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Summary. Cerebral blood flow (CBF) and cerebrovascu-
lar reserve capacity (CRC) were measured by stable
xenon computerized tomography (Xe-CT) and acetazola-
mide test in 15 patients with cerebrovascular disease be-
fore and after extracranial-intracranial (EC-IC) bypass
surgery for minor stroke, reversible ischemic neurological
deficit or transient ischemic attack. All had angiographi-
cally shown occlusive lesions of the major arterial trunk.
In the present series, global analysis showed that the by-
pass did not increase the resting rCBFE, but did increase the
rCRC. We divided the patients into four groups according
to the preoperative resting rCBF and rCRC. All 3 patients
with normal resting rCBF and reduced rCRC showed
postoperative improvement of rCRC. Of 6 patients with
reduced CBF and reduced CRC, three had postoperative
increase in resting CBF and four had increased CRC. One
of two patients with reduced CBF and normal CRC
showed only an increase in CRC. We propose that re-
duced CRC or reduced CBF with reduced CRC are crite-
ria for selection of candidates for bypass surgery. We con-
clude that Xe-CT with the Diamox test is a useful and
simple method for evaluating cerebral hemodynamics.
Preoperative grouping with a combination of preopera-
tive resting tCBF and preoperative rCRCis useful for pre-
dicting the effect of EC-1C bypass surgery.
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The report of the Extracranial-intracranial Arterial (EC-
IC) Bypass Study Group has demonstrated that this type
of surgery has little value for preventing subsequent
stroke [1]. However, this trial has been criticized for failing
to identify and separately analyze the subgroup of pa-
tients with reduction in regional cerebral perfusion pres-
sure distal to the symptomatic arterial lesion, who might
be likely to benefit from such surgery [2, 3].

Vorstrup et al. reported that resting cerebral blood
flow (CBF) was not changed in most patients after bypass

surgery because of preoperative matched low perfusion

(4]

Therefore, other forms of examination, for example,
oxygen extraction fraction (OEF), cerebral blood volume
(CBV), CO, response or acetazolamide (Diamox) re-
sponse, are needed for bypass evaluation [5-10]. Patients
with “misery perfusion”, decreased CO, response, in-
creased CBV/CBF or an acetazolamide-induced “steal ef-
fect” would belong to a subgroup that could benefit from
bypass surgery [5-10].

The aim of this study was to preoperatively identify
patients having a reduced CBF and/or reduced cerebro-
vascular reserve capacity (CRC) due to compromised
collateral circulation. For this purpose, stable xenon
computerized tomography (Xe-CT) and Diamox test
were used. In this paper, we also evaluate postoperative
changes in resting CBF and CRC, and propose criteria
for the selection of appropriate candidates for EC-IC by-
pass.

Materials and methods

This study included a consecutive series of 15 patients
who presented with cerebral ischemic symptoms
(Table 1). There were 13 males and 2 females ranging in
age from 46 to 71 years with a mean of 60 years. Clinical
presentations were transient ischemic attack (TIA) in
4 cases, reversible ischemic neurological deficit (RIND)
in 1 and minor stroke in 10. Indications for EC-IC bypass
surgery were based on the clinical symptoms and the find-
ings of angiography, CT scan and CBF measurement. All
patients had stenosis or occlusion of the internal carotid or
middle cerebral artery. Patients with a large infarct
(220 cm®) on CT were excluded from this study. Fifteen
EC-IC bypass operations were performed. These
included 4 single superficial temporal artery — middle
cerebral artery (STA-MCA) anastomoses, 3 double
STA-MCA anastomoses and 6 STA-proximal MCA anas-
tomoses. Postoperative angiography showed a patent by-
pass in all cases.
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Table 1. Summary of cases

Case Agel Clinical Angiographic CT findings ST-MC Outcome
sex diagnosis findings size of infarct anastomosis
1 STM TIA ICoc None Proximal NRA
2 SIM TIA ICoc None Proximal NRA
3 1M TIA ICoc None Single NRA
4 66 M Min str ICoc Small Double Improve
5 60 M Minstr ICoc Small Double Improve
6 59M Min str ICst None Single NRA
7 60 M Minstr 1Cst None Double NRA
8 64 M Min str ICoc +ICoc Moderate Proximal NRA
9 61 M Minstr ICoc +ICoc None Single Improve
10 59M Min str ICoc + ICst None Double NRA
1 46 M Min str MCoc Moderate Single NRA
12 61F Min str MCoc Small Proximal NRA
13 57F TIA MCst None Proximal NRA
14 64 M RIND MCst Small Proximal NRA
15 66 M Min str MCst Small Double NRA

