37 patients,
31 were enrolled on the basis of the SAP-
PHIRE criteria, with their agreements as writ-
ten informed consents. The 31 patients under-
went SPECT examinations before and after
CAS as described later, and then dichotomized
to unilateral (n=22) and bilateral (n=9) groups
according to their pre-CAS conditions of the
contralateral carotid artery. The unilateral le-
sion was defined as the case of less than 70%
stenosis and the bilateral lesions as that of 70%
or higher. The risk factor profiles, including age,
sex, hypertension, diabetes mellitus, dyslipi-
demia, smoking, and history of myocardial inf-
arction and angina pectoris are summarized in
Table 1.

Table 1 Main characteristics of 31 patients with symptomatic unilateral and bilateral carotid artery lesions

* Statistically significant difference at P < 0.05; Mann-Whitney U-test

@ m Unilateral Bilateral P
(n=22) (n=9) Value
Age (y; mean, SD) 72 (£5.4) 67.8 (£3.6) 0.04*
Sex (% men) 95% 88% 0.76
Cerebrovascular events before CAS
Minor stroke 21 (95%) 8 (88%) 0.50
Transient ischemic attack 1(5%) 1(12%) 0.50
Degree of ipsilateral carotid stenosis (mean+SD) 82% (£8.5) 82% (£5.5) 0.89
Degree of contralateral carotid stenosis (mean+SD) 37% (£12) 91% (+14.8) 0.0001*
Degree of ipsilateral carotid stenosis after CAS(mean) 3% 5% 0.58
Hypertension 17 (69%) 9 (100%) 0.25
Diabetes 5(21%) 1 (11%) 0.53
Dyslipidemia 12 (48%) 6 (67%) 0.41
Coronary heart disease 1(4%) 1 (11%) 0.77
Current smoking 15 (65%) 2 (22%) 0.09
Symbols: SD, standard deviation; CAS, carotid artery stenting.

/
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Brain SPECT study

CAS was performed for all the patients (n =
31) using a biplane neuroangiography unit
(Neurostar Plus/T.O.P., Siemens, Deutschland)
under local (n = 30) or general (n = 1) anaes-
thesia by a team consisting of vascular sur-
geons, interventional radiologists and an anaes-
thesiologist. Appropriate carotid protection
devices in the distal internal carotid artery were
also used under roadmap guidance; the devices
used in the present study were Medtronic Per-
cuSurge Guard Wire Plus (n = 28), Challenge
Japan Investment Mint Catch Filter (n = 2) or
ArteriA Medical Science Parodi Anti-Emboli
System (n = 1). After deployment of the carotid
protection device, a self-expandable stent (Bos-
ton Scientific Carotid Wallstent) or a nitinol
stent (Cordis, Precise; SMART USA) was se-
lected and placed across the stenosis, with local
balloon dilatation applied before and after
placing the stent. Procedural success in CAS
was judged according to complete stent deploy-
ment with residual stenosis of lesser than 30%
on the completion angiogram. Heparin (5000
IU) was injected intra-arterially once or twice
during the intervention, and systemic heparini-
sation was used at 104 units for 24 h after the
surgery. During the CAS procedure, the neuro-
logical status of each patient was assessed by
asking him or her to shake the hands of nurses
and talk to them.

Basal and ACZ-challenged ECD SPECT
studies were performed using a rotating dual-
headed gamma camera (E.CAM, Siemens)
equipped with a parallel-hole collimator (128 *
128 matrix, 9 mm FWHM) as described 4. Im-
age slices parallel to the orbitomeatal line were
taken with 5-mm centre-to-centre spacing, us-
ing a Butterworth filter (cut-off = 0.45 cycles/
cm; order = 3) and a Ramp filter for image re-
construction. Pre-operative examinations were
carried out two weeks before CAS at an inter-
val of more than one month after the sympto-
matic transient ischemic attack or minor stroke,
and the postoperative studies were conducted
approximately one month after CAS. About
ten minutes after the initial injection of 400
MBq of [*mTc] ECD, ACZ (1 g) was intrave-
nously administered for two minutes and then
the second injection of 400 MBq of ECD was
done 24 minutes after the initial ECD adminis-
tration. Data collection for basal and ACZ-
challenged SPECT images was initiated at nine
minutes after each post-injection of 400 MBq

of [®mTc] ECD for 15 min. The quantitative
CBF (ml/100g/min) images were obtained us-
ing a Patlak plot analysis 1, and each regional
CBF (rCBF) was determined using automated
ROI analysis software (3D SRT) which permit-
ted the automatic computation of 318 ROIs in
each hemisphere within several minutes to
avoid possible biases depending on the individ-
ual differences 6. Then, the ROIs were classi-
fied into callosomarginal, precentral, central,
parietal, angular, temporal, occipital, and peri-
callosal regions, hippocampus, and lenticular
nucleus according to the previously published
templates 1417, Thalamus and cerebellum re-
gions were excluded from the present analysis
to avoid the influence of diaschisis 18. The ROIs
with small but evident infarction on CT and/or
MRI were not excluded from the analysis. The
CVR was evaluated in both hemispheres by
calculating its percent value as follows:

