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Extracranial-intracranial arterial bypass
surgery improves total brain blood supply in
selected symptomatic patients with unilateral
internal carotid artery occlusion and
insufficient collateralization

Abstract It remains controversial
whether extracranial-intracranial
(EC-IC) arterial bypass surgery
leads to a significant increase in
brain blood supply, allowing the
reversal of regional cerebral hypop-
erfusion in symptomatic patients
with occlusive cerebrovascular dis-
ease and hemodynamic impairment.
The aim of the present study was to
determine the effects of EC-IC by-
pass surgery on cerebral brain-sup-
plying blood volume flow (BVF; ml/
min) from a purely hemodynamic
point of view, using 2D cine phase-
contrast MR imaging. Twenty-five
patients with symptomatic, unilat-
eral internal carotid artery (ICA)
occlusion and hemodynamic com-
promise received EC-IC arterial
bypass surgery. All patients under-
went quantitative BVF measure-
ments of brain-supplying arteries
preoperatively and postoperatively,
including the direct BVF measure-
ment in the established EC-IC by-

pass after surgery. Preoperatively,
total brain BVF was reduced in
comparison to normal controls
(595+89 vs 663 £49 ml/min;

[mean = SEM]; p=0.039). Mean
BVF through the EC-IC bypass
reached 84 432 ml/min (range: 14—
177 ml/min), leading to a significant
net increase in total BVF of

78 £43 ml/min (range: 7-136 ml/
min) when compared with BVF
prior to surgery (p <0.001), with
resulting postoperative BVF reach-
ing values obtained in normal con-
trols. EC-IC arterial bypass surgery
increases total brain blood supply,
allowing restoration of local perfu-
sion in hemodynamically compro-
mised brain tissue in patients with
symptomatic ICA occlusion.

Keywords Cerebral revasculariza-
tion - EC-IC bypass - Cerebral
ischemia - CBF - Flow quantifica-
tion

Introduction

The critical decrease of regional cerebral perfusion due
to insufficient blood supply distal to an occluded parent
blood vessel is known to be causative for transient
ischemic attack or definite infarction in patients with
occlusive cerebrovascular disease. In contrast to
asymptomatic carotid occlusion [1], these patients show
elevated oxygen extraction fraction (OEF) [2, 3, 4] as a
sign of hemodynamic impairment, low regional cerebral
blood flow (rCBF) at rest and significantly compromised

vascular reserve capacity [5, 6, 7, 8]. In addition, changes
in brain metabolism are observed within the dependent
vascular territory [9, 10]. Based on these findings,
extracranial-intracranial (EC-IC) arterial bypass sur-
gery, at least hypothetically, appears to be ideal for
improvement of cerebral perfusion within the territory
distal to the arterial occlusion, so that the concept of
blood flow restoration and compensation is the pillar on
which the concept of EC-IC bypass surgery is based. In
1985 an international study of EC-IC arterial bypass
surgery [11] demonstrated no benefit from EC-IC
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arterial anastomosis for patients with cerebrovascular
disease including internal carotid artery (ICA) occlusion.
Interest in the use of EC-IC bypass surgery, however,
has been rekindled, because some patients with occlu-
sion of the internal carotid artery have poor collateral-
ization and high risk for recurrent or chronic ischemia,
whereas other patients with internal carotid-artery
occlusion do have sufficient collateralization with ade-
quate perfusion and low probability for stroke. A re-
stricted surgical treatment based on sufficient
preoperative evaluation of patient candidates for EC-IC
bypass surgery might improve the usefulness of EC-IC
bypass surgery. Supporting this view, there was sub-
stantial criticism of the international EC-IC bypass trial
[12, 13], which demonstrated no value of bypass surgery
in any of the subgroups of patients included in the study,
in particular regarding the patient selection, including
the methods and techniques of preoperative investiga-
tions available at that time.

In the literature there is scant data available on di-
rect EC-IC bypass flow. Quantitative flow data in
conventional direct arterial EC-IC bypasses—arterial
anastomosis between the superficial temporal artery,
frontal or parietal branch, and the middle cerebral
artery (M2 or M3 segments)—are only measured in a
very few number of patients with different techniques
[14, 15, 16]. In these measurements blood flow ranges
15-25 ml/min, which must be considered insufficient, in
particular in comparison with blood flow values of
about 250 ml/min in a normal internal carotid artery.
Technically more difficult, so-called high-capacity by-
passes, performed as venous grafts with more proximal-
located anastomosis (M1 and proximal M2 segments),
demonstrate blood flow values of 40-150 ml/min
[16, 17].