TIA, transient ischemic attack; Min str, minor stroke; RIND, reversible ischemic neurological deficit; /C, internal carotid artery; MC, middle
cerebral artery; oc, occlusion; st, stenosis; NRA, no recurrent attack; S7, superficial temporal artery

Study protocol

The preoperative study was performed at least one month
after the onset of stroke: it was repeated one month after
surgery. The resting CBF studies were conducted on each
subject with the eyes closed. Tidal CO,, respiration rate,
pulse rate and blood pressure were monitored. After
measurement of resting CBE, an arterial blood sample
was obtained to measure hematocrit, pH and PaCO,, and
1g of Diamox was administered intravenously. Twenty
minutes after Diamox injection, a second CBF measure-
ment following the arterial blood sample was taken.

The CBF studies were conducted with a Somatom DR3
CTscanner (Siemens Medical Co.), aXetron III closed re-
breathing xenon inhalator (Anzai Sogyo Co.),an AZ-723-
XS end-tidal Xe monitor (Anzai Sogyo Co.) and EVAX
CBFimagingsoftware (SiemensMedical Co.). The theore-
tical background, validity and clinical applications of the
xenon-enhanced CT method of CBF imaging have been
discussed elsewhere [11]. Inbrief, after2baseline CT scans,
the patient inhales a 30% Xe/70% O, gas mixture through
aface mask, while aseries of CT scansisobtained according
to the inhalation protocol described below. Scan parame-
tersare 96 kVp, 680 mAs,a7-s scantime and an 8-mmslice
thickness. The inhalator is equipped with an interface
which provides automated transfer of the end-tidal xenon
data and synchronizes the time scales of the xenon inhala-
tor and the CT scanner. At the end of inhalation, the end-
tidal xenon concentration data stored in a microcomputer
are transferred automatically to the CT host computer,
where, combined with the hematocrit value, it is converted
into arterial xenon enhancement data. For calculating the
parameter images of flow and lambda, the two-parameter
optimization method described by Koeppe et al. is im-
plemented [12]. This method consists of a modified algo-
rithm which calculates a series of linear least-squares
instead of a single iterative nonlinearleast-squares calcula-
tion. In the first step, the convolution of the arterial xenon
concentration and the exponential function is calculated
for the expected range of k values and {or the times of the

enhanced scans and stored in a table. The parameter op-
timization step consists of a grid search technique to fit the
k value and a conventional least-squares fit for the flow, f.
Lambda is then simply derived by dividing k by £.

Data analysis

The resting mean rCBF, Diamox-induced mean rCBF and
rCRC of the middle cerebral artery distribution at the
level of the basal ganglia were calculated in all cases, both
pre- and postoperatively. CRC was defined as the dif-
ference between the Diamox-induced CBF and the rest-
ing CBF. We divided the patients retrospectively into four
groups according to the preoperative values of resting
rCBF and rCRC. Postoperative improvement of each par-
ameter was analyzed in each group (Table 2).

Group I resting CBF = 40 ml/100 g/min, CRC = 5 ml/
100 g/min, meaning that the patient has normal resting
CBF with normal CRC.

Group II: resting CBF = 40 ml/100 g/min, CRC <5 ml/
100 g/min. Normal resting CBF with decreased CRC
means that resting CBF is maintained by vasodilatation
against decreased perfusion pressure.

Group III:  resting CBF <40 ml/100 g/min, CRC=
5 ml/100 g/min. Decreased resting CBF with normal CRC
means that even in areas without low density on CT,
ischemic tissue damage has occurred and decreased meta-
bolic demand is linked to decreased resting CBF.

Group IV: resting CBF <40 ml/100 g/min, CRC<
5 ml/100 g/min. Decreased resting CBF with decreased

Table 2. Classification according to preoperative hemodynamics

Resting CBF CRC
Group I 240 ml zZ5ml
Group IT 240 ml <5ml
Group III <40 ml z5ml
Group IV <40 ml <5ml

CRC, cerebrovascular reserve capacity
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Table 3. Physiological parameters of 15 cases before and after bypass surgery*

Parameter Preoperative state Postoperative state
Resting Diamox Resting Diamox

No. of cases 15 15 15 15

MABP (mmHg) 101.2 + 2.8 993 £22 99.8 = 34 1009 + 3.7
pH 7.38+ 0.02 7.41+0.02 740 0.01 7.41+ 0.01
pO; (mm Hg) 307.0 £15.6 2944 £8.7 3253 +189 3062 £283
pCO, (mmHg) 386 = 0.9 348 *1.1 391 = 08 36.7 £ 0.8
Hematocrit 404 £ 1.0 411 =11 381 £ 1.0 390 £ 1.0

* Values are means * standard error
MABPF, mean systemic arterial arterial blood pressure

CRC means that in the region of interest, severe reduction
of perfusion pressure exceeding vasodilatation to main-
tain resting CBF has occurred. This group may include a
state of “misery perfusion”; CBF reduction with increased
OEF.