CVR(%)=[(ACZ-challenged CBF-CBFcq)/CBF;¢q]x100

where the suffix “rest” stands for resting stage.
Incidentally, a normal CBF value was 40-45
ml/100 g/min in our study.

Statistical analysis

Differences in CBF,. and CVR values be-
tween unilateral (n=22) and bilateral (n=9) le-
sion groups were compared using the Mann-
Whitney U test. Differences in these values
between before-CAS and after-CAS evalua-
tions were compared using Wilcoxon’s signed-
rank test. Statistical significances were detected
at P<0.05.

Results

In the bilateral group, when examined by
MRUI six out of the nine patients showed occlu-
sion and the remaining three exhibited severe
stenosis in the contralateral carotid artery.
Comparing the hemispheric before-CAS ipsi-
lateral CVR values for the six patients and
those of the three patients, we found 28.9% and
30.5%, respectively. Among nine patients with
bilateral lesions, six had occlusion on the con-
tralateral side. Of the six patients, four showed
collateral flow to the contralateral MCA via
anterior communicating artery and two showed
the similar event via the posterior communicat-
ing artery, and the hemispheric before-CAS
contralateral CVR values were 24.5% and
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27.0%, respectively. No the patients displayed
any additional neurological deficits after CAS,
but four among them had asymptomatic tiny
infarctions within the ipsilateral hemisphere.
No hyperperfusion syndrome (HPS) was diag-
nosed among them prior to undergoing after-
CAS SPECT. The absence of HPS was con-
firmed by ECD-SPECT, TCD, monitoring of
regional cerebral oxygenation by near-infrared
spectroscopy (NIRO-200; Hamamatsu Photon-
ics K.K. Japan).

Figure 1 shows before-CAS data. No statisti-
cally significant differences were observed in
ipsilateral rCBF,s values between unilateral
and bilateral groups. In addition, there were no
significant differences in ten ROI rCBF, val-

rCBF,.; before CAS Mean = SEM
Unilateral
Ipsilateral group
side Bilateral
group
Unilateral
Contralateral group
side Bilateral
group
0 20 40 60
rCBF,.; (ml/100g/min)
CVR before CAS Mean £ SEM
P
Unilateral S
Ipsilateral group 0.1
side Bilateral —_—
group
Unilateral — %
Contralateral group 0.04
side Bilateral —
group &
0 20 40 60

Figure I Comparisons of before-CAS rCBF,. values on ipsilateral and contralateral sides of hemispheres between unilateral
and bilateral lesion groups. Symbols: rCBF, regional recebral blood flow; CBF,., resting stage cerebral blood flow; CVR, cer-
ebrovascular reserves; CAS, carotid artery stenting. *Significantly different at P<0.05 in Mann-Whitney U test.

CVR(%)

ues (data not shown). On the other hand, a sig-
nificant difference in CVR values on the con-
tralateral hemispheric side was observed be-
tween unilateral and bilateral groups. In this
case, there were significant differences in ten
ROI CVR values as well (data not shown). As
in Figure 2, rCBF,. values on ipsilateral and
contralateral sides remained unchanged after
CAS. In terms of CVR values on ipsilateral and
contralateral sides, there were no significant
differences between before-CAS and after-
CAS in the unilateral group. For the bilateral
group, however, the observed CVR values were
significantly different in the hemisphere and its
ten ROIs, except for lenticular nucleus, on the
ipsilateral side (Figure 3). A greater difference
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was observed in these CVR values on the con-
tralateral side. Incidentally, all the CVR values
were in the range of 30-50% which were re-
garded almost normal in the light of the pub-
lished data 14. In the case of unilateral disease
with an isolated circulation, there was no evi-
dence of CVR changes for patients with very
severe (>90%) stenosis.

