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Prediction of Postoperative Cerebral Infarction

after Cardiovascular Surgery Using Quantitative
Measurement of Cerebral Blood Flow with Brain
Single-Photon Emission Computed Tomography

Hiroshi Tomoeda, MD, PhD,' Keita Mikasa, MD,2 Shingo Chihara, MD, PhD,3
Kentaro Sawada, MD, PhD,# and Hiroyuki Tanaka, MD, PhD>

Prediction of postoperative cerebral infarction after cardio-
vascular surgery is difficult. The present study investigated
whether quantitative evaluation of preoperative cerebral
blood flow used in the Japanese EC-IC Bypass Trial (JET)
study is useful for the prediction of postoperative cerebral
infarction after cardiovascular surgery. First, patients were
divided into two groups based on preoperative cerebral
blood flow. In an evaluation using preoperative imag-
ing, patients with good or mildly decreased preoperative
cerebral blood flow, divided into clinical stage | or Il by
quantitative evaluation showed no postoperative cerebral
infarction. However, 24% of patients with poor cerebral
blood flow who were categorized as clinical stage Il, experi-
enced postoperative cerebral infarction. The incidence rate
was not statistically significantly different when the groups
were compared. Second, patients were divided into two
groups based on the anatomical area of the brain affected
corresponding to clinical stage Il. Patients with a 10% and
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greater brain involvement had a significantly higher inci-
dence of postoperative cerebral infarction (38%) compared
to others (0%, p<0.01). This method may be useful for the
prediction of postoperative cerebral infarction after cardio-
vascular surgery, but a further prospective study is needed.
(This is a translation of | Jpn Coll Angiol 2017; 57: 125-133.)

Keywords: postoperative cerebral infarction, cardiovascular
surgery, JET-study, brain SPECT

Introduction

Cerebral infarction following cardiovascular surgery
reduces patient’s quality of life (QOL), increases mortal-
ity, prolongs hospital stay, and increases medical costs.
Consequently, stroke is a primary factor that determines
whether surgery should be performed. With the recent in-
crease in age of patients receiving cardiovascular surgery,
postoperative neuropathy complications pose a problem.
For reducing the incidence of these complications, various
studies on surgical procedures and the use of intraopera-
tive cerebral blood flow monitoring have been conducted.
However, it is difficult to evaluate the risk of stroke purely
on the basis of the morphological findings of blood ves-
sels using preoperative computed tomography (CT) and
magnetic resonance imaging (MRI), and there are no
established evaluation methods. The JET study! was the
first worldwide study to obtain evidence of the clinical
effectiveness of superficial temporal artery (STA)-middle
cerebral artery (MCA) bypass in the field of brain surgery,
and we examined whether the cerebral blood flow mea-
surement used in that study can serve as a useful measure
for predicting the onset of postoperative stroke.

Subjects and Methods

Methods

A total of 535 patients had undergone elective cardiovas-
cular surgery at the Department of Surgery of Kurume
University Hospital between June 2009 and February
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2012. We excluded patients who underwent direct manip-
ulations of the cervical branch, such as selective cerebral
perfusion, and patients who were determined to require
carotid endarterectomy (CEA) on close examination
preoperatively and thus underwent CEA for carotid ste-
nosis. Lastly, we included the remaining 33 patients who
exhibited =50% stenosis on the left or right or bilateral
carotid arteries on carotid ultrasonography using a linear
probe [according to the method in the European Carotid
Surgery Trial (ECST)] performed for preoperative ex-
amination, and who provided consent to undergo cerebral
blood flow measurement. Carotid ultrasonography was
performed using prosound 2 (Aloka) with a linear probe
set to 10 MHz.

Preoperative cerebral blood flow was measured in these
33 patients using the method described in the above-
mentioned Japanese extracranial-intracranial Bypass Trial
(JET) study.

Unlike brain single photon emission computed tomog-
raphy (SPECT), which is frequently used, this method of
measuring cerebral blood flow levels involved obtaining
cerebral blood flow measurements on the basis of brain
SPECT values of different locations at rest and with a
venous infusion loading of 1,000 mg of acetazolamide. On
combining the blood radiation level measurements from
arterial blood samples while obtaining SPECT measure-
ments, the cerebral blood flow level can be measured per
minute for different locations of the brain, and the rate
of increase in cerebral blood flow upon acetazolamide
loading can be measured. The rate of cerebral blood flow
measured and the rate of increase in cerebral blood flow
(cerebral blood flow reserve) on acetazolamide loading
were classified into stages 0-II according to the severity as
per the classification of hemodynamic cerebral ischemia.?)
This classification was rendered into three-dimensional
(3D) images of the brain that indicated the risk of isch-
emia for each location of the brain.

