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The negative results of the Carotid Occlusion Surgery 
Study trial21 and the introduction of flow-diverting 
stents16 have resulted in many practitioners rethink-

ing the utility of cerebral revascularization for vascular pa-

thologies. However, revascularization techniques remain 
indispensable because of the need for complex reconstruc-
tions when endovascular therapies fail in patients with 
cerebral aneurysm. In addition, cerebral revascularization 
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mRS = modified Rankin Scale; PCoA = posterior communicating artery; RA = radial artery; STA = superficial temporal artery; WI = watershed infarction.
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obJective The revascularization technique, including bypass created using the external carotid artery (ECA), radial 
artery (RA), and M2 portion of middle cerebral artery (MCA), has remained indispensable for treatment of complex aneu-
rysms. To date, it remains unknown whether diameters of the RA, superficial temporal artery (STA), and C2 portion of the 
internal carotid artery (ICA) and intraoperative MCA blood pressure have influences on the outcome and the symptom-
atic watershed infarction (WI). The aim of the present study was to evaluate the factors for the symptomatic WI and neu-
rological worsening in patients treated by ECA-RA-M2 bypass for complex ICA aneurysm with therapeutic ICA occlusion.
methods The authors measured the sizes of vessels (RA, C2, M2, and STA) and intraoperative MCA blood pressure 
(initial, after ICA occlusion, and after releasing the RA graft bypass) in 37 patients. Symptomatic WI was defined as 
presence of the following: postoperative new neurological deficits, WI on postoperative diffusion-weighted imaging, and 
ipsilateral cerebral blood flow reduction on SPECT. Neurological worsening was defined as the increase in 1 or more 
modified Rankin Scale scores. First, the authors performed receiver operating characteristic curve analysis for continu-
ous variables and the binary end point of the symptomatic WI. The clinical, radiological, and physiological characteristics 
of patients with and without the symptomatic WI were compared using the log-rank test. Then, the authors compared the 
variables between patients with and without neurological worsening at discharge and at the 12-month follow-up examina-
tion or last hospital visit.
results Symptomatic WI was observed in 2 (5.4%) patients. The mean MCA pressure after releasing the RA graft 
(< 55 mm Hg; p = 0.017), mean (MCA pressure after releasing the RA graft)/(initial MCA pressure) (< 0.70 mm Hg; p = 
0.032), and mean cross-sectional area ratio ([RA/C2 diameter]2 < 0.40 mm [p < 0.0001] and [STA/C2 diameter]2 < 0.044 
mm [p < 0.0001]) were related to the symptomatic WI. All preoperatively independent patients remained independent 
(modified Rankin Scale score < 3). After adjusting for age and sex, left operative side (p = 0.0090 and 0.038) and per-
forating artery ischemia (p = 0.0050 and 0.022) were related to neurological worsening at discharge (11 [29%] patients) 
and at the 12-month follow-up or last hospital visit (8 [22%] patients).
coNclusioNs Results of the present study showed that the vessel diameter and intraoperative MCA pressure had 
impacts on the symptomatic WI and that operative side and perforating artery ischemia were related to neurological 
worsening in patients with complex ICA aneurysms treated by ECA-RA-M2 bypass.
http://thejns.org/doi/abs/10.3171/2015.5.JNS142524
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strategies become necessary in select patients whose aneu-
rysms are challenging to treat due to size, shape, location, 
intramural thrombus, atherosclerotic plaques, aneurysm 
type, vessels arising from the dome, poor collateral vas-
cularization, or previously coiled thrombosed giant aneu-
rysm when parent artery or branch occlusion is required.18 
In such situations, vascular reconstruction using extracra-
nial to intracranial (EC-IC) bypass followed by the occlu-
sion of the aneurysm is indicated.