So far, however, the potential of EC-IC bypass
surgery to reverse hypoperfusion remains controversial.
Various studies investigating the effects of bypass sur-
gery on cerebral hemodynamics demonstrated restitu-
tion of rCBF, OEF and/or cerebral blood volume
(CBYV), cerebral metabolic rate of oxygen and glucose
(CMRO, and CMRGlu), when using positron emission
tomography (PET) [18, 19, 20, 21]. In addition, resto-
ration of cerebrovascular reserve capacity (CVRC)
alone [22] or rCBF and CVRC [6, 23, 24] was
observed after surgery when applying Xenon-washout
techniques.

On the other hand, there is also evidence from PET
studies that cerebral perfusion remains unchanged after
cerebral revascularization, suggesting the inability of the
bypass to restore perfusion. One explanation, in the light
of a patent bypass, could be that bypass surgery leads to
redistribution of blood volume flow within the hemo-
dynamically compromised vascular territory only, leav-
ing global perfusion unchanged despite a patent
anastomosis.

In order to shed more light on the efficacy of bypass
surgery, the aim of the present study was to determine
blood volume flow (BVF) in brain-supplying arteries in
patients with unilateral ICA occlusion and hemody-
namic impairment, before and after surgical revascu-
larization. Previous studies addressed the usefulness of
EC-IC bypass surgery and blood flow measurements in
a small number of conventional EC-IC bypasses (15—
25 ml/min) and the results of venous graft bypasses (40—
150 ml/min). The present study primarily focused on the
direct blood volume flow measurement in conventional
EC-IC bypasses performed in carefully selected patients
for bypass surgery with unilateral internal carotid artery
occlusion and hemodynamic impairment. Secondary
focus was put on the blood flow changes in the contra-
lateral internal carotid artery and the basilar artery
feeding as collaterals.

Methods

The study protocols were approved by the local ethics
committee. Twenty-five patients (18 male, seven female,
55+12 years) with either transient or minor retinal
ischemic attacks or minor stroke and angiographically
proven occlusion of one ICA, who fulfilled the criteria
for application of EC-IC arterial bypass surgery and
who showed no angiographically visible collateral flow
via the ophthalmic artery or leptomeningeal vessels,
were included in this study. In addition, 16 healthy
volunteers (eight male, eight female, 56+11 years),
served as controls for BVF measurements.

Indication for EC-IC arterial bypass surgery
and surgical procedure

Only patients younger than 70 years, with normal
cranial computerized tomography (CCT) or evidence of
border-zone-infarction underwent evaluation proce-
dures for EC-IC bypass surgery. The indication for
bypass surgery in these patients with symptomatic ICA
occlusion was based upon the quantitative assessment
of rCBF and CVRC [24]. In brief, patients were con-
sidered candidates for surgical revascularization if
rCBF augmentation in response to acetazolamide was
either less than 30% (i.e., reduced CVRC) or para-
doxically decreased (i.e., ‘‘steal-phenomenon’) [25].
Functional rCBF studies were performed after diag-
nostic angiography by means of stable Xenon-en-
hanced CT (4.5 min wash-in protocol, 30% Xe, 60%
0,). Determination of CVRC was done using the fol-
lowing equation:

I‘CBFstim — rCBFbase

CVRC[A] = rCBFy,

* 100

(1)
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Here, rCBF;,, = stimulated rCBF 15 min after acet-
azolamide i.v.; rCBFy,,=rCBF at rest; rCBF (ml/
100 g/min).

The neurosurgical procedure consisted of the estab-
lishment of a direct anastomosis between the frontal or
parietal branch of the superficial temporal artery (STA;
donor vessel) and a cortical (recipient) vessel of the
middle cerebral artery (MCA—M2 or M3 segment) via a
standard temporal craniotomy [26, 27].

Angiography

In all patients, brain-supplying vessels and STA-MCA
anastomosis were investigated by selective intra-arterial
angiography before and after surgical procedure, in or-
der to assure ICA occlusion, as well as to exclude col-
lateral flow via the ophthalmic artery and
leptomeningeal vessels preoperatively and bypass pa-
tency postoperatively.