Stage 0 cerebral blood flow is shown in pale green on
3D images of the brain in patients with normal-to-reduced

cerebral blood flow at rest, with a =30% increase in ce-
rebral blood flow displayed upon acetazolamide loading;
stage 0 is the most favorable cerebral blood flow in the
staging classification. Stage I, which indicates cerebral
blood flow between stages 0 and I, is shown in dark green
on 3D images in patients with normal cerebral blood flow
at rest, and it displays a 10%-30% increase in cerebral
blood flow upon acetazolamide loading. Stage II indicates
locations with the highest risk of ischemia in the classifica-
tion and is shown in orange on 3D images in patients with
a cerebral blood flow at rest of at least 20% less than the
normal mean; stage II displays a <10% increase in cere-
bral blood flow upon acetazolamide loading.

Precautions are exercised for patients with stage II
cerebral blood flow in whom cerebral blood flow and
blood flow reserve are judged to be poor preoperatively. If
possible, in coronary artery bypass surgery, we performed
off-pump bypass surgery, wherein postoperative stroke
onset is considered unlikely, and for operations using a
cardiopulmonary bypass (CPB) pump, we adopted mea-
sures that increase the CPB flow rate during extracorpo-
real circulation.

The present study was conducted with the approval of
the ethical review board of the Kurume University School
of Medicine, and written consent was obtained from each
study subject after a thorough explanation of the study.

Subjects

The sample population consisted of 33 patients aged
54-84 (68.7*8.54) years, including 23 males and 10
females.

In the 33 subjects, the mean rate of stenosis on carotid
ultrasonography (in the event of bilateral stenosis, the
more severe side) was 70.6% *=24.1% on the basis of the
linear probe method (ECST method) and 77.5% *17.7%
based on the area method.

Tables 1 and 2 present the preoperative patient back-
ground data according to each stage of cerebral blood
flow classification.

Table 1 Clinical characteristics and operative procedure at each clinical stage according to quantitative cerebral blood flow
Number of patients Age Sex (M/W) Operative procedure
Stage 0 5 71.6+£10.1 3/2 Valvular 2
CABG (on pump) 1
OPCAB 2
Stage | 4 70.2+6.2 2/2 Valvular 2
OPCAB 1
OPCAB 1 1
Stage Il 24 67.8+8.7 18/6 Valvular 5
CABG (on pump) 5
OPCAB 10
Others 4
512 Annals of Vascular Diseases Vol. 11, No. 4 (2018)



Prediction of CI after CVS Using SPECT

Table 2 Clinical characteristics at each clinical stage according to quantitative cerebral blood flow

Number of patients preOP T-LOC  preOP diz

% sten of cerebral L

% sten of cerebral A % severe stenosis of ICA

Stage 0 5 0 0

Stage | 4 0 0

Stage Il 24 4 2

74.3+17.4

64.9+11.8

69.0£19.9

81.6+14.8 BSCA 60%
Basilar artery 0%
ACA 0%
MCA 60%
BSCA 50%
Basilar artery 0%
ACA 0%
MCA 60%
BSCA 43%
Basilar artery 13%
ACA 22%
MCA 39%
PCA 4%

69.0£9.5

77.6%£19.3

preOP T-LOC: preoperative transient loss of consciousness; preOP diz: preoperative dizziness; % sten of cerebral L: percentage of ECST
stenosis (more severe side); % sten of cerebral A: percentage of stenotic area of cerebral artery (more severe side); % severe stenosis of
ICA: percentage of severe stenosis of intracranial artery (more severe side); BSCA: the base of the skull at the carotid artery; ACA: anterior
cerebral artery; MCA: middle cerebral artery; PCA: posterior cerebral artery

The patients underwent MRI of the head preoperatively
and early postoperatively (within six days following sur-
gery). In the early stage, image diagnosis was abandoned
for four patients in whom early postoperative MRI could
not be performed for reasons including the inability to
remove the extracorporeal pacing wire within six days
following surgery. In the patients in whom the pacing wire
could not be removed after that, postoperative head CT
was performed, and the presence or absence of periopera-
tive stroke was determined by comparing pre- and postop-
erative CT images. MRI of the head was performed using
a Signa HDxt1.5T from GE Healthcare Japan, and CT of
the head was performed using a LEMAGE SX/E from GE
Healthcare Japan. To determine the rate of severe stenosis
of intracranial arteries as shown in Table 2, severe stenosis
was diagnosed when patients in each cerebral blood flow
classification stage had lesions with approximately =75%
stenosis in each location of the intracranial arteries on
MRI imaging. Furthermore, on the plain CT of the chest
performed for close examination preoperatively, none of
the 33 patients exhibited clear abnormality of the ascend-
ing aorta.

