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Purpose: To determine whether any initial reductions in cardiovascu-
lar reserve (CVR) normalize after carotid revascularization
and—because reduced CVR represents a risk factor for is-
chemic events—whether patients who develop periinterven-
tional infarction have more severely reduced pretreatment
CVR than those who do not.

Materials and
Methods:

Ethics committee approval and informed consent were ob-
tained. Twenty-four consecutive patients with symptomatic
high-grade internal carotid artery stenosis (seven women;
mean age, 73.1 years � 9.4 [standard deviation]) were re-
cruited from a prospective, randomized trial that compared
carotid artery stent placement with endarterectomy. Mag-
netic resonance (MR) imaging, including CO2 blood oxygen
level–dependent (BOLD) MR, was performed 1–3 days be-
fore, 1–3 days after, and 1 month after carotid revasculariza-
tion (carotid artery stent placement, n � 13; carotid endar-
terectomy, n � 11).

Results: Mean CVR in the ipsilateral middle cerebral artery (MCA)
territory was reduced prior to treatment (mean �T2* in
ipsilateral territory, 1.92% � 1.18; mean �T2* in contralat-
eral territory, 2.28% � 1.15 [P � .05]) and normalized after
treatment (mean �T2* 1–3 days after treatment in ipsilateral
territory, 2.66% � 1.01; that in contralateral territory,
2.48% � 1.27 [P � .05]; mean �T2* 1 month after treatment
in ipsilateral territory, 2.27% � 1.05; that in contralateral
territory, 2.14% � 0.96 [P � .05]). Those patients who
developed new periinterventional infarcts (n � 7 with punc-
tate foci of restricted diffusion) had greater reduction of CVR
in the ipsilateral MCA territory prior to treatment (relative
reduction, 32.5% � 46.0; P � .05) than those who did not
develop infarction (n � 17; relative reduction, 9.2% � 55.9).

Conclusion: CO2 BOLD MR imaging could be used successfully to monitor
the hemodynamic effects of carotid revascularization; initial re-
ductions in CVR normalized after carotid revascularization. Se-
verely reduced pretreatment CVR was associated with in-
creased occurrence of new periinterventional therapy infarc-
tion.
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Severe stenosis of the internal ca-
rotid artery (ICA) reduces perfu-
sion pressure in the dependent

brain territory when collateral flow is
insufficient. Autoregulatory vasodilata-
tion occurs to maintain regional cere-
bral blood flow within normal limits. As
a consequence, cerebrovascular reserve
(CVR) may be reduced. CVR is re-
garded as a potentially important clini-
cal parameter, as it has been shown, for
example, that a decrease in CVR is an
independent risk factor for ischemic
events in patients with carotid stenosis
and occlusion (1) and that CVR predicts
recurrent stroke in patients awaiting
endarterectomy (2).

CVR can be assessed noninvasively
and operator independently with mag-
netic resonance (MR) imaging (3). In
principle, the application of a vasoactive
agent such as CO2 (4) or acetazolamide
(5) induces a blood oxygen level–
dependent (BOLD) response (6) that
can be detected on T2*-weighted im-
ages in particular. More recently, this
CO2 BOLD technique depicted impaired
CVR in patients with severe ICA steno-
sis and occlusion (7). Note that not all
patients with severe ICA stenosis nec-
essarily have reduced CVR, because of
possible collateral flow. We consider
this an important point of the presented
CO2 BOLD approach because it enables
direct assessment of the CVR of the
brain tissue. In contrast, the “indirect”
assessment of ICA stenosis grade does
not take into account collateral flow.

In the present investigation, we
evaluated whether this technique of
CO2 BOLD MR imaging enables moni-

toring of the hemodynamic effect of ca-
rotid revascularization. To achieve this
end, three serial MR imaging investiga-
tions were performed: one before and
two after the carotid revascularization
procedure.

Our purpose was to determine
whether any initial reductions in CVR
normalize following carotid revascular-
ization, and—as reduced CVR repre-
sents a risk factor for ischemic events—
whether patients who develop periin-
terventional infarction have more
severely reduced pretreatment CVRs
than those who do not.