Discussion

Ischemic stroke in patients with internal ca-
rotid artery is mostly due to artery to artery
embolism 1920, Particularly in the case of symp-
tomatic internal carotid a artery, occlusion
ischemic stroke is due to hemodynamic com-
promise 21.22, It was reported that when 419 pa-
tients with internal carotid artery occlusion
were examined by positron emission tomogra-
phy (PET), an increase in oxygen extraction
was observed suggesting that the patients tend-
ed to suffer from ischemic stroke 23. Using
XeCT applied to 21 patients with internal ca-
rotid lesion, another group showed that they
were going to have ischemic stroke due to de-
creased CO, reactivity 24. It was shown that 22
among 96 ACZ-SPECT treated patients with
internal carotid occlusion or middle cerebral
artery occlusion became lower in MCA-region-
al CVR values, with occurrence of ischemic
stroke 25, To reduce the risk of ischemic stroke,
CEA and CAS are generally applied to pa-
tients with carotid artery diseases. Since these
procedures can influence haemodynamics in
the brain, perfusion changes have been investi-
gated in such patients. No significant degree of
CVR improvement after CEA has generally

-

Figure 2 Comparisons of before- and after-CAS rCBF; val-
ues in 10 hemispheric regions of interest on ipsilateral and
contralateral sides between unilateral and bilateral carotid
artery lesion groups. Symbols: ROI, region of interest; rCB-
Fiest , regional cerebral blood flow at resting stage. Dotted
and filled columns, before- and after-CAS rCBF, values,
respectively. No significant difference observed at P<0.05 in
Wilcoxon’s signed-rank test. Hemispheric before- and after-
CAS rCBF,¢ values on the ipsilateral side in the unilateral
group were 39.0+4.3 and 38.0+4.3, respectively (P=0.20),
and those on the contralateral side in the same group were
40.8+3.7 and 39.8+3.8, respectively (P=0.20). Hemispheric
before- and after-rCBF values on the ipsilateral side in the
bilateral group were 41.9+9.8 and 42.3+7.8, respectively
(P=0.68), and those on the contralateral side in the same
group were 40.1+12.4 and 40.4+10.3, respectively (P=0.86).
All these rCBF,y values showed no significant difference
from each other at P<0.05.

been presented, although three studies report-
ed that some patients show haemodynamic im-
provement after CEA 2627, Several observa-
tions described the cases with haemodynamic
improvements after CEA in patients with bilat-
eral carotid artery disease are due to CVR in-
creases in the ipsilateral hemisphere 20.28-30,
Furthermore, there is a paper on the CVR im-
provement after CEA in four patients with bi-
lateral carotid artery stenosis even in the con-
tralateral hemisphere 12. These indicate the po-
tential therapeutic benefits of surgical ap-
proaches in patients with bilateral carotid ar-
tery disease to improve their brain haemody-
namics. However, quantitative evaluation of
CVR changes associated that CAS using Acz-
challenged SPECT has not been presented so
far, despite that CAS can be applied to both
unilateral and bilateral carotid artery stenosis
to reduce the risk of ischemic stroke.

The present study revealed that rCBF,¢ val-
ues remained unchanged after CAS in both
unilateral and bilateral lesions (Figure 2). In
addition, we showed that patients with bilateral
carotid artery disease, but not those with uni-
lateral disease, showed significant CVR in-
creases in the contralateral rather than ipsilat-
eral ROIs (Figure 3). The significant CVR in-
crease in the contralateral hemisphere may
suggest a cross-flow via the anterior communi-
cating artery 3132 and/or the posterior commu-
nicating artery leading to haemodynamic im-
provement. Significant differences in the be-
fore-CAS hemispheric CVR values on the con-
tralateral side were found between the unilat-
eral and bilateral groups. However, no such
differences were observed in the after-CAS
CVR values. Since no information has been
provided regarding CAS-mediated CVR im-
provement in bilateral carotid artery lesions,
our findings add a new dimension to current
knowledge on the therapeutic value of CAS as
an effective method for improving brain
haemodynamics. However, our study also has
certain limitations. The current data were ob-
tained from a relatively small number of pa-
tients. In addition, the disease characteristics of
the patients with bilateral carotid artery disease
were not uniform: the nine patients comprised
three with high degree stenosis and six with oc-
clusion in the contralateral carotid artery. There-
fore, the haemodynamic status may not neces-
sarily be similar in all cases. Despite these prob-
lems, the present study may be significant in
that our attempt is the first to evaluate CVR
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Figure 3 Comparisons of before- and after- CAS CVR values
on ipsilateral and contralateral sides in 10 hemispheric regions
of interest between unilateral (A) and bilateral (B) lesion
groups. For symbols see Figures 1 and 2. Significantly differ-
ent at P<0.05* and P<0.01** in Wilcoxon’s signed-rank test.

changes after CAS in patients with bilateral ca-
rotid artery disease.
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