Results

For each patient, the cerebral blood flow reserve on the
basis of the cerebral blood flow measurement was clas-
sified into stages for each brain location. These measure-
ments were rendered into a 3D model of the brain. In
some patients, different brain locations displayed different
stages of cerebral blood flow. First, on the basis of the
cerebral blood flow reserve classifications of each pa-
tient, we conducted an analysis wherein the worst stage

of classification was defined as that patient’s cerebral
blood flow stage. Nine of the 33 patients were classified
as stage 0 or I, and 24 patients were classified as stage II.
We conducted a statistical examination for determining
whether there was a significant difference in the degree
of stenosis on a preoperative carotid ultrasonography
between nine patients with stage 0 or I and 24 patients
with stage II. The degree of carotid artery stenosis on the
side with severe stenosis in the nine patients with stage 0
or I was 70.3% *+14.9% on the basis of the linear probe
(ECST method) and 76.9% *13.9% on the basis of the
area method. However, for the 24 patients with stage
II, the degree of stenosis on the side with severe steno-
sis was 69.0% +=19.9% on the basis of the linear probe
(ECST method) and 77.6% *19.3% on the basis of the
area method. The degree of stenosis in these patients was
examined using a Wilcoxon rank sum test because of the
absence of a normal distribution on the Shapiro-Wilk test.
The results revealed p=0.49 and p=0.63, respectively,
and no significant difference was observed. The analyses
were performed using JMP 10 (Version 10.01) software
(SAS Inc.).

Next, in the 24 patients with stage II cerebral blood
flow based on scintigraphy, we examined whether the
sides with severe carotid stenosis on carotid ultrasound
using a linear probe (ECST method) and with severe hemi-
sphere due to cerebral ischemia based on cerebral blood
flow scintigraphy (the hemisphere with the largest portion
of the surface area classified as stage 1) tended to be sta-
tistically consistent. Furthermore, when the left-right dif-
ference in the rate of carotid artery stenosis was <10%, it
was considered bilateral stenosis, and when the left-right
difference in the proportion (%) of the surface area of the
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hemisphere classified as stage II based on cerebral blood
flow scintigraphy was <10%, it was considered bilateral
ischemia. The results revealed that out of the 24 patients
with stage II, bilateral stenosis on carotid ultrasonography
and bilateral ischemia on cerebral blood flow scintigraphy
were observed in four patients, right predominance on
ultrasonography and bilateral ischemia on scintigraphy
were observed in six patients, left predominance on ultra-
sonography and bilateral ischemia on scintigraphy were
observed in six patients, and other results were observed
in eight patients. In total, 58% of the patients showed
bilateral ischemia on scintigraphy, and Fisher’s test using
the EZR software (Version 1.32)3) revealed no constant
statistical tendency in unilateral stenosis and bilateral ste-
nosis based on ultrasonography or in unilateral ischemia
and bilateral ischemia based on cerebral blood flow scin-
tigraphy (p=0.48).

Furthermore, we examined the rate of postoperative
stroke onset for each ischemia stage classification. Among
the 33 patients overall, nine patients were stage 0 or stage
I, and none of these nine patients showed neurologic
symptoms suggestive of postoperative stroke. Among
these nine patients, imaging was performed for early
postoperative stroke examination in eight patients (MRI
in six patients and CT in two patients), which revealed no
perioperative stroke.

Next, we examined stage II patients with cerebral
ischemia. Among the 33 patients, 24 patients were stage
II, and one patient exhibited postoperative stroke ac-
companied with neurological symptoms (case 1 described
below). The rate of postoperative stroke onset identified
according to postoperative neurological symptoms was
4%. Postoperative imaging was performed in 21 of the
24 patients to determine the presence of stroke (MRI in
20 patients and CT in 1 patient), and stroke was observed
on the diagnostic imaging of five patients including case
1. The rate of stroke onset according to image diagnosis
was 24%. In particular, examination of the patients who
underwent off-pump bypass surgery only reveal that
perioperative stroke was observed on diagnostic imaging
in three out of the 10 patients with stage II (nine patients
underwent postoperative image diagnosis); the rate of
postoperative stroke onset according to such diagnostic
imaging was high (33%).

