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Risk factors for cerebrovascular complications developing
during or after carotid endarterectomy (CEA) include preoper-
ative impairments in cerebral hemodynamics, as detected by
the demonstration of decreased cerebrovascular reactivity
(CVR) to acetazolamide on brain perfusion SPECT. Central
benzodiazepine receptor binding potential (CBRBP) and cere-
bral blood flow (CBF) images on SPECT provide high sensitivity
and high specificity for detecting misery perfusion in patients
with chronic unilateral major cerebral artery occlusive disease.
The aim of the present study was to determine whether
preoperative CBRBP/CBF images on SPECT could identify
patients at risk for new cerebral ischemic events, including
neurologic deficits and cerebral ischemic lesions on diffusion-
weighted MRI, or cerebral hyperperfusion after CEA and to
compare the predictive accuracy of CBRBP/CBF with that of
CVR to acetazolamide on SPECT. Methods: CBF, CVR, and
CBRBP were assessed using N-isopropyl-p-123I-iodoamphet-
amine (123I-IMP) and 123I-iomazenil SPECT before CEA in 112
patients with unilateral internal carotid artery stenosis ($70%).
CBF measurement using 123I-IMP SPECT was also performed
immediately and 3 d after CEA. A region of interest was auto-
matically placed in the middle cerebral artery territory in both
cerebral hemispheres using a 3-dimensional stereotactic
region-of-interest template. Diffusion-weighted MRI was per-
formed within 3 d before and 24 h after surgery. Results: A
preoperative increase in the affected side–to–contralateral side
asymmetry on CBRBP/CBF value was the only significant inde-
pendent predictor of postoperative new cerebral ischemic
events (95% confidence intervals [CI], 1.145–1.608; P 5
0.0004) or post-CEA hyperperfusion (95% CI, 1.244–2.252;
P 5 0.0007). There was no difference in the ability to predict
post-CEA hyperperfusion when comparing the area under the
receiver-operating-characteristic curve of the affected side–to–
contralateral side asymmetry on CBRBP/CBF and that of the
CVR in the affected hemisphere. However, the former value
(0.924; 95% CI, 0.854–0.972) was significantly greater than
the latter value (0.782; 95% CI, 0.697–0.852) for the prediction

of new postoperative cerebral ischemic events (P , 0.05).
Conclusion: Preoperative CBRBP/CBF images on SPECT can
more accurately identify patients at risk for cerebrovascular com-
plications occurring during or after CEA when compared with
preoperative CVR to acetazolamide.
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Neurologic deficits after carotid endarterectomy (CEA)
are rare, occurring in up to 5% of patients (1–3). Hemody-
namic cerebral ischemia due to hemispheric hypoperfusion
during internal carotid artery (ICA) clamping and the gen-
eration of emboli from the surgical site play significant
roles in the development of new cerebral ischemic events,
including new neurologic deficits and new cerebral ische-
mic lesions on diffusion-weighted MRI (DWI) after CEA
(4–11). Cerebral hyperperfusion syndrome is also a com-
plication after CEA and is characterized by unilateral head-
ache, face and eye pain, seizure, and focal symptoms that
occur secondary to cerebral edema or intracerebral hemor-
rhage (12–15). In addition, recent studies have demonstrated
that post-CEA hyperperfusion, even when asymptomatic,
causes postoperative cortical neural damage that results in
postoperative cognitive impairment (16–18).

Risk factors for the development of cerebrovascular
complications associated with CEA include preoperative
impairments in cerebral hemodynamics (19–24). Several
investigators have demonstrated that a decrease in cerebro-
vascular reactivity (CVR) to acetazolamide, as measured
using SPECT, predicts postoperative new cerebral ischemic
events due to hemispheric hypoperfusion during ICA
clamping (19) or emboli from the surgical site (20), or
post-CEA hyperperfusion (22–24). However, acetazolamide
is associated with frequent and various adverse side effects,
including metabolic acidosis, hypokalemia, numbness of the
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extremities, headache, tinnitus, gastrointestinal disturbances,
and Stevens–Johnson syndrome (25,26). In fact, 1 study dem-
onstrated that 63% of patients who underwent a SPECT study
with acetazolamide challenge developed adverse effects
between 1 and 3 h after administration of acetazolamide,
and these symptoms lasted for 0.5–72 h (27) and frequently
affected patients’ activities of daily living, including the abil-
ity to engage in their jobs (27). Thus, it would be beneficial to
develop a different SPECT method of predicting the cerebro-
vascular complications associated with CEA that does not
require administration of acetazolamide.
The distribution of central benzodiazepine receptors in