Graft bypass using the radial artery (RA) is promis-
ing to replace graft bypass using the internal carotid ar-
tery (ICA).17 The choice of bypass procedure depends on 
the amount of flow replacement required, and the size and 
availability of donor and recipient vessels. Immediate re-
sults and management of the bypass13,23,27 and clinical fol-
low-up results13,22,24 have been reported previously. How-
ever, factors related to symptomatic watershed infarction 
(WI) have not been analyzed. Furthermore, it remains un-
known whether diameters of RA, superficial temporal ar-
tery (STA) and C2 portion of ICA and intraoperative mid-
dle cerebral artery (MCA) blood pressure have influences 
on the outcome and the symptomatic WI. To our knowl-
edge, this is the first study to evaluate the symptomatic WI; 
sizes of RA, STA, and C2; and intraoperative MCA blood 
pressure in patients treated by the external carotid artery 
(ECA)-RA-M2 bypass for complex ICA aneurysm with 
therapeutic ICA occlusion.

methods
This study is reported based on criteria from STROBE 

(Strengthening the Reporting of Observational Study in 
Epidemiology).29 The study protocol was approved by the 
institutional ethics committee. Between April 2012 and 
July 2014, 38 patients underwent ECA-RA-M2 bypass for 
complex ICA aneurysm at the Department of Neurosur-
gery at Teishinkai Hospital. Of these, 1 female patient was 
excluded because she was lost to follow-up. Thus, a total of 
37 patients participated in the present study.

clinical characteristics
We collected the following data: age, sex, smoking his-

tory, medical history (hypertension, hypercholesterolemia, 
and diabetes mellitus), preoperative symptoms, size of an-
eurysm, aneurysm location, operative side, thrombosis or 
calcification of aneurysm, vessel diameters (RA, C2, M2, 
and STA), intraoperative MCA pressure (initial, after ICA 
occlusion, and after releasing the RA graft bypass), the RA 
graft blood flow, temporary occlusion time during bypass-
es, postoperative diffusion-weighted imaging findings, an-
eurysm recurrence, follow-up duration, graft patency, and 
outcome.

The RA was evaluated on 3D CT angiography. An Al-
len test was performed to confirm an intact palmar arch 
and adequate hand perfusion despite occlusion of the RA. 
Diameters of RA, STA (branch that was used for STA-
MCA bypass), M2, and C2 (when aneurysm was located 
at C2, we measured the diameter of C1 portion of ICA) 
were also measured on 3D CT angiography. In reference 
to Darcy’s law3 and Hagen-Poiseuille law,7,20 we used the 
calculations (RA/C2 diameter)2 and (STA/C2 diameter)2 to 
evaluate the cross-sectional area.

indication and surgical technique
The ECA-RA-M2 bypass was performed for complex 

ICA aneurysms for the following indications: aneurysms 
with a large and complex neck not suitable for clip recon-
struction, blister aneurysms, dissecting aneurysms, aneu-
rysms with an origin of branch vessel(s) from the aneurysm 
sac, calcification or atherosclerotic changes of the neck, 
extensive thrombosis inside the aneurysm, and recur-
rent aneurysms for which endovascular or microsurgical 
treatment had failed. Our policy for these complex aneu-
rysms is first to make an STA-MCA bypass followed by 
the ECA-RA-M2 bypass in all cases that potentially need 
ICA occlusion, regardless of the results of the balloon test 
occlusion (14 patients underwent balloon test occlusion 
preoperatively). We have termed this procedure “univer-
sal extracranial-intracranial bypass”14 and performed the 
STA-MCA bypass not only as a backup for clamping of the 
RA-M2 anastomosis but also to monitor the MCA pressure.