We tested whether there was a statistically significant
difference in the rate of postoperative stroke onset be-
tween the eight patients with stage 0 or I and the 21 pa-
tients with stage Il who underwent imaging for postopera-
tive stroke diagnosis. For the statistical analysis, Fisher’s
test was performed; however, no significant difference was
observed (p=0.28) (analysis using EZR).?)

To investigate in further detail, we tested whether there
was a significant difference in the rate of postoperative

stroke onset between patients in whom stage II cerebral
blood flow accounted for =10% of the surface area of
the left hemisphere, right hemisphere, or bilaterally [the
mean proportion of the location area showing stage II of
the anterior cerebral artery (ACA) region, middle cerebral
artery region, and posterior cerebral artery (PCA) region,
respectively], and patients with stage II cerebral blood
flow in <10% of the bilateral hemisphere surface area.

Postoperative stroke did not occur in any of the 16
patients with stage 0 or I who underwent postopera-
tive diagnostic imaging (n=8) or who displayed stage II
in parts of the brain (n=38); however, stage II cerebral
blood flow occurred in <10% of the surface area in the
bilateral hemispheres. In the 13 patients who underwent
postoperative diagnostic imaging, stage II cerebral blood
flow occurred in =10% of the area of the left hemisphere,
right hemisphere, or bilateral hemispheres on preopera-
tive cerebral blood flow scintigraphy; of these 13 patients,
postoperative stroke was observed in five patients, and
the rate of postoperative stroke onset was 38%. The re-
sults of Fisher’s test using the EZR method? revealed that
compared with the group with stage II cerebral blood flow
in <10% of the left hemisphere, right hemisphere, or bi-
lateral hemispheres, the group with stage II cerebral blood
flow in =10% of those areas was statistically significantly
prone to stroke (p=0.01). We also examined whether
there was a statistically significant difference in the degree
of carotid artery stenosis (linear probe and area method on
the severe side) between the group with stage II cerebral
blood flow in =10% of the area and the group with stage
II cerebral blood flow in <10%; however, the t-test used
in this study revealed no statistically significant difference
with both the linear probe and area methods (p=0.93 and
p=0.32, respectively, using the EZR method?).

Table 3 presents the patient backgrounds of the five
patients with postoperative stroke onset determined by
neurological symptoms and diagnostic imaging. Cerebral
blood flow scintigraphy images and postoperative stroke
images of each patient are presented (cerebral blood flow
scintigraphy images: Figs. 1a—5a, postoperative stroke im-
ages: Figs. 1b-5b).

In many of the patients who presented with stroke on
the images above, the location of stroke onset was the
region classified as stage Il with poor cerebral blood flow
on the cerebral blood flow scintigraphy, which is called
the watershed zone. This location corresponds with the
boundary of the area that supplies blood flow to each
cerebral artery, which is believed to be prone to the poor-
est cerebral blood flow. Furthermore, in cases 2 and 3
mentioned above, as expected, preoperative scintigraphy
revealed small infarctions in two locations, including one
site each in area considered to be a watershed zone in loca-
tions classified as stage II.
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Table 3 Characteristics and important factors of the patients with postoperative cerebral infarction

Case Age/Sex Symp./anomaly P.O. Diagnosis OP.procedure ;:cljg\? (? fe'i:;'. Ie';/ligz;"zt:tr;r\. Posto:le:zratlve Ffz Isr]t;):t.al\?lzl

1 61/Male dyspnea CAD 3VD OPCABx3 No/Yes Lt ICA/50% No Fig. 1a/Fig. 1b

2  65/Male vertigo ASO Ao-bif Bypass No/No Rt CCA/79% No Fig. 2a/Fig. 2b

3 57/Male angina and dyspnea CAD OPCABx2 No/No Lt CCA/50% No Fig. 3a/Fig. 3b
LMT+1VD

4 72/Male  dyspnea and leg edema CAD OPCABx4 No/Yes Rt ICA/100% No Fig. 4al/Fig. 4b
LMT+1VD