the cerebral cortex of the human brain has been widely
studied with SPECT using 123I-iomazenil (123I-IMZ) (28–
31). Central benzodiazepine receptor binding potential
(CBRBP) on 123I-IMZ SPECT images is associated with
neural density in the cerebral cortex, and a reduction in
cortical CBRBP indicates cortical neural damage or loss
(29–31). In the cerebral cortex with reduced CBRBP, ce-
rebral metabolic rate of oxygen (CMRO2) probably
decreases in proportion to the degree of neuronal damage.
In fact, CBRBP images on 123I-IMZ SPECT reportedly
correlate with CMRO2 images on PET in the cerebral cor-
tex in patients with carotid artery occlusive diseases
(32,33). Because oxygen extraction fraction (OEF), one
of the key parameters of cerebral hemodynamics (34,35),
is a function of CMRO2 and cerebral blood flow (CBF),
CBRBP/CBF may reflect OEF. Indeed, a recent study has
demonstrated that CBRBP/CBF images on SPECT corre-
late with OEF images on PET and provide high sensitivity
and high specificity for detecting misery perfusion in the
cerebral cortex in patients with chronic unilateral major
cerebral artery occlusive disease (33).
Therefore, the aim of the present study was to determine

whether preoperative CBRBP/CBF images on SPECT
could identify patients at risk for new cerebral ischemic
events or cerebral hyperperfusion after CEA and to
compare the predictive accuracy of CBRBP/CBF with that
of CVR to acetazolamide on SPECT.

MATERIALS AND METHODS

Patients
One hundred twelve patients (105 men and 7 women), aged 44–

82 y (mean age, 69 y), with unilateral ICA stenosis ($70%) and
useful residual function (modified Rankin disability scale 0, 1, or
2) who underwent CEA were enrolled in the present study. Con-
comitant disease states and symptoms were recorded, including
102 patients with hypertension, 42 patients with diabetes mellitus,
and 61 patients with hyperlipidemia. Although 75 patients showed
ischemic symptoms in the ipsilateral carotid territory, 37 patients
exhibited asymptomatic ICA stenosis.

All patients underwent preoperative angiography with arterial
catheterization. The overall average degree of ICA stenosis was
87.5% 6 8.3%, with a range of 70%–99%, as per the North
American Symptomatic Carotid Endarterectomy Trial (3). No
patient had occlusion or stenosis of greater than 50% in the con-
tralateral ICA or middle cerebral artery (MCA).

This protocol was reviewed and approved by the institutional
ethics committee, and written informed consent was obtained
from all patients or their next of kin.

Brain SPECT Study
Brain SPECT studies were performed using a ring-type SPECT

scanner (Headtome-SET080; Shimadzu Corp.) (33,36), which
provided 31 tomographic images simultaneously. The spatial res-
olution of the scanner with a low-energy, all-purpose collimator
was 13 mm in full width at half maximum at the center of the field
of view, and the slice thickness was 25 mm in full width at half
maximum at the center of the field of view. Image slices were
taken at 5-mm center-to-center spacing, parallel to the orbitomea-
tal line. The images were reconstructed using the weighted-filtered
backprojection technique, in which the attenuation correction was
made by detecting the edge of the object. An attenuation coeffi-
cient of 0.065 cm21, a Butterworth filter (cutoff, 0.45 cycle/cm;
order, 3), and a ramp filter were used for image reconstruction.

CBF was assessed using N-isopropyl-p-123I-iodoamphetamine
(123I-IMP) and SPECT 7–10 d before and immediately after CEA.
The 123I-IMP SPECT study with and without acetazolamide chal-
lenge was performed as described previously (36). Preoperatively,
3 d after measurement of CBF without acetazolamide challenge,
subjects underwent SPECTwith acetazolamide challenge. In addi-
tion, patients with post-CEA hyperperfusion underwent a third
CBF measurement in the same manner 3 d after CEA. The CBF
images were calculated according to the 123I-IMP autoradiography
method (36,37).

The distribution of CBRBP in the cerebral cortex was assessed
using 123I-IMZ SPECT between 2 and 7 d after 123I-IMP SPECT
study with acetazolamide challenge. Subjects received approxi-
mately 167 MBq of 123I-IMZ by intravenous bolus injection of 1.5
mL of solution into the cubital vein. One hundred eighty minutes
later, scans were initiated, with a scanning duration of 23 min (33).