We hypothesized that reduced CVR
in the territory of the middle cerebral
artery (MCA) ipsilateral to the ICA ste-
nosis prior to treatment (7) would nor-
malize after carotid revascularization
and that decreased CVR might repre-
sent a risk factor for ischemic events in
patients with carotid stenosis and occlu-
sion (1,8).

Materials and Methods

Patients
Patients were recruited from an ongo-
ing international prospective random-
ized trial comparing carotid endarterec-
tomy and carotid artery stent placement
(9). The local ethics committee ap-
proved this MR imaging substudy, and
all patients gave written informed con-
sent prior to inclusion. Twenty-four of
27 consecutive patients from the local
study center (University Hospital Basel,

Basel, Switzerland) (seven women;
mean age, 73.1 years � 9.4 [standard
deviation]) with unilateral or bilateral
severe stenosis were included in this
study between June 2005 and February
2007. All patients underwent ultra-
sonography (US) or MR angiography of
the carotid arteries as part of their rou-
tine clinical care. Severe stenosis was
defined as that greater than 70% ac-
cording to North American Symptom-
atic Carotid Endarterectomy Trial crite-
ria (10). Because there were no patients
with discordant MR angiographic and
Doppler US results during routine clini-
cal care, additional digital subtraction
angiography was not clinically required.
One patient refused the follow-up investi-
gation. Technical problems resulted in
acquisition of incomplete data sets in
two patients. Thirteen patients under-
went carotid artery stent placement,
and 11 patients underwent carotid end-
arterectomy.

MR Imaging
MR imaging was performed 1–3 days
before (preprocedure), 1–3 days after
(postprocedure), and 1 month after
(late postprocedure) carotid revascular-
ization. We used a 1.5-T clinical whole-
body MR imaging unit (Magnetom
Avanto; Siemens, Erlangen, Germany).
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Advances in Knowledge

� It is possible to monitor the hemo-
dynamic effects of carotid revas-
cularization by using CO2 blood
oxygen level–dependent (BOLD)
MR imaging.

� Severely reduced cerebrovascular
reserve prior to treatment was
associated with increased risk of
periinterventional infarction dur-
ing carotid revascularization pro-
cedures (stent placement,
endarterectomy).

Implications for Patient Care

� If the value of CO2 BOLD MR im-
aging in predicting periprocedural
infarction associated with carotid
revascularization therapies could
be confirmed in a larger cohort, it
may be of value in the routine
pretreatment assessment of such
patients at risk for stroke.

� CO2 BOLD MR imaging is safe,
fast, and operator independent
and could be conveniently added
to routine MR imaging protocols
for evaluation of patients at risk
for stroke.
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In addition to the CO2 BOLD images,
which are described in detail below, the
following images were acquired at all
time points and in all patients: diffusion-
weighted images (single-shot spin-echo
echo-planar imaging; b � 0, 500, and
1000 sec/mm2) to assess apparent dif-
fusion coefficients and acute ischemia
(11), T2*-weighted gradient-echo im-
ages (flip angle, 20°; repetition time
msec/echo time msec, 850/25) to assess
intracerebral hemorrhage (12), T2-
weighted turbo spin-echo images (4620/
98), and fluid-attenuated inversion re-
covery images (8000/122; inversion
time, 2500 msec). None of the patients
had a large territorial infarct prior to
the revascularization (on T2-weighted
images). Twenty-two patients addition-
ally underwent three-dimensional time-
of-flight MR angiography of the circle of
Willis (resulting voxel size, 0.4 � 0.9 �
1.0 mm3) and three-dimensional con-
trast material–enhanced (gadobenate
dimeglumine, MultiHance, Bracco) MR
angiography of the neck with a neck coil
(resulting voxel size, 0.6 � 1.3 � 1.6
mm3) prior to revascularization.

All patients also underwent duplex
US prior to revascularization to deter-
mine the degree of the ICA stenosis ac-
cording to published duplex US velocity
criteria (13). The assessment and defi-
nition of stenosis were performed in a
manner equivalent to that described
above. Findings regarding the degree of
stenosis from US and MR imaging were
averaged to yield the final degree of ste-
nosis (Table).