5 69/Male abnormal electrocardiogram CAD CABGx4 Yes/Yes Lt ICA/53% No Fig. 5a/Fig. 5b
LMT+3VD

Symp./anomaly P.O.: clinical symptom or anomaly pointed out; OP.procedure: operative procedure; Ao-bif Bypass: aortobifemoral artery
bypass grafting; Clamp of Asc. Ao: clamp of ascending aorta; SVG empl.: employment of saphenous vein graft anastomosed to the as-
cending aorta; %sten: percentage stenosis of carotid artery; ICA: internal carotid artery; CCA: common carotid artery; Most sten. lesion
of carotid art.: most stenotic lesion of carotid artery; Clin. stage: figure of clinical stage classification of quantitative cerebral blood flow;
Postop. MRI: figure of postoperative brain magnetic resonance imaging

FTI
QQQ@QQQ@.
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Y YYXELY D
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Fig. 1 a) Clinical stage classification of quantitative cerebral blood flow in case 1. Clinical
stage Il is shown for the lateral ventricle on both sides. b) Postoperative MRI in case
1. The MRI shows an acute infarction in the lateral ventricle on both sides.
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Fig. 2 a) Clinical stage classification of quantitative cerebral blood flow in case 2. Clinical
stage Il is shown in the left temporal lobe. b) Postoperative MRI in case 2. The MRI
shows an acute infarction in the watershed area of the left anterior and middle cerebral

artery.

Discussion

The reported incidence of stroke is 1.5%-3% after coro-
nary artery bypass surgery using CPB and 3%-6% after
prosthetic valve replacement. Stroke following cardiovas-
cular surgery may decrease patient QOL, increase mortal-
ity, prolong hospital stay, and increase medical expenses,
making it a primary factor in determining whether surgery

is performed or not.

Nakai et al. reported that there are four possible onset
mechanisms of stroke as follows¥: 1) a plaque-induced
thrombotic mechanism such as plaque disruption, plaque
erosion, and intraplaque hemorrhage; 2) a so-called
embolus-induced mechanism, with emboli matter moving
artery-to-artery from the major arteries within and out-
side of the cranium; 3) a mechanism involving low perfu-
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Fig. 3 a) Clinical stage classification of quantitative cerebral blood flow in case 3. Clinical
stage Il is shown in the right parietal and posterior lobe. b) Postoperative MRI in case

3. The MRI shows an acute infarction in the watershed area of the right parietal and
posterior lobe.
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a) Clinical stage classification of quantitative cerebral blood flow in case 4. Clinical
stage Il is shown in the watershed area of the right middle and posterior cerebral
artery. b) Postoperative MRI in case 4. The MRI shows another acute infarction in the
watershed area of the right parietal and posterior lobe.
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Fig. 5 a) Clinical stage classification of quantitative cerebral blood flow in case 5. Clinical
stage Il is shown in the posterior of the right ventricle. b) Postoperative MRI of case 5.
The MRI shows an acute infarction in the in the posterior of the right ventricle.

sion pressure caused by low blood pressure and/or severe
stenosis; and 4) the occlusion of penetrating branches
caused by plaque growth on a major artery wall.

In the context of stroke occurring after cardiovascular
surgery, and specifically considering the intraoperative
progression of atherosclerosis in 4), we believe that the
intraoperative growth of arterial plaque is unlikely and is
thus not highly important to consider as a cause of stroke.
Therefore, we believe that perioperative stroke including
intraoperative stroke can be examined by applying the

three factors above, excluding 4).

To avoid postoperative stroke after cardiovascular
surgery caused by factors 1)-3), we implemented coun-
termeasures such as identifying the location of plaque
in the ascending aorta, performing manipulations of the
proximal anastomosis site of the bypass graft with care,
and using the aorta non-touch method>¢); however, it is
difficult to completely eliminate postoperative stroke.

With recent developments and popularization of cere-
bral blood flow measurement methods, successive reports
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have indicated that even in patients with the occlusion
of the major cerebral arterial trunks, hemodynamically,
patients in a state of cerebral ischemia are significantly
prone to the recurrence of cerebral ischemia symptoms in
the future.”-12)

In the field of cardiovascular surgery, procedures using
CPB or performed under cardiac arrest cause blood pres-
sure to drop intraoperatively. Moreover, during off-pump
coronary artery bypass, displacement of the heart causes
cardiac output (CO) to decrease even if blood pressure
is maintained using drugs, which results in a state prone
to intraoperative cerebral ischemia caused by the stroke
onset described in mechanism 3) by Nakai et al.