All SPECT images were transformed into the standard brain size
and shape by linear and nonlinear transformation using SPM99 for
anatomic standardization (38). Thus, brain images from all subjects
had the same anatomic format. For each pixel in SPECT images
obtained before surgery, 2 values were calculated as follows:
CBRBP/CBF (count/mL/100 g brain/min) 5 radioactive counts of
123I-IMZ/CBF without acetazolamide challenge and CVR(%) 5
([CBF with acetazolamide challenge2 CBF without acetazolamide
challenge]/CBF without acetazolamide challenge) · 100. Then, in
all CBF, CBRBP/CBF, and CVR SPECT images, 318 constant
regions of interest (ROIs) were automatically placed in both the
cerebral and cerebellar hemispheres using a 3-dimensional stereo-
tactic ROI template (39). The ROIs were grouped into 10 segments
(callosomarginal, pericallosal, precentral, central, parietal, angular,
temporal, posterior, hippocampus, and cerebellum) in each hemi-
sphere according to the arterial supply. Five (precentral, central,
parietal, angular, and temporal) of these 10 segments were com-
bined and defined as an ROI perfused by the MCA (Fig. 1). The
mean value of all pixels in the MCA ROI in each hemisphere was
calculated.

Further, in preoperative CBRBP/CBF images of each patient,
the asymmetry index (AI) was calculated as follows: CBRBP/CBF
AI 5 (CBRBP/CBFCEA)/(CBRBP/CBFCON) · 100, where
CBRBP/CBFCEA is the value of the MCA ROI in the cerebral
hemisphere ipsilateral to CEA, and CBRBP/CBFCON is that in
the contralateral cerebral hemisphere. Using the same method,
we studied 10 healthy subjects (8 men and 2 women; age, 35–
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52 y; mean age, 39 y) to obtain control values. The control value
of CBRBP/CBF AI was 100.1 6 5.0 when the left cerebral hemi-
sphere was defined as the affected side (33).

For CVR in the MCA ROI in the cerebral hemisphere ipsilateral
to CEA, data described previously (36.8% 6 9.2%) (20) were
used as control values.

In CBF images of each patient, post-CEA hyperperfusion,
compared with preoperative values in an MCA ROI ipsilateral to
surgery, was defined as a CBF increase of 100% or more (i.e., a
doubling) (23).

DWI
DWI was performed using a 1.5-T whole-body imaging system

(Signa MR/I; GE Healthcare) within 3 d before and 24 h after
surgery. The images were acquired using single-shot spin-echo
echo-planar imaging.

A neuroradiologist who was unaware of the patients’ clinical
information was used to analyze the images and determine devel-
opment of new postoperative ischemic lesions.

Assessment of Neurologic Deficits
All patients were neurologically tested immediately before

induction of general anesthesia and after recovery from general
anesthesia by a neurologist who was unaware of the patients’
clinical information, and the presence or absence of new postop-
erative neurologic deficits was recorded.

Intraoperative and Postoperative Management
All patients received antiplatelet therapy until the morning of

the day on which CEA was performed. Further, all patients
underwent surgery under general anesthesia. Blood pressure was
kept stable in a range 620% of the preoperative level throughout
the procedure by adjusting the depth of anesthesia or, if needed, by
intravenous administration of a vasodilator (nitroglycerin) or a
vasoconstrictor (theoadrenalin). An intraluminal shunt was not
used in these procedures. The mean duration of ICA clamping
was 36 min, ranging from 21 to 48 min. In all patients with
post-CEA hyperperfusion, intensive control of arterial blood pres-
sure between 100 and 140 mm Hg was instituted using intravenous
administration of antihypertensive drugs immediately after
SPECT. When CBF decreased and hyperperfusion resolved on
the third postoperative day, pharmacologic control of blood pres-
sure was discontinued. However, when hyperperfusion persisted,
systolic arterial blood pressure was maintained below 140 mm Hg.
When hyperperfusion syndrome developed, the patient was placed
in propofol coma. A diagnosis of hyperperfusion syndrome
required seizure, alteration in consciousness level, or focal neuro-
logic signs such as motor weakness that developed or worsened
between 24 h and 14 d after surgery, and hyperperfusion on the
123I-IMP SPECT performed after CEA.