CO2 BOLD MR Imaging
CO2 BOLD MR imaging was performed
with the following parameters: single-
shot multi–gradient echo echo-planar
imaging, an axial orientation, 20 sec-
tions, a repetition time of 3000 msec, a
flip angle of 90°, a matrix size of 64 �
64, a field of view of 220 � 220 mm, and
a section thickness of 5 mm. Four im-
ages with effective echo times of 17, 44,
71, and 98 msec were read out after a
single excitation for each section of an
individual dynamic acquisition. In total,
100 dynamic acquisitions were obtained
in 5 minutes. During measurements 21–
60—that is, during 2 minutes—syn-

thetic room air enriched with 7% CO2

was administered through a simple na-
sal cannula. Compared with the use of
tight face masks with bidirectional
valves that segregate in- and outflow
(7), our approach greatly increased pa-
tient comfort. Patients were instructed
to breathe only through the nose during
the CO2 BOLD measurement. Patient
comfort had a high priority, partly to
improve compliance with follow-up ex-
aminations. A simple nasal cannula was
successfully used in a previous investi-
gation (14). Although we could not mea-
sure expiratory CO2 concentration ac-
curately, our method has been previ-
ously validated (7). Moreover, the
expected T2* increase following CO2

application further supported the ap-
propriate application of CO2.

CO2 BOLD MR Image Postprocessing
The analysis of the CO2 BOLD images
has been described in detail previously
(7). Analysis was performed with soft-
ware (MATLAB, www.mathworks
.com; and SPM5, http://www.fil.ion
.ucl.ac.uk/spm). In essence, a model
function based on a compartment model
of CO2 was fitted to the CO2 BOLD time
course to estimate the relative CO2-
induced increase in T2*. Preprocessing
of the data included pixelwise T2* esti-
mation by fitting the echo points to an
exponential function and motion correc-
tion (implemented within the imaging
unit reconstruction [15]) and spatial
smoothing (Gauss kernel, 12-mm full
width at half maximum). Because each
patient was examined at three time
points, unlike in the previous investiga-
tion (7), which used only a single mea-
surement, we additionally normalized

all individual brains into standard space
(16) in SPM5. This additional normal-
ization is of fundamental importance in
comparing corresponding brain areas
between time points and subjects and is
a standard procedure in functional MR
imaging analysis. Brain images of pa-
tients with symptomatic ICA stenosis on
the right side were flipped. Conse-
quently, the ipsilateral side was always
in the “left” hemisphere. Two readers
(S.H. and S.G.W.) in consensus defined
volumes of interest (VOIs) in the Ta-
lairach standard space in the vascular
territories of the anterior cerebral ar-
tery (ACA), the MCA, and the posterior
cerebral artery (PCA) in agreement
with a standard vascular territory atlas
(17) ipsilateral and contralateral to the
symptomatic side (for a total of six
VOIs). Owing to the known variability
in these vascular territories, we in-
cluded only the centers of these vascular
territories—that is, regions with known
variation of vascular supply were ex-
cluded (17). Given the larger anatomic
territory of the MCA compared with
those of the ACA and PCA, the corre-
sponding VOIs also had variable sizes
(MCA, 15 876 mm3; ACA, 4833 mm3;
PCA, 5238 mm3). Because all individual
images were normalized into standard
space, the identical VOIs were applied
to all patients.

Image Analysis
Stenosis grade was assessed indepen-
dently by two readers (S.T.E. and
S.G.W., who were blinded to patient
identity and study group classification)
according to the North American Symp-
tomatic Carotid Endarterectomy Trial
criteria (10). There was no discrepancy

Summary of Data in 24 Patients

Sex Age (y)

Consensus Stenosis
Grade in Ipsilateral
ICA (%)

Consensus Stenosis
Grade in Contralateral
ICA (%)

No. of Patients with New
Periinterventional Lesions
at Diffusion-weighted
Imaging

Female (n � 7) 73.9 � 8.6 78.9 � 10.4 2.6 � 6.8 2
Male (n � 17) 72.8 � 10.0 79.8 � 7.5 17.9 � 28.7 5

Note.—Data are means � standard deviations.
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in stenosis grade between the two re-
viewers that exceeded 10%. We report
the average consensus stenosis grade of
both reviewers. Diffusion-weighted im-
ages were assessed independently by
two readers (S.H. and L.H.B., who
were blinded to patient identity and
study group classification). All lesions at
diffusion-weighted imaging were obvi-
ous, and there was no discrepancy be-
tween the readers.