MRI and MRA studies

MRI, MRA and blood volume flow studies were per-
formed using a 1.5-T MR unit (Magnetom Vision,
Siemens, Erlangen, Germany). All patients and control
subjects underwent identical MR protocols using a cir-
cular polarized head coil and a Helmholtz neck coil. After
the acquisition of T1-weighted scout images (TR: 545 ms;
TE: 15 ms; slice thickness: 4 mm; slice gap: 0.6 mm) to
gain anatomical reference information, quantitative
assessment of BVF (ml/min) was performed in the
common carotid arteries (CCA; CCA,, =ipsilateral to
ICA occlusion, CCA oo = contralateral to ICA occlu-
sion), internal carotid arteries (ICA oo =ICA contra-
lateral to ICA occlusion) and basilar artery (BA). In
addition, postoperative studies included BVF measure-
ments within the established EC-IC bypass (BY).

A dynamic 2D cine phase-contrast MR technique
was applied, using an ECG-triggered, fast radiofre-
quency spoiled gradient-echo sequence with the follow-
ing parameters: TR 28 ms; TE 5 ms; flip angle 30°; FOV
220 mm; matrix 192x256; one acquisition. Velocity
encoding was set between 40 cm/s and 250 cm/s, based
on blood flow velocity in the measured vessel. Depend-
ing on the patient’s heart rate 25-35 single 2D phase-
contrast images were acquired within the cardiac cycle
(time resolution 28 ms). All blood flow measurements
were performed perpendicular to the course of the
arteries studied, where section positioning was per-
formed approximately 3-4 cm proximal to the carotid
artery bifurcation for the CCA measurement and
through the C3 segment of the ICA to measure ICA
blood volume flow. BA blood flow measurement was
performed in the upper BA, between the origins of
the anterior inferior cerebellar artery and the superior

cerebellar artery. BVF studies of the EC-IC bypasses
were done within the straight segment of the distal STA
closest to the STA-MCA anastomosis (Fig. 1). EC-IC
bypass measurement localizations were performed using
extensive plan scanning in various directions, including
the results of 3D time-of-flight (TOF) MR angiography
data sets with maximum-intensity projection (MIP)
reconstruction of the EC-IC bypasses (Fig. 1).

Blood flow velocities were measured in the middle of
the vessel lumen with a 1-pixel region of interest (ROI).
BVF data were obtained by integration of defined ROIs
over the lumen of the vessel investigated. Total BVF in
patients was calculated by adding BVF via the ICA onira
and BA, preoperatively, and the ICA ynira, BA and the
BY, postoperatively. In controls, calculation of mean
BVF through ICA and CCA was based on the average
BVF obtained for both sides. Therefore, computation of
total BVF in normal subjects was done as follows:
BVF = ICAleft + ICAright + BA.

Values for BVF were calculated as mean and stan-
dard deviation (mean+SEM) in ml/min. Statistical
evaluation of data was based on paired #-test for nor-
mally distributed data samples.

Results

Sufficient preoperative and postoperative studies were
obtained in all patients. Postoperative MR studies were
carried out within 10 days post surgery, after the docu-
mentation of anastomosis patency by means of con-
ventional cerebral angiography. Reliable reference
values were acquired from all healthy volunteers.

Normal volunteers

Assessment of BVF in 16 normal subjects led to the
following values: CCA: 435+47 ml/min (range: 369—
523 ml/min); ICA: 247432 ml/min (range: 190-315 ml/
min) and BA: 169 £+ 12 ml/min (range: 159-189 ml/min).
Thus, the calculated total mean brain BVF approached
663 £49 ml/min (range: 594-734 ml/min; Fig. 2).

Preoperative measurements

BVF values in the 25 consecutive selected patients for
EC-IC bypass surgery obtained within the ICA yna
reached 356+63 ml/min (range: 250482 ml/min),
whereas BA BVF was 238 +71 ml/min (range: 125-
370 ml/min). BVF approached 275+ 75 ml/min (range:
113-504 ml/min) for the CCA;pg, while studies within
the CCAconwa yielded 523 £86 ml/min (range: 261-—
706 ml/min). Despite significantly increased BVF via the
BA (238+71 ml/min vs 169412 ml/min in controls;
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Fig. 1 Evaluation of BVF in a right-sided extracranial-intracranial
(EC-IC) arterial bypass. Digital subtraction angiography (DSA)
images in lateral a and frontal projection b and radiograph image ¢
of a right-sided EC-IC bypass filling the right MCA territory.
Corresponding time-of-flight MRA of the same patient shows
right-sided STA-MCA anastomosis with EC-IC bypass filling the
right MCA territory (d, e). 2D cine phase-contrast BVF measure-
ment was performed in the straight portion of the superficial
temporal artery (STA, frontal branch) (d, arrow). Single section of
the 3D MRA data set f, amplitude image g, and single 2D phase-
contrast image h, demonstrating BVF measurement plane, placed
perpendicularly to the flow in STA branch to be measured (arrows).
EC-IC bypass is demonstrated with arrows. Blood flow velocity in
systolic-diastolic modulation i in this bypass resulting from
dynamic 2D cine phase-contrast MR imaging. BVF was calculated
by integration over the vessel lumen [31] (ST'4 superficial temporal
artery, MCA middle cerebral artery, BVF blood volume flow)