Statistical Analysis
Data are expressed as the mean 6 SD. The relationship

between each variable and the development of new postoperative
cerebral ischemic events (neurologic deficits or cerebral ischemic
lesions on DWI) or post-CEA hyperperfusion was evaluated with
univariate analysis using the Mann–Whitney U test or x2 test. A
multivariate statistical analysis of factors related to the develop-
ment of new postoperative cerebral ischemic events or post-CEA
hyperperfusion was also performed using a logistic regression
model. Variables with a P value of less than 0.2 in the univariate
analyses were selected for analysis in the final model. However,

FIGURE 1. Diagrams show-
ing ROIs of 3-dimensional ste-

reotactic ROI template. White

ROIs (precentral, central, pari-

etal, angular, and temporal
segments) indicate territories

perfused by bilateral MCAs.
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preoperative CVR in the affected hemisphere was not adopted in
the model because previous studies have already established the
strong relationship between this factor and the development of
new postoperative cerebral ischemic events or post-CEA hyper-
perfusion (19,20,22–24). Differences were deemed statistically
significant if the P value was less than 0.05. To estimate the ability
to discriminate between patients with and without new postoper-
ative cerebral ischemic events or post-CEA hyperperfusion, a
receiver-operating-characteristic (ROC) curve was constructed,
plotting sensitivity versus 1 minus specificity for possible cutoff
values, and the area under the ROC curve was calculated. The
ROC curve was calculated in increments or decrements of 0.5
SD (2.5 for CBRBP/CBF AI; 4.6% for CVR) from the mean value
(100.1 for CBRBP/CBF AI; 36.8% for CVR) obtained in healthy
subjects. Differences in the ROC area between the CBRBP/CBF
AI and CVR in the affected hemisphere were analyzed using 95%
confidence intervals (CIs).

RESULTS

Incidence and Course of Cerebrovascular
Complications After CEA

Of the 112 patients studied, 9 patients (8%) developed
new postoperative ischemic lesions on DWI in the cerebral
hemisphere ipsilateral to CEA. All the new ischemic
lesions were spotty and their diameters were 1.5 cm or
less. Four patients (4%) developed new postoperative
neurologic deficits: 2 (2%) with new postoperative cerebral
ischemic lesions on DWI and 2 (2%) without. Although
those deficits resolved completely within 12 h in 3 patients,
the neurologic deficits in the remaining patient persisted for
more than 24 h after surgery. Thus, a total of 11 patients
(10%) experienced new postoperative ischemic events
(postoperative cerebral ischemic lesions on DWI or post-
operative neurologic deficits).
Thirteen patients (12%) met CBF criteria for post-CEA

hyperperfusion on the CBF SPECT images obtained im-
mediately after surgery. Of these 13 patients, 2 exhibited
new transient neurologic deficits on recovery from general

anesthesia after surgery with (Fig. 2) or without new post-
operative cerebral ischemic lesions on DWI, respectively.

In 11 of the 13 patients with hyperperfusion immediately
after CEA, hyperperfusion was not present on the SPECT
study performed on the third postoperative day, and these 11
patients had uneventful postoperative courses. However, the
remaining 2 patients with cerebral hyperperfusion immediately
after CEA experienced a progressive increase in CBF on the
third postoperative day. Of these 2 patients, 1 who exhibited
right transient hemiparesis on recovery from general anesthesia
after surgery and who exhibited new postoperative cerebral
ischemic lesions on DWI developed hyperperfusion syndrome
with confusion and aphasia on the fourth postoperative day
(Fig. 2). Another patient experienced cerebral hyperperfusion
syndrome with confusion and right motor weakness with onset
on the sixth postoperative day. Propofol coma was induced in
both patients. After termination of the propofol coma, both
patients eventually experienced full recovery.

Factors Related to New Postoperative
Ischemic Events

Results of univariate analysis of factors related to the
development of new postoperative ischemic events are
summarized in Table 1. The preoperative CBRBP/CBF AI
was significantly higher and the CVR in the affected hemi-
sphere was significantly lower in patients with new postop-
erative ischemic events than in those without. Other variables
were not significantly associated with the development of
new postoperative ischemic events. After eliminating closely
related variables in the univariate analyses, the following
confounders (P , 0.2) were adopted in the logistic regres-
sion model for the multivariate analysis: sex, degree of ICA
stenosis, and preoperative CBRBP/CBFAI. The multivariate
analysis revealed that high preoperative CBRBP/CBFAI was
significantly associated with the development of new post-
operative ischemic events (95% CI, 1.145–1.608; P 5
0.0004).