Statistical Analysis
Statistical analysis was performed with
software (SAS; www.sas.com). The
first part of the study (effect of carotid
revascularization) was a within-subject
repeated measure of the whole group,
and we used two-tailed bootstrap t tests
to make comparisons between corre-
sponding VOIs in the same subject at
the same time point—for example, we
compared the preprocedure VOI in the
ipsilateral MCA with the preprocedure
VOI in the contralateral MCA. We did
not make comparisons between differ-
ent time points or between different
VOIs. The second part of the study (new

ischemic lesions) was a post-hoc sub-
group comparison between patients
with new periinterventional infarcts and
patients without new infarcts. Given the
smaller group size of this subgroup anal-
ysis, we used a nonparametric two-
tailed Mann-Whitney U test. Owing to
the relative nature of the data, we com-
pared the relative within-subject difference
in CVR—defined as (IPSI � CONTRA)/
mean (IPSI � CONTRA), where IPSI is
the ipsilateral value and CONTRA is the
contralateral value—in this between-
subjects subgroup analysis. Analogously,
we compared the consensus ICA stenosis
grade between patients with new periin-
terventional infarcts and patients without
new infarcts by using a nonparametric
two-tailed Mann-Whitney U test. P � .05
was considered to indicate a statistically
significant difference.

We did not perform a subgroup
analysis comparing carotid artery stent
placement with endarterectomy be-
cause it was a condition of the random-
ized trial in which the patients were in-
cluded that individual patient results
should not be published.

Results

Stenosis Grade at Angiography
The mean ipsilateral stenosis grade
was 79.5% � 8.2 (standard devia-
tion). The mean contralateral stenosis
grade was 13.4% � 25.2. Two pa-
tients had a fetal configuration of the
PCA.

Diffusion-weighted Imaging
Seven patients had new periprocedural
lesions at diffusion-weighted imaging
(postprocedure vs preprocedure). The
majority of these patients (five of seven)
had multiple new punctate lesions that
were typically located in the border
zone areas. All lesions had restricted
apparent diffusion coefficients and were
demarcated on late postprocedure T2-
weighted and fluid-attenuated inversion
recovery images. Each patient had at
least one such lesion, which we there-
fore denominated as infarcts. All lesions
consisted of punctate foci. No large ter-
ritorial new infarct was present.

Figure 1

Figure 1: Example of, A, individual and, B, group average CO2 BOLD MR imaging CVR maps after normalization into standard space 1–3 days before treatment (PRE),
1–3 days after treatment (POST), and 1 month after treatment (LATE). The ipsilateral side of the ICA stenosis is always flipped to the “left” hemisphere. In the pretreatment
images, the CVR is reduced in the MCA territory; this resolves after treatment. Note that the reduction in CVR is less evident in the group average map for two reasons:
(a) not all patients with high-grade ICA stenosis necessarily have a reduced CVR because of variable collateral flow and (b) the exact location of the brain tissue with re-
duced CVR varies between patients and therefore blurs in the mean image. Arrows � region with increased CVR after treatment. Blue to yellow shades � CO2-induced
relative �T2* as a percentage. C, Small insert shows VOIs used on the corresponding axial section (blue � ACA VOI, red � MCA VOI, green � PCA VOI).
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CO2 BOLD Perfusion Reserve Map
Examples of an individual CO2 BOLD
perfusion map and the group average
CO2 BOLD perfusion map are given in
Figure 1. In correlation with the high-
grade ICA stenosis, the mean CO2

BOLD signal in the ipsilateral MCA ter-
ritory was reduced preprocedure and
normalized at follow-up. Direct compar-
ison of postprocedure versus preproce-
dure images revealed brain tissue with
increased perfusion reserve, predomi-
nantly in the MCA territory. Of the 24
patients, nine had no relevant preproce-
dure reduction in CVR in the ipsilateral
MCA territory, defined as relative ipsi-
lateral reduction at CO2 BOLD of less
than 3.0%.