During surgery, patients received total intravenous 
anesthesia along with somatosensory and motor evoked 
potential monitoring. The operative techniques of ECA-
RA-M2 and STA-MCA bypasses have recently been pub-
lished.13 As stated above, the single STA-MCA bypass was 
performed not only as a backup for clamping of RA graft–
M2 anastomosis but also to provide a conduit to monitor 
the MCA blood pressure before and after the ECA-RA-M2 
graft bypass. One branch of the STA was anastomosed to 
the M3 or M4 portion distal to the recipient M2, which is 
usually the inferior trunk. The other STA branch was im-
mediately connected to the pressure transducer to monitor 
MCA pressure. Initial MCA pressure, MCA pressure after 
temporary clamping of the ICA, and MCA pressure after 
releasing the RA graft bypass were continuously moni-
tored and recorded (Fig. 1). After ECA-RA-M2 bypass was 
performed, the RA graft mean blood flow (ml/min) was 
measured by Surgical Flowmeters (Transonic Systems). 
The temporary clamp was placed on the proximal ICA 
before opening the RA graft, and the MCA pressure was 
monitored by applying a temporary clip to the STA trunk. 
If the graft worked well, decreased MCA pressure imme-
diately recovered upon opening the RA graft. The MCA 
pressure was continuously monitored until the dura ma-
ter was closed and the bone flap was fixed in place. Flow 
through the bypass was confirmed by ultrasonography 
with a micro-Doppler probe and indocyanine green vid-
eoangiography.

outcome
The graft patency was confirmed by CT angiography. 

Any observed narrowing of ≥ 50% was considered ste-
nosis. Diffusion-weighted MRI was performed to evalu-
ate ischemic lesions. The diagnosis of WI was established 
using previously published template.1,4,30 The symptomatic 
WI was defined as the presence of the following: 1) post-
operative new neurological deficits; 2) WI on postopera-
tive diffusion-weighted imaging; and 3) ipsilateral cerebral 
blood flow reduction on SPECT, which was performed in 
patients with postoperative new neurological deficits. Im-
aging assessment of patients included combinations of 
MRI, MR angiography, and CT angiography. Aneurysm 
treatment failure was defined as posttreatment aneurysm 
growth or rupture.
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Clinical outcome was examined at discharge and at the 
12-month follow-up examination or last hospital visit us-
ing a modified Rankin Scale (mRS),28 either by telephone 
interviews (conducted by H.M. independently of the pri-
mary surgeon) with the patient or family members or dur-
ing a physical examination of those who were able to visit 
our hospital. Neurological worsening was defined as the 
increase in 1 or more mRS scores.

statistical analysis
Statistical analysis was performed using SPSS for Mac 

(version 21.0; SPSS). Variables are expressed as the mean 
± SD, median (interquartile range [IQR] 25th–75th per-
centile), or number of patients (%), as appropriate. The 
chi-square test or Fisher exact test was performed for cat-
egorical variables as appropriate. The normality of data 
was evaluated using the Shapiro-Wilk test. Normally dis-
tributed continuous variables were compared using the 
Student t-test and nonnormally distributed variables were 
compared using the Mann-Whitney U-test.

First, we performed receiver operating characteristic 
curve analysis for continuous variables and the binary end 
point of the symptomatic WI. We selected cut-off points 
for these variables that optimized sensitivity and speci-
ficity. We compared the clinical, radiological, and physi-
ological characteristics of patients with and without the 
symptomatic WI using the log-rank test. The probability 
of freedom from the symptomatic WI was estimated us-
ing the Kaplan-Meier method; comparisons of the survival 
curves by the factors, which were related to the symptom-
atic WI, were performed using the log-rank test. Then, we 
compared the variables between patients with and without 
neurological worsening at discharge and at the 12-month 
follow-up examination or last hospital visit using univari-
ate analysis. Differences were considered significant at p < 
0.05 for a 95% CI.

results
baseline characteristics

The mean age of patients was 62 ± 10 years, and 32 

(87%) patients were women. Fourteen (38%) patients had 
double vision, 11 (30%) had minor headache, 4 (11%) had 
visual field and/or visual acuity abnormality, 4 (11%) de-
veloped postclipping aneurysm regrowth, 3 (8.1%) devel-
oped subarachnoid hemorrhage, and 1 (2.7%), when un-
dergoing diagnostic imaging studies, was diagnosed with 
spontaneous cerebellar hemorrhage. The mean size of the 
aneurysms was 18 ± 8.7 mm. There were 19 (51%) an-
eurysms on the left side and 18 (49%) on the right. The 
aneurysms were located at the C1 (n = 7, 19%), C1–C2 (n 
= 3, 8.1%), C2 (n = 6, 16%), C2–C3 (n = 2, 5.4%), C3 (n = 4, 
11%), C3–C4 (n = 2, 5.4%), and C4 (n = 12, 32%) portions 
of the ICA and the cervical ICA (dissecting aneurysm, n = 
1, 2.7%). A calcified aneurysm was seen in 19 (51%) cases 
and a thrombosed aneurysm in 6 (16%).