FIGURE 2. A 64-y-old man with symptomatic left internal carotid artery stenosis (95%) exhibiting slight right hemiparesis on recovery from

general anesthesia after CEA. Six hours later, hemiparesis resolved. However, hyperperfusion syndrome with confusion and aphasia
developed on fourth postoperative day. (A) Preoperative CBRBP/CBF and CVR to acetazolamide SPECT images show elevation of values

in left cerebral cortex, compared with those in right cerebral cortex, and reduction of values in cerebral hemisphere, respectively. (B)

Diffusion-weighted MR image before surgery shows no abnormal findings in left cerebral hemisphere, in which new multiple high intense
lesions developed after surgery. (C) CBF SPECT images before surgery show hypoperfusion in left cerebral hemisphere, in which hyper-

perfusion developed immediately after surgery.

RGB
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Figure 3A illustrates the ROC curves of the CBRBP/CBF
AI and the CVR to acetazolamide in the affected hemi-
sphere, which can be taken as a measure of their ability
to predict the development of new postoperative ischemic
events. The ROC area of the CBRBP/CBF AI (0.924; 95%
CI, 0.854–0.972) was significantly greater than that of the
CVR (0.782; 95% CI, 0.697–0.852) (P , 0.05).
Sensitivity and specificity for the CBRBP/CBF AI in the

cutoff point lying closest to the left upper corner of the
ROC curve in predicting development of new postoperative
ischemic events were 91% (10/11) and 73% (74/101)
(cutoff point, 105.1: the mean 1 SD of the control value
obtained from healthy subjects), respectively (Figs. 3A and
4). In the cutoff point, positive and negative predictive val-
ues were 27% (10/37) and 99% (74/75), respectively.
Subgroup analysis of patients with and without develop-

ment of new neurologic deficits immediately after surgery,
regardless of whether they developed new postoperative
cerebral ischemic lesions on DWI, was performed in the
same manner. Results of univariate analysis of factors
related to the development of new postoperative neurologic
deficits are summarized in Supplemental Table 1 (supple-
mental materials are available online only at http://jnm.
snmjournals.org). The preoperative CBRBP/CBF AI was

significantly higher in patients with new postoperative neu-
rologic deficits than in those without. Other variables,
including CVR to acetazolamide, were not significantly
associated with the development of new postoperative neu-
rologic deficits. After eliminating closely related variables
in the univariate analyses, the following confounders (P ,
0.2) were adopted in the logistic regression model for the
multivariate analysis: degree of ICA stenosis and preoper-
ative CBRBP/CBF AI. The multivariate analysis revealed
that high preoperative CBRBP/CBF AI was significantly
associated with the development of new postoperative neu-
rologic deficits (95% CI, 1.002–1.156; P 5 0.0477).

TABLE 1
Risk Factors for Development of New Postoperative Cerebral Ischemic Events

New postoperative cerebral ischemic events

Risk factor Yes (n 5 11) No (n 5 101) P

Age (y) 71.2 6 5.3 68.4 6 6.8 0.2767

Male sex 9 (82) 96 (95) 0.1404
Hypertension 10 (91) 92 (91) .0.9999

Diabetes mellitus 3 (27) 39 (39) 0.5318

Hyperlipidemia 6 (55) 55 (54) .0.9999
Symptomatic lesions 9 (82) 66 (65) 0.3332

Degree of ICA stenosis (%) 89.5 6 8.8 87.2 6 8.3 0.1337

Duration of ICA clamping (min) 35.5 6 6.4 36.2 6 5.5 0.6915

Preoperative CBRBP/CBF AI 110.8 6 6.6 102.1 6 5.0 ,0.0001
Preoperative CVR to acetazolamide (%) 13.6 6 14.1 28.7 6 11.8 0.0010

Data are mean 6 SD, and data in parentheses are percentages.

FIGURE 3. ROC curves used to determine accuracy of CBRBP/
CBF AI and CVR to acetazolamide in prediction of new postoper-

ative ischemic events (A) and postoperative hyperperfusion (B).