Effect of Carotid Revascularization
Averaged across all patients (Fig 2),
�T2* in the ipsilateral MCA region was
reduced prior to treatment versus that
in the contralateral MCA territory (mean
�T2* in ipsilateral region, 1.92% � 1.18;
mean �T2* in contralateral region,
2.28% � 1.15 [P � .05]). After revas-
cularization, there was no significant
difference between the hemispheres in
the MCA territory (postprocedure �T2*
in ipsilateral territory, 2.66% � 1.01;
postprocedure �T2* in contralateral
territory, 2.48% � 1.27 [P � .05] and
late postprocedure �T2* in ipsilateral
territory, 2.27% � 1.05; late postpro-
cedure �T2* in contralateral territory,
2.14% � 0.96 [P � .05]). In the ACA
and PCA territories, there was no sig-

nificant interhemispheric difference
prior to treatment, only a nonsignificant
trend toward reduced CVR in the ipsi-
lateral ACA (�T2* in ipsilateral ACA,
2.42% � 1.55; �T2* in contralateral
ACA, 2.50% � 1.32 [P � .05]). After
treatment, ipsilateral �T2* was in-
creased in the ACA (late postprocedure
�T2* in ipsilateral ACA, 2.75% � 1.51;
late postprocedure �T2* in contralat-
eral ACA, 1.94% � 1.46 [P � .01])
and PCA (postprocedure �T2* in ipsi-
lateral PCA, 4.11% � 3.40; postpro-
cedure �T2* in contralateral PCA,
2.70% � 2.75 [P � .05] and late post-
procedure �T2* in ipsilateral PCA,
3.07% � 2.30; late postprocedure
�T2* in contralateral PCA, 1.64% �
2.10 [P � .05]).

New Periprocedural Infarcts
Seven patients had new periinterven-
tional ipsilateral punctate foci at diffu-
sion-weighted imaging (postprocedure
vs preprocedure, Table). Post hoc, we
compared patients with new periinter-
ventional lesions in the ipsilateral MCA
territory at diffusion-weighted imaging
(n � 7) with the remaining patients
without new lesions (n � 17, Fig 3).
Patients with new infarcts had signifi-
cantly reduced (P � .05) �T2* in the
ipsilateral MCA territory (preproce-
dure)—by 32.5% � 46.0 relative to the
contralateral side—compared with pa-
tients without new lesions (reduction in
�T2*, 9.2% � 55.9). There was no sig-
nificant difference in the grade of ipsilat-

eral ICA stenosis between patients with
and those without new infarcts.

Discussion

We assessed CO2 BOLD MR imaging
in the evaluation of changes in CVR
before and after carotid revasculariza-
tion (carotid artery stent placement
and endarterectomy) in patients with
symptomatic high-grade ICA stenosis.
The results of this pilot study demon-
strate that the fast, safe, and opera-
tor-independent CO2 BOLD method
could be used to successfully monitor
the hemodynamic effects of carotid re-
vascularization. Initial reductions in

Figure 2

Figure 2: Bar graphs show CVR (�T2* at CO2 BOLD MR imaging) in the territories of the (a) MCA, (b) ACA, and (c) PCA in 24 patients with high-grade stenosis of the
ICA at three time points: 1–3 days before treatment (PRE), 1–3 days after treatment (POST), and 1 month after treatment (LATE). Prior to treatment, CVR is reduced in the
ipsilateral MCA; this resolves after treatment. CVR is normal prior to treatment in the ACA and PCA. Teal bars � ipsilateral side to high-grade ICA stenosis, red bars �
contralateral side. � � P � .05, �� � P � .01. Error bars indicate standard deviations.