In the present study, all patients who developed stroke
underwent only plain CT for preoperative close exami-
nation. Therefore, there may have been some patients in
whom the lumen of the ascending aorta was character-
istically poor; thus, we cannot rule out the possibility
of stroke caused by embolus matter from the ascending
aorta. However, even if an infarction is caused by an
embolus from within the heart, the ascending aorta, or
carotid artery, it is assumed that the embolus causing the
infarction often arises in areas with good blood flow of
stage 0 on cerebral blood flow evaluation. Regarding the
possibility of stroke onset from an intra-atrial thrombus
as another conceivable major cause of perioperative
stroke, during the period until postoperative brain imag-
ing, none of our patients who exhibited stroke had devel-
oped perioperative atrial fibrillation. Thus, it is unlikely
that an intra-atrial thrombus developed, and even if stroke
developed in this manner, it is assumed that it would occur
in stage 0 areas.

Perfusion pressure, specifically cerebral hemoperfu-
sion (HP), is produced by the heartbeat, and the pressure
obtained in this manner reflects systemic blood pressure
(BP). This systemic BP is primarily the pressure measured
in the upper arm arteries and radial artery. Cerebral tis-
sue perfusion is performed with this systemic BP as the
pressure source; however, if there is stenosis in the arter-
ies supplying the cerebral tissue, the stenosis can cause
loss of pressure and subsequently cause the peripheral
perfusion pressure to decline. The Willis arterial circle is
located within the brain, and when there is no hypoplasia
in this arterial circle, even if there is stenosis in the carotid
artery on one side, it is possible that cerebral ischemia
will not occur because the bilateral cerebral arteries are
perfused by HP from the contralateral carotid artery via
the Willis arterial circle. Furthermore, the Willis arterial
circle includes HP from the vertebral arteries, and it is
believed that whether cerebral ischemia is observed due to
the presence or absence of carotid artery stenosis alone is
attributed to the stenosis location and the state of blood
flow via the arterial circle. Depending on the situation, we

Prediction of CI after CVS Using SPECT

believe that cerebral ischemia can occur even with normal
systemic BP in the presence of carotid artery stenosis and
hypoplasia of the Willis arterial circle. The cerebral arter-
ies other than those in the arterial circle are essentially
functional end-arteries. Therefore, when there is stenosis
in arteries other than those in the arterial circle, the pe-
ripheral perfusion pressure may decline. In such instances,
even if systemic BP is normal, it is possible that cerebral
tissue pressure will decline, and ischemia will occur due to
hypoperfusion in the cerebral tissue. Thus, in this study,
we used cerebral blood flow scintigraphy as the examina-
tion method to quantitatively detect the location believed
to have developed hypoperfusion.

In cerebral blood flow scintigraphy, locations classified
as stage Il are hemodynamically evaluated as misery perfu-
sion. Until systemic BP drops below 60 mmHg in patients
who do not usually have problems with cerebral blood
flow, arterial dilatation occurs so that cerebral blood flow
does not decline with the drop in systemic BP to compen-
sate for cerebral blood flow. However, in patients with
stage II, the compensatory mechanism via blood vessel
dilatation does not function due to the influence of cere-
bral arterial stenosis caused by atherosclerosis, and at the
time of preoperative cerebral blood flow scintigraphy, ce-
rebral blood flow has already declined. In those patients, it
is reported that, the oxygen uptake efficiency of brain cells
has already been increased to avoid stroke onset caused
by poor blood flow.!3) Thus, we believe that, in such tissue
where the oxygen uptake efficiency is already increased, a
further decline of blood flow during operative procedure
might increase the possibility of stroke.

On the basis of the postoperative imaging results of
our study, stroke only appears in stage II cases by mea-
suring cerebral blood flow levels on cerebral blood flow
scintigraphy. Moreover, it reveals that patients with stage
IT cerebral blood flow occupying a large area of the corti-
cal surface are prone to stroke. Furthermore, regarding
the location of stroke onset, most infarctions occurred
in the watershed area where cerebral blood flow is likely
the poorest. If the stroke is caused by an embolus, it is
considered highly probable that the embolus flowed to
a location with good blood flow on cerebral blood flow
scintigraphy and that stroke occurred in this location. In
the present study, we believe that it is highly probable that
stroke occurred in a location different from the location
of stroke onset.