FIGURE 4. Relationship between CBRBP/CBF AI, postoperative

ischemic events, and postoperative hyperperfusion. Arrows or
arrowheads indicate identical patient with both postoperative ische-

mic events and postoperative hyperperfusion. Closed circles indi-

cate patients with cerebral hyperperfusion syndrome. Each dashed
horizontal line denotes mean 1 1.5 (107.6) or mean 1 1 (105.1) SD

of CBRBP/CBF AI obtained in healthy volunteers, respectively.
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Supplemental Figure 1 shows ROC curves of the
CBRBP/CBF AI and the CVR to acetazolamide in the
affected hemisphere, which can be taken as a measure of
their ability to predict development of new postoperative
neurologic deficits. The ROC area of the CBRBP/CBF AI
(0.892; 95% CI, 0.815–0.941) was significantly greater than
that of the CVR (0.737; 95% CI, 0.647–0.813) (P , 0.05).
Sensitivity and specificity for the CBRBP/CBF AI in the

cutoff point lying closest to the left upper corner of the ROC
curve in predicting development of new postoperative
neurologic deficits were 100% (4/4) and 69% (75/108)
(cutoff point, 105.1: the mean 1 SD of the control value
obtained from healthy subjects), respectively (Supplemental
Fig. 1). In the cutoff point, positive and negative predictive
values were 11% (4/37) and 100% (75/75), respectively.

Factors Related to Post-CEA Hyperperfusion

Results of univariate analysis of factors related to the
development of cerebral hyperperfusion after CEA are
summarized in Table 2. The preoperative CBRBP/CBF AI
was significantly higher and the CVR in the affected hemi-
sphere was significantly lower in patients with post-CEA
hyperperfusion than in those without. Other variables were
not significantly associated with the development of post-
CEA hyperperfusion. After closely related variables in the
univariate analyses were eliminated, the following con-
founders (P , 0.2) were adopted in the logistic regression
model for the multivariate analysis: symptomatic lesions,
degree of ICA stenosis, and preoperative CBRBP/CBF AI.
The multivariate analysis revealed that high preoperative
CBRBP/CBF AI was significantly associated with the
development of postoperative cerebral hyperperfusion
(95% CI, 1.244–2.252; P 5 0.0007).
Figure 3B illustrates ROC curves of the CBRBP/CBF AI

and the CVR in the affected hemisphere, which can be
taken as a measure of their ability to predict development
of post-CEA hyperperfusion. There was no significant dif-
ference when comparing the ROC area of the CBRBP/CBF
AI (0.925; 95% CI, 0.860–0.966) and that of the CVR
(0.954; 95% CI, 0.897–0.985).
Sensitivity and specificity for the CBRBP/CBF AI in the

cutoff point lying closest to the left upper corner of the
ROC curve in predicting development of post-CEA hyper-
perfusion were 85% (11/13) and 92% (91/99) (cutoff point,
107.6: the mean 1 1.5 SDs of the control value obtained
from healthy subjects), respectively (Figs. 3B and 4). In the
cutoff point, positive and negative predictive values were
58% (11/19) and 98% (91/93), respectively.

DISCUSSION

The present study demonstrated that preoperative CBRBP/
CBF images on SPECT can more accurately identify patients at
risk for cerebrovascular complications occurring during or after
CEAwhen compared with preoperative CVR to acetazolamide.
Hemodynamic compromise due to chronic cerebral ische-

mia in ICA stenosis implies an inadequate collateral blood

flow to maintain the CBF against a further decrease in
perfusion pressure. Because ICA clamping during CEA may
cause a critical reduction of cerebral perfusion in the area
with the hemodynamic compromise, cerebral ischemic events
may develop more frequently in patients with hemodynamic
compromise than in those without. One study reported that
reduction of preoperative cerebrovascular reactivity to acet-
azolamide measured by brain perfusion SPECT correlates
with a high risk of significant cerebral ischemia during ICA
clamping (19).

Microembolic signals on intraoperative transcranial
Doppler monitoring of the MCA are detected in more than
90% of patients undergoing CEA (4,5). In particular, there
is a significant correlation between the number of micro-
embolic signals during dissection of the carotid arteries and
development of new postoperative ischemic lesions on DWI
(4–9). According to the concept proposed by Caplan and
Hennerici (40), preexisting hemodynamic impairment may
facilitate the onset of ischemia due to emboli generated
from a proximal lesion. One study has demonstrated that
reduction of preoperative cerebrovascular reactivity to ace-
tazolamide measured by brain perfusion SPECT predicts
the development of new postoperative cerebral ischemic
lesions on DWI that are caused by microemboli generated
during carotid dissection in CEA (20).