perioperative Findings
The mean diameters of the RA, STA, recipient M2, and 

C2 were 3.1 ± 0.42 mm, 1.4 ± 0.44 mm, 2.6 ± 0.46 mm, 
and 3.7 ± 0.49 mm, respectively. The mean (RA/C2 diam-
eter)2 and (STA/C2 diameter)2 were 0.79 ± 0.34 mm and 
0.16 ± 0.098 mm, respectively. The STA-MCA bypass was 
performed in 36 (97%) patients. The frontal branch of the 
STA was used in 29 (81%) patients and the parietal branch 
in 7 (19%) for anastomosis. Because the STA had been 
sacrificed by previous craniotomy, STA-MCA bypass 
could not be performed in 1 (2.7%) patient (see Illustrative 
Case). In this patient, intraoperative MCA pressure was 
monitored by an interosseous artery, which was harvested 
during RA exposure and anastomosed with M3. Cervi-
cal ICA ligation was performed in 20 (54%) patients and 
aneurysm trapping in 17 (46%). The mean initial MCA 
pressure was 71 ± 11 mm Hg, the mean MCA pressure 
after ICA occlusion was 45 ± 15 mm Hg, and the mean 
MCA pressure after releasing the RA graft bypass was 
64 ± 9.7 mm Hg. The mean ratio of MCA pressure after 
releasing the RA graft bypass/initial MCA pressure was 
0.89 ± 0.17 mm and that of MCA pressure after releasing 
ICA occlusion/initial MCA pressure was 0.65 ± 0.22 mm. 
MCA pressure monitoring detected RA graft kinking in 3 

Fig. 1. One branch of the STA was anastomosed to the M3 portion distal to the recipient M2. The RA graft subsequently was anas-
tomosed to the target M2. A 22-gauge tube was inserted into the other branch of the STA and connected to the pressure trans-
ducer to monitor the MCA pressure. Initial MCA pressure (a), MCA pressure after temporary clamping of the ICA (b), and MCA 
pressure after releasing the RA graft bypass (c) were continuously monitored and recorded. Copyright Jumpei Oda. Published 
with permission. Figure is available in color online only.
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patients, which led to immediate revisions of the anasto-
moses during the surgery. The mean temporary occlusion 
times were 19 ± 5.7 minutes for STA-MCA anastomosis 
and 21 ± 3.7 minutes for the RA graft–M2 anastomosis. 
The mean blood flow of the RA graft was measured in 31 
patients; the median RA graft blood flow was 126 ml/min 
(IQR 115–197 ml/min).

Symptomatic WI was observed in 2 (5.4%) patients. The 
flow reduction in the affected area on SPECT was larger 
than in lesions on diffusion-weighted imaging. Symp-
toms—motor aphasia and motor weakness—occurred 6 
and 7 days after surgical procedures. These symptoms 
completely resolved during the follow-up period. Post-
operative diffusion-weighted imaging revealed ischemia 
in the perforating artery distribution in 7 (19%) patients 
(anterior thalamoperforating artery distribution in 4 [11%], 
basal ganglia in 2 [5.4%], and internal capsule in 1 [2.7%]). 
Among these patients, 4 (11%) had cognitive dysfunctions, 
3 (8.1%) were asymptomatic, 2 (5.4%) had motor aphasia, 
and 1 (2.7%) had hemiparalysis. These 7 patients had no 
symptomatic WI. Symptomatic hyperperfusion occurred 
the day after surgery in 2 (5.4%) patients, who experienced 
hyperactivity. This symptom also completely resolved 
within a few days. Postoperative RA graft stenosis (57% 
± 6.3%) was seen in 5 (14%) patients. It occurred on the 
ECA-RA bypass side in 2 (5.4%) patients and on the M2-
RA bypass side in 3 (8.1%) patients. Although it improved 
in 4 (11%) patients 2–70 days after the surgery, RA graft 
thinning (2.3–1.7 mm) was observed 53 days after the sur-
gery in 1 (2.7%) patient. This thinning graft was patent 
during the follow-up period. No patients with postopera-
tive RA graft stenosis had ischemic complications.