Figure 3

Figure 3: Bar graph shows significantly re-
duced ipsilateral CVR (�T2*) in MCA territory in
patients who developed new periinterventional
infarcts (n � 7) as compared with that in patients
without new periinterventional infarcts (n � 17).
Teal bars � ipsilateral side, red bars � contralat-
eral side. � � P � .05. Error bars indicate stan-
dard deviations.
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CVR normalized after carotid revascu-
larization.

Effect of Carotid Revascularization
The mean CVR was reduced in the
MCA territory ipsilateral to the side of
the high-grade stenosis prior to revas-
cularization, in accordance with the
results of a previous investigation (7).
As expected, we observed that this
reduction in ipsilateral MCA CVR re-
solved after carotid revascularization.
Note that a high-grade stenosis of the
ICA does not necessarily imply a re-
duced CVR, given the potential collat-
eral flow via the circle of Willis (nine
of 24 patients in our series). This col-
lateral circuit is variable between sub-
jects. This, we reason, is the particu-
lar strength of the CO2 BOLD tech-
nique, which can directly identify the
brain tissue with exhausted CVR and,
consequently, those patients with in-
sufficient collateral flow. The “indi-
rect” assessment of the ICA stenosis
grade, in distinction, does not take
into account collateral flow and its po-
tential for augmentation during peri-
ods of cerebrovascular stress such as
breath holds.

In the majority of previous studies
that assessed hemodynamic changes
after carotid endarterectomy or ca-
rotid artery stent placement with dif-
ferent techniques, at least a trend to-
ward restoration of the CVR was ob-
served. For example, the principle of
CO2-induced vasodilatation for assess-
ment of perfusion reserve has been
applied in US for many years (18–22).
It is beyond the scope of this article to
discuss the (in detail partly inconsis-
tent) findings of these studies. Future
studies are needed that directly com-
pare the presented CO2 BOLD tech-
nique with the clinically more estab-
lished Doppler CO2 testing (18–21).
Moreover, it would be of interest to
compare the CO2 BOLD technique
with first-pass gadolinium-enhanced
perfusion-weighted MR imaging,
which has overall been found to be
sensitive in depicting changes after ca-
rotid revascularization (23–26). The
direct comparison of CO2 BOLD and
perfusion-weighted imaging might be

of particular interest because both
techniques provide complimentary in-
formation. Perfusion-weighted imag-
ing helps estimate cerebral perfusion,
while CO2 BOLD MR imaging helps
estimate CVR or cerebral perfusion
reserve. Some patients might still have
normal perfusion (at perfusion-
weighted imaging) yet reduced perfu-
sion reserve (at CO2 BOLD MR imag-
ing), which may represent a specific
preinterventional risk profile.

As additional findings, we ob-
served only a nonsignificant trend to-
ward reduced CVR in the ipsilateral
ACA territory at the initial examina-
tion, in contrast to the significant re-
duction of CVR in the ipsilateral MCA
territory, although both territories de-
rive blood from the ICA. We assume
that this difference can be attributed
to the direct anatomic connection be-
tween the ACAs of both hemispheres
via the anterior communicating ar-
tery, as compared with the MCAs.
There was no reduction in CVR in the
PCA prior to revascularization. After
revascularization, CVR in the ipsilateral
ACA and, in particular, the PCA was
increased. This might be explained by
upregulated collateral flow from the
ACA and PCA in chronic ICA stenosis
via the circle of Willis (27). After revas-
cularization, the collateral flow is no
longer required. Consequently, the per-
fusion reserve is increased in the ipsi-
lateral ACA and PCA.

New Periprocedural Infarcts
Patients with new periinterventional
lesions had a significantly reduced
CVR in the ipsilateral MCA at the pre-
interventional examination compared
with patients without new lesions.
This observation is compatible with
the concept that, owing to a variable
degree of collateral flow, a high-grade
ICA stenosis per se does not necessar-
ily reduce CVR in the ipsilateral MCA.
These findings suggest that insufficient
collateral flow increases the risk of
new periprocedural infarcts.