Considering the timing of stroke onset, our institution
attempted to maintain the systolic blood pressure (SBP) at
least =80 mmHg during off-pump bypass surgery. In the
present study, although patients who exhibited infarction
on postoperative imaging displayed intraoperative BP de-
creases to around 70 mmHg for approximately 5—10 min,
in general, BP was maintained at =80 mmHg, and accord-
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ing to the postoperative ICU charts of cases 1-5, SBP was
generally maintained at =90 mmHg.

In all patients, the SBP at the time of low intraoperative
BP was lower than the SBP reported in the ICU.

Although such changes in BP are considered difficult to
completely avoid in off-pump bypass surgery, stroke may
be caused by a further intraoperative decline in the BP of
brain tissue that already had misery perfusion on preop-
erative normal BP testing.

During this examination of stroke, we did not conduct
intraoperative measurements of brain tissue oxygen satu-
ration (SO,), and we could not identify the time when the
brain tissue SO, was the lowest. However, on the basis
of the time when the cerebral perfusion pressure was the
lowest, the stroke onset was more likely to have occurred
intraoperatively than postoperatively.

In the patients in this study, the rate of stroke onset fol-
lowing off-pump bypass surgery based on postoperative
imaging was 33%. If perioperative BP, including intra-
operative BP, were to decline further, we believe that the
incidence of perioperative stroke would increase and lead
to asymptomatic stroke onset.

We can reach some conclusions on the basis of the pres-
ent findings to help prevent perioperative stroke. Patients
in whom preoperative cerebral blood flow measurements
reveal that stage II cerebral blood flow occurs in =10%
of the hemisphere surface area when performing coronary
artery bypass, there is a high rate of postoperative stroke
onset. As a countermeasure in preventing stroke, perform-
ing off-pump coronary artery bypass graft (CABG) alone
may be insufficient. Further examination of surgery per-
formed with an increased CPB pump flow rate and main-
taining a high flow rate for the CPB pump under cardiac
arrest may be necessary to determine whether this proto-
col could lead to the prevention of intraoperative stroke.

Lastly, for the cerebral blood flow levels measured by
cerebral blood flow scintigraphy in the present study, five
days were necessary for the tests with interval three days
between the two scintigraphy scans. Furthermore, because
radioisotopes are used, the test requires prior planning,
which is not easy for all subjects. Therefore, we were
forced to narrow down the number of study subjects,
without overlooking postoperative stroke as much as pos-
sible. The subject sample was limited to those with carotid
artery stenosis of 50% and who provided consent. Thus,
the present study only included 33 patients.

In the present study, the proportion of 10% of the ce-
rebral hemisphere area displaying stage II cerebral blood
flow was defined as the criteria for predicting the onset
of postoperative stroke. For patients who exhibited pre-
operative lacunar infarction only, postoperative imaging
revealed no onset of stroke, and the mentioned preop-
erative lacunar infarction was inferred to likely not be a

major risk factor of the risk of postoperative stroke onset.
In this respect, further examination is warranted; however,
anatomically, when infarction has already developed in
the small branches that causes lacunar infarction, it was
thought to be a possibility because there is little perfusion
in the more peripheral region. Therefore, to exclude this
possibility, we wanted to exclude small areas of ischemia
in the present study; thus, we excluded patients with stage
IT cerebral blood flow in <10% of cerebral hemisphere
areas from our analysis of the risk of postoperative stroke
onset. Consequently, we found that this measurement was
useful for the prediction of stroke with a statistically sig-
nificant difference.

However, at this point in time, it is impossible to de-
termine which percentage of the stage II area can predict
postoperative stroke with the most accuracy due to insuf-
ficient subject sample size. We believe that a future pro-
spective study is necessary.

Conclusion

Stroke following cardiovascular surgery may be caused by
an embolus or by low preoperative cerebral blood flow
reserve, with low intraoperative BP and CO.

The onset of postoperative stroke caused by low cere-
bral blood flow reserve is considered difficult to determine
by the degree of carotid artery stenosis on preoperative
examination alone.

The results of the present study reveal that, in patients
with =10% of the hemisphere area displaying stage II
cerebral blood flow as measured using the stereotactic
extraction estimation (SEE)-JET study method, the rate
of postoperative stroke is frequent with a statistically
significant difference. Thus, we believe that the cerebral
blood flow measurement method used in the present study
is useful for predicting the onset of stroke following car-
diovascular surgery.
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