0 100 200 300 400 500 600

Peak Velocity: 58.55 ca/s

39.69 om/s

Vascular Area: 0.00 co

san Velocity:

Mean Flow: 0.00 oo /s

p<0.001) and the contralateral ICA.yna (356+63
ml/min vs 247+ 32 ml/min in controls, p<0.001), pre-
operative total brain BVF (595 £+ 89 ml/min (range: 399—
848 ml/min)) was significantly lower than in healthy
controls (p=0.039) (Fig. 2).

Postoperative measurements

Measurements of BVF within the 25 patients with
angiographically patent EC-IC anastomosis reached
a mean bypass flow of 84 =+32 ml/min, ranging from
14-177 ml/min (Fig. 3). There was no significant corre-
lation between total preoperative BVF and the BVF via
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Fig. 2 Preoperative BVF values (mean and SEM; ml/min) in
symptomatic patients with unilateral internal carotid artery
occlusion selected for EC-IC bypass surgery (white bars) in
comparison with normal controls (black bars). (ICA internal
carotid artery; BA basilar artery, BVF blood volume flow) Bars
indicate BVF within the arteries studied and show calculated total
brain supplying BVF (#-BV'F). Almost in proportion to increased
BVF in the contralateral ICA and the BA, total brain-supplying
BVF is decreased in selected patients with unilateral ICA occlusion
in comparison with normal controls (two times ICA BVF).
(**statistically significant difference between groups with p <0.05)
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Fig. 3 BVF (mean and SEM; ml/min) in established EC-IC
anastomosis in 25 patients; open circle individual BVF values; bold
horizontal line mean BVF in patient group; box plot shows 25th
percentile, median and 75th percentile (horizontal lines), error bars
represent standard deviation (BVF blood volume flow)

the new established anastomosis (r2 =0.00964 ;
p=0.641). BVF within the contralateral ICAconira
(352+65 ml/min; range: 220-490 ml/min), the BA

(237+77 ml/min; range: 124-387 ml/min and the con-
tralateral CCAionga  (520£87 ml/min; range: 265—
699 ml/min) remained unchanged after surgery, whereas
CCA,si BVF (336 £ 84 ml/min; range: 132-487 ml/min)
was significantly increased after surgery compared with
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Fig. 4 Changes in total brain blood volume flow (t-BVF, mean and
SEM; ml/min) after EC-IC bypass surgery; stacked bars show
preoperative (PRE-OP) and postoperative (POST-OP) BVF in
arteries studied (/C4 internal carotid artery; BA basilar artery, BY
EC-IC bypass; **statistically significant increase in calculated total
BVF after surgery with p <0.05)

preoperative measurements (p <0.001). Total BVF fol-
lowing surgery was 673+102 ml/min (range: 478-
954 ml/min), yielding a net increase in total BVF of
78 £43 ml/min, extending between 7 ml/min and
136 ml/min, (p<0.001; Fig. 4). Consequently, postop-
erative total BVF reached the BVF values of healthy
volunteers, suggesting restoration of cerebral blood
supply by EC-IC bypass surgery.

Discussion

In the present study we have characterized and deter-
mined the direct effects of standard EC-1IC (STA-MCA)
arterial bypass surgery on BVF in patients with hemo-
dynamic impairment due to unilateral ICA occlusion.
The principle findings of the study are:

1. Preoperatively, total BVF was reduced in the selected,
symptomatic EC-IC bypass surgery patients with
unilateral ICA occlusion, compared with healthy
controls

2. An extracranial-intracranial arterial bypass does not
lead to a significant decrease in BVF in the BA and
contralateral ICA

3. Based on the above, an improvement in total brain
BVF can be achieved by surgical revascularization

The cerebral perfusion in patients with occlusive
cerebrovascular disease depends, critically, upon the
extent of intracranial collateral pathways, which guar-
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antee sufficient supply of blood within the dependent
vascular territory distal to the occlusion [28]. Thus,
insufficient cerebral collateralization leads to a decrease
in cerebral perfusion pressure. This is well-compensated
by vasodilation maintaining rCBF in most patients with
ICA occlusion. However, in some patients clinical
symptoms occur, indicating exhaustion of cerebral
compensatory mechanisms. This is due to either an in-
creased demand or to further reduction in cerebral
perfusion pressure. This condition, however, cannot be
sufficiently predicted by studying the pattern of cerebral
blood distribution by means of cerebral angiography
alone [29]. Thus, in addition to clinical diagnosis and
angiography, characterization of hemodynamic impair-
ment requires functional blood flow studies.