Note that there was no significant
difference in ipsilateral ICA stenosis
grade between both patient groups—
that is, CO2 BOLD MR imaging helped

discriminate between patients with
and those without new periinterven-
tional infarcts, yet the stenosis grade
did not. A possible explanation for this
apparently high sensitivity of CO2

BOLD MR imaging is that this method
can be used to directly assess the pa-
renchymal CVR, taking into account
collateral flow. Assessment of the ICA
stenosis grade, in contrast, provides
no information with respect to paren-
chymal perfusion or possible collateral
flow.

Most patients with new ischemic le-
sions after the intervention had multiple
microinfarcts, suggestive of an embolic
pathogenesis (28). It has been hypothe-
sized that in situations of low brain per-
fusion, emboli are less likely to be
washed out of the vascular bed (29),
although this topic is controversial, and
the suggested washout hypothesis rep-
resents only one possible mechanism
for infarction in the setting of reduced
CVR.

If our results can be confirmed in a
larger study, CO2 BOLD MR imaging
might become important for preinter-
ventional risk assessment. Of course,
these results are limited by the small
sample size of only 24 patients and re-
quire confirmation in a larger study
sample. On the other hand, the signifi-
cant results despite the small sample
size imply a high sensitivity of CO2

BOLD MR imaging, which is a funda-
mental prerequisite with respect to a
potential individual preinterventional
risk assessment.

As we present MR imaging sub-
study data from an ongoing and pro-
spective randomized trial, we cannot
at this stage present results of the di-
rect comparison between carotid ar-
tery stent placement and endarterec-
tomy or provide details regarding
which patients developed new in-
farcts.

There were limitations to our
study. At present, we report only rel-
ative CO2 BOLD CVR. The relation-
ship between CO2-induced vasodilata-
tion and T2* increase is nonlinear.
Consequently, we have only made
comparisons between corresponding
anatomic regions in the ipsilateral and
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contralateral hemispheres within sub-
jects at one time point. We did not
make direct comparisons between re-
gions or between time points. This rel-
ative nature of the data is the origin of
the rather large standard deviations in
Figures 2 and 3. The apparent disad-
vantage of this approach is that if pa-
tients have bilaterally yet symmetri-
cally reduced CVR, there is no within-
subject interhemispheric difference.
However, in principle, it is possible to
calculate the absolute CVR with CO2

BOLD MR imaging. The formal valida-
tion of this absolute CVR estimation is
not currently available, but should be
soon. This will substantially strengthen the
CO2 BOLD MR imaging method, as it
will be possible to directly quantify the
absolute CVR, which will improve a po-
tential individual preinterventional risk
assessment, as well as comparison be-
tween subjects and between time points
to better monitor the hemodynamic ef-
fect of carotid revascularization.

All individual brains were normal-
ized into standard space (16) to align
corresponding brain regions. This
standard procedure in functional MR
imaging (30) is the basis for the group
analysis but does not compensate for
individual variations in vascular terri-
tories (17). We consequently chose
VOIs in the center of the well-known
vascular territories only—that is, re-
gions with variable vascular supply
were excluded. We used the same
VOIs for all patients. An alternative
approach is to use individual VOIs.
We did not use the latter approach
because there are no objective criteria
for how to define individual VOIs. Fur-
thermore, individual VOIs of different
sizes affect the signal-to-noise ratio
because of different numbers of voxels
within a VOI. Different locations of
VOIs are problematic, given the re-
gional difference in the neurovascular
coupling (31–33). Owing to these re-
gional differences in the neurovascular
coupling (31–33), we compared only
corresponding anatomic regions be-
tween both hemispheres. Given this
putative systematic confound, a direct
comparison of different regions (eg,
ACA territory vs MCA territory) was

not performed. Owing to the small
number of patients (n � 2) who had a
fetal configuration of the ipsilateral
PCA (in which the PCA is supplied via
the ICA), we did not specifically ana-
lyze this subgroup.

Conclusions
Severely reduced CVR prior to treat-
ment was associated with increased
risk of periinterventional infarction
during carotid revascularization pro-
cedures (stent placement, endarterec-
tomy) and might eventually contribute
to preinterventional risk assessment.
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