Mechanisms for the development of post-CEA hyper-
perfusion have been proposed as follows (14): severely
reduced cerebral perfusion pressure due to severe ICA
stenosis and deficient collateral circulation may lead to
maximal dilation of resistance vessels by cerebrovascular
autoregulation; after restoration of normal perfusion pres-
sure after CEA, chronically impaired autoregulatory mech-
anisms may require several days to adjust to the new steady
state, resulting in hyperperfusion in the interim. Several
investigators have demonstrated that reduction of preoper-
ative cerebrovascular reactivity to acetazolamide measured
by brain perfusion SPECT predicts the development of cere-
bral hyperperfusion after CEA (21–24).

The present study demonstrated that high preoperative
CBRBP/CBF AI was a significant independent predictor of
both postoperative new cerebral ischemic events and post-
CEA hyperperfusion. Because high CBRBP/CBF AI sug-
gests the presence of misery perfusion in the affected
hemisphere (33) and resistance vessels maximally dilate
due to autoregulatory mechanisms in the misery perfusion,
our findings support the theory that preoperative hemody-
namic impairment is associated with development of cere-
bral ischemic events due to intraoperative emboli as well as
significant hemispheric hypoperfusion during ICA clamp-
ing and that cerebral hyperperfusion results from loss of
normal vasoconstriction secondary to chronic cerebral
ischemia and maladaptive autoregulatory mechanisms.

The ROC analysis in the present study showed that
although the ability to predict development of post-CEA
hyperperfusion was similar when comparing CBRBP/CBFAI
and preoperative CVR to acetazolamide, the former value
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predicted development of new postoperative cerebral ischemic
events more accurately than did the latter value. The CBRBP/
CBF AI also more accurately predicted development of new
neurologic deficits immediately after surgery, regardless of
whether there were new postoperative cerebral ischemic
lesions on DWI. Severe preoperative impairment in cerebral
hemodynamics is associated with even worse cerebral hemi-
spheric hypoperfusion during ICA clamping or in the context
of cerebral ischemia due to emboli generated from the surgical
site (19,20). In the physiologic process known as cerebrovas-
cular autoregulation, misery perfusion is a state of severe
hemodynamic impairment (35). Although there is a significant
negative correlation between OEF and CVR to acetazolamide,
the decrease in CVR and the increase in OEF do not always
parallel each other: less than 50% of patients with reduced
CVR have an elevated OEF corresponding with misery perfu-
sion (41). In contrast, CBRBP/CBF AI on SPECT provides
high sensitivity and high specificity for detection of elevated
OEF in the cerebral cortex in patients with chronic unilateral
major cerebral artery occlusive disease (33). The difference in
the accuracy between CBRBP/CBF AI and CVR for the
detection of misery perfusion may also explain the difference
between these 2 parameters in their ability to predict new
postoperative cerebral ischemic events. Thus, CBRBP/CBF
AI may be a useful and alternative SPECT method of predict-
ing the cerebrovascular complications associated with CEA
that does not require administration of acetazolamide (with
its frequent and various adverse side effects).
The present study possesses several limitations that require

discussion. First, the present study included only patients with
unilateral ICA stenosis and used affected side–to–contra-
lateral side asymmetry on CBRBP/CBF SPECT images to
detect hemodynamic impairment in the affected cerebral
hemisphere. However, impairments in cerebral hemodynam-
ics are more severe in patients with bilateral ICA stenoocclu-
sive disease than in those with unilateral ICA stenosis (42),
and impairments in bilateral cerebral hemodynamics in

patients with bilateral major cerebral arterial occlusive dis-
ease may not be detected by the present SPECT method us-
ing affected side–to–contralateral side asymmetry. Although
absolute quantification of CBRBP using SPECT has been
reported (28), this issue of whether CBRBP/CBF values
quantified by this method in patients with bilateral ICA steno-
sis predict development of the cerebrovascular complications
associated with CEA remains unclear. Second, normal values
were obtained from healthy subjects who were younger than
patients with occlusive disease. However, affected–to–con-
tralateral side asymmetry was used to determine CBRBP/
CBF value in the affected cerebral hemisphere, which may
have minimized the effect of age difference between the 2
populations in the present study.

CONCLUSION

Preoperative CBRBP/CBF images on SPECT more accu-
rately identify patients at risk for cerebrovascular complica-
tions occurring during or after CEA when compared with
preoperative CVR to acetazolamide.
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