Dynamic 2D cine phase-contrast MR techniques,
which allow the quantitative measurement of BVF in
cerebral vessels, represent established techniques with a
noninvasive approach to the assessment of cerebral he-
modynamics [30, 31]. Using this technique, we were able
to demonstrate a significant reduction in total BVF in
the patient group selected for EC-IC bypass surgery
prior to surgery in comparison with controls, despite a
compensatory increase in [CA o and BA blood flow.
This finding was indicative of inadequate functional
collateral blood supply after ICA occlusion, resulting in
hemodynamic impairment. In contrast to the present
study, earlier investigation [31] failed to demonstrate a
significant reduction in total BVF in patients with uni-
lateral ICA occlusion. In that previous study, however,
patient selection was based on clinical and angiographic
findings only, not assuring the cerebral perfusion status,
which may explain these different results. From our
point of view, the assessment of BVF represents a novel
diagnostic tool, which, in line with clinical signs, symp-
toms, angiographic findings and MR spectroscopy [30]
might help to identify patients with hemodynamic
compromise. However, in order to prove this assump-
tion, further comparative investigations have to be per-
formed focusing on the predictability of rCBF and
CVRC by means of BVF measurements in patients with
occlusive cerebrovascular disease.

Since local cerebral compensatory mechanisms are
exhausted in symptomatic carotid occlusion due to he-
modynamic insufficiency, any additional blood supply to
the hemodynamically impaired vascular territory should
increase cerebral perfusion pressure and, therefore, im-
prove the cerebral hemodynamic state [24]. If this holds

true, extracranial-intracranial arterial bypass surgery
should lead to an increase in total BVF, reaching volume
flows close to those of normal controls. In the present
study, standard STA-MCA bypass surgery appeared to
be effective for this indication. EC-IC bypass surgery led
to a marked increase in total BVF the first days after
operation, where the net improvement in BVF of
approximately 80 ml/min was close to the flow values
obtained within the bypass (84+32 ml/ min). Thus,
despite a tendency towards a decreased BVF via the BA
and ICA ona after surgery (Fig. 4), simple redistribu-
tion of BVF within the brain-supplying arteries, which
had been previously suggested by PET studies [20], did
not occur. Our results, rather, support the results of
studies that showed an increase in rCBF and an
improvement in CVRC and, therefore, cerebral perfu-
sion pressure after EC-IC bypass surgery [22, 23, 24]. In
an earlier study [31], a reduction of BVF within both
MCAs was found in symptomatic patients with unilat-
eral carotid occlusion, which might be indicative of po-
tential redistribution of blood within the basal collateral
system after surgery. Preoperatively in our patients,
rCBF and CVRC were within normal limits inside the
vascular territory contralateral to the occluded ICA.
Consequently, a significant reduction in BVF within the
related MCA appears to be unlikely. We therefore be-
lieve that the observed net increase in BVF after bypass
surgery almost exclusively contributes to the restoration
of rCBF and CVRC via an increase in cerebral perfusion
pressure within the hemodynamically compromised
vascular territory.

In summary, the present study demonstrates, from a
purely hemodynamic point of view, that a substantial
improvement in total brain blood supply can be
achieved with standard STA-MCA arterial bypass sur-
gery in selected symptomatic patients with occlusive
cerebrovascular disease. Thus, bypass procedures are
suitable for the restoration of regional cerebral blood
supply for this indication. However, follow-up investi-
gations of BVF have to be applied in line with functional
blood flow studies and clinical examinations, in order to
prove the long-term efficacy of extracranial-intracranial
arterial bypass surgery in the treatment of hemodynamic
compromise in occlusive cerebrovascular disease. New
clinical trials have been proposed [32] and must be
evaluated for the overall usefulness of EC-IC arterial or
venous bypass surgery for the treatment of carefully
selected patients with internal carotid artery occlusion.
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