The values were expressed as mean + standard error in
ml/100 g/min. For statistical analysis, paired Wilcoxon test
was used, and differences at p < 0.05 were regarded as sig-
nificant. An increase in the resting rCBF or in the rCRC of
5 ml ormore after bypass surgery was considered to be sig-
nificant,

Normal control group

Eight normal volunteers with a mean age of 28 years were
examined for resting CBF and CRC values. The mean
rCBF and rCRC of the MCA territory at the level of the
basal ganglia were 60.4+3.1 ml/100 g/min and 19.0%
3.3 ml/100 g/min respectively.

Results

Regional cerebral blood flow and cerebrovascular reserve
capacity

Mean arterial blood pressure (MABP), blood gas values
and hematocrit showed no significant differences between
the preoperative and the postoperative groups (Table 3).

Changes in rCBF and rCRC are shown in Figs. 1 and 2.
The resting mean rCBF in the affected MCA area before
bypass surgery was 37.3 £2.6 ml/100 g/min (Fig. 1). After
the bypass surgery, the resting mean rCBF was
34.9 + 1.6 ml/100 g/min, i. e. there were no significant dif-
ferences in the values before and after bypass surgery. The
mean rCRC in the affected MCA area was 44+
2.1 ml/100 g/min before bypass surgery, and 9.3 %
1.8 ml/100 g/min after the bypass surgery (Fig.2). There
was, therefore, a significant difference in the values of
postoperative rCRC compared with preoperative rCRC
(P <0.05).

Correlation between preoperative grouping and
postoperative increase of rCBF and/or rCRC

In group I (n =4), none of four patients had an increase in
resting rCBF and rCRC. In group IT (n = 3), only rCRC
was increased postoperatively. In group III (n =2), only

one of two patients had increased rCRC. In group IV,
three of six patients had a postoperative increase inresting
rCBF and four of six had a postoperative increase in tCRC

(Fig.3).

Results of bypass surgery

Three of 15 patients showed postoperative improvement
of neurological deficits in cases of minor stroke. The other
patients had no recurrent attacks of TIA or RIND. There
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Fig.1. The pre- and postoperative resting mean rCBF in the affected
MCA area of all cases. There were no significant differences in the
values before and after bypass surgery
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Fig.2. The pre- and postoperative cerebrovascular reserve capacity
(CRC=delta CBF with Diamox) in the affected MCA area of all
cases. There was a significant difference in the values of postopera-
tive rCRC compared with preoperative rCRC
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Fig.3. Postoperative hemodynamic changes in each group. The
numerator (number at the top) shows number of patients who had a
postoperative increase in the resting CBF or CRC. The denominator
(number at the bottom) shows total number of patients in the each

group

were no perioperative complications and the postopera-
tive angiography showed patent bypass.

Representative case

A 66-year-old man had suffered sudden onset of left
hemiparesis six months before admission. Neurological
examination on admission showed mild hemiparesis and
dysarthria. CT scan showed a small infarct in the right
putamen. Right common carotid angiography revealed
proximal occlusion of the internal carotid artery
(Fig.4a). Right double STA-MCA anastomoses were
carried out. Postoperative angiography showed excellent
filling of the middle cerebral artery from the bypass
(Fig.4b). Preoperative Xe-CT CBF images showed a
low perfusion state and absent rCRC in the right hemis-
phere (Fig.5). The postoperative CBF images indicated
that the resting rCBF was increased by 5 ml from the
preoperative value, and decreased hemispheric asym-
metry was noted. Diamox increased the CBF in both he-
mispheres. Thus, in this case, it appeared that bypass
surgery had not only increased the resting CBF but also
improved CRC. The patient’s hemiparesis improved
after surgery.

Discussion

The report of the EC-IC Bypass Study Group has been
criticized for failing to identify and separately analyze
the subgroup of patients with “chronic hemodynamic in-
sufficiency” who might be most likely to benefit from
this type of surgery {2, 3]. To identify patients with
“chronic hemodynamic insufficiency” preoperatively,
CBF with CO, inhalation, acetazolamide injection or
hypotension, or OEF and/or CBV were measured [5-
10]. From these examinations, patients with a reduced
CO; response, “misery perfusion” or an acetazolamide-

induced “steal effect” would appear to belong to a sub-
group that could benefit from bypass surgery [5-10].

These data were obtained by positron emission tomo-
graphy (PET), single-photon emission computed tomo-
graphy (SPECT) or dynamic computed tomography. In
this study, we used Xe-CT, which has the advantages of
easily repeatable examination, cost effectiveness, high
resolution and provision of absolute values as compared
with PET, SPECT or dynamic CT.

Symptomatic arterial trunk occlusion produces reduc-
tion in regional cerebral perfusion pressure followed by
dilatation of cerebral arterioles distal to the occlusion site.
In this state, rCBF is increased little by the vasodilating
agent, and rCBF decreases with hypotension, which
means that decreased rCRCis present. CRC can be evalu-
ated by CO» inhalation or hypotension. However, CO, in-
halation makes the patient uncomfortable and hypoten-
sion has a risk of inducing an irreversible ischemic attack.
Diamox is known to increase CBF due to vasodilatation,
which occurs through tissue acidosis by inhibition of car-
bonic anhydrase [13]. Vorstrup et al. reported that the
Diamox test evaluated CRC in the ischemic brain more
conveniently than other methods [10]. In our institute,
more than 100 Diamox tests have been carried out with-
out complication.

Vorstrup et al. reported that the mean CBF value in
the normal control group (mean age, 63 years) was
55 ml/100 g/min, and that the mean CBF increased by
31%, ranging from 13% to 46%, 20 min after venous
injection of 1g of Diamox [10]. In our data obtained
from normal adult volunteers (mean age, 28 years), the
resting 1CBF of the MCA territory was 604 £3.1 mV/
100 g/min, and the rCRC was 19.0+3.3 ml/100 g/min.
Our data thus agreed with those reported by Vorstrup et
al. [10].

Vorstrup et al. stated that resting CBF did not change in
most cases after bypass surgery because of the presence of
a preoperative matched low-perfusion state [4]. Our study
showed the same result, i.e., in the global analysis of all
cases, EC-IC bypass was found not to increase the resting
CBFE, but did increase rCRC. These results suggest that by-
pass is more effective for improving rCRC than for in-
creasing the resting CBFE.

In order to analyze our data precisely, we divided the
patients into four groups retrospectively according to the
preoperative value of rCBF and rCRC. Group I had nor-
mal rCBF and rCRC. In group 1I, rCBF was normally
maintained by vasodilatation. In group I1I, low rCBF with
normal rCRC occurred due to matched low perfusion. In
group IV, low rCBF with low rCRC occurred due to
severe reduction of perfusion pressure exceeding vasodi-
latation in order to maintain resting CBE. Theoretically,
patients in group IT with normal rCBF and decreased
rCRC, and those in group IV with decreased rCBF and
decreased rCRC were expected to show postoperative in-
crement of rCBF or CRC. This theory was supported by
our findings that bypass surgery improved rCRC in
group II, and improved rCRC and resting rCBF in
group IV. EC-IC bypass certainly increases perfusion
pressure in the area distal to the arterial occlusion and de-
creases vasodilatation, resulting in an increase in the



rCRC. In the area of severe perfusion pressure reduction
that may include “misery perfusion”, bypass increases the
resting rCBF

Conclusion

We conclude that Xe-CT with the Diamox test is a useful
and simple method for measuring cerebral hemody-
namics. Preoperative grouping with a combination of pre-
operative resting rCBF and preoperative rCRC is useful
for predicting the effect of EC-IC bypass surgery. Further-
more, we propose that compensated vasodilatation (as
seen in group IT) and severe perfusion pressure reduction
(as seen in group 1V) are appropriate criteria for selection
of patients for EC-IC bypass surgery.
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Fig.4a,b. Preoperative right com-
mon carotid angiography revealed
proximal occlusion of internal ca-
rotid artery (a). Postoperative an-
giography showed an excellent fill-
ing of middle cerebral artery from
the bypass

Fig.5. a—cPreoperative images.
d-f Postoperative images.

a,d Plain CT. b, e Resting CBF.

¢, f Diamox induced CBF. Preoper-
ative Xe CT CBF images showed a
low perfusion state and absent
rCRCin the right hemisphere.
The postoperative CBF images in-
dicated both the increased resting
CBF and CRC. Dotted lines (re-
gion of interest) show the middle
cerebral artery distribution
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