The results of analysis of factors related to the symp-
tomatic WI are shown in Table 1. The MCA pressure af-
ter releasing the RA graft bypass (< 55 mm Hg); (MCA 
pressure after releasing the RA graft bypass)/(initial MCA 
pressure) (< 0.70 mm Hg); RA diameter (< 2.8 mm); C2 
diameter (< 4.4 mm); STA diameter (< 0.8 mm); (RA/C2 
diameter)2 (< 0.40 mm); and (STA/C2 diameter)2 (< 0.044 
mm) were significantly related to the symptomatic WI by 
the log-rank test. Other variables showed no significant 
difference between patients with and without the symp-
tomatic WI.

outcome and Follow-up
Preoperative, postoperative, and long-term outcomes 

by mRS are shown in Table 2. All preoperatively inde-
pendent patients remained independent (mRS score < 3) 
at discharge and at the 12-month follow-up or last hospital 
visit. The results of analysis of factors related to neurologi-
cal worsening at discharge and at the 12-month follow-up 
or last hospital visit are shown in Table 3. Left operative 
side, ischemia in the perforating artery distribution, and 
the symptomatic WI were significantly related to neuro-
logical worsening at discharge. After adjusting for age and 
sex, left operative side, and ischemia in the perforating 
artery distribution were still associated with neurological 
worsening at discharge. Left operative side and ischemia 
in the perforating artery distribution were also signifi-
cantly related to neurological worsening at the 12-month 
follow-up or last hospital visit. After adjusting for age and 

sex, left operative side, and ischemia in the perforating ar-
tery distribution still remained significant. Other variables 
showed no significant difference between patients with 
and without neurological worsening.

During a median follow-up period of 7.2 months (range 
4.6–12 months), all RA graft bypasses remained patent by 
serial MRI or 3D/4D CT angiography, and there were no 
subarachnoid hemorrhages or deaths. Aneurysm regrowth 
occurred 162 days after surgery in 1 (2.7%) patient. This 
patient was a 70-year-old woman who had a left cavern-
ous portion giant aneurysm with oculomotor nerve palsy. 
Initially, she underwent ECA-RA-M2 bypass with cervical 
ICA ligation. Following aneurysm regrowth, she under-
went aneurysmal trapping.

illustrative case
A 65-year-old woman was referred to our hospital be-

cause of left aneurysm recurrence. Twenty-three years 
prior, she had undergone aneurysm neck clipping for left 
ruptured ICA–posterior communicating artery (ICA-
PCoA) aneurysm and right unruptured ICA-PCoA aneu-
rysm at another hospital. She was examined with MRI and 
CT angiography, which revealed a large left ICA-PCoA 
aneurysm (20 mm) (Fig. 2). The sizes of the left radial 
artery, M2, and C2 were 2.75 mm, 2.49 mm, and 4.20 mm, 
respectively. We used the left transsylvian approach and 
observed the large aneurysm. Because the STA had been 
sacrificed in a previous craniotomy, intraoperative MCA 
pressure was monitored via an interosseous artery, which 
was harvested during RA exposure and anastomosed with 
M3. The mean arterial pressure of the MCA monitored 
by the interosseous artery, which was 74 mm Hg before 
cervical ICA ligation, fell to 39 mm Hg with ICA liga-
tion. It was restored to 52 mm Hg after the release of the 
RA-M2 bypass. The left ICA-PCoA aneurysm was surgi-
cally trapped. The patient awoke from anesthesia without 
any neurological deficits. Postoperative CT angiography 
showed disappearance of the aneurysm and patency of the 
ECA-RA-M2 bypass (Fig. 3A). However, the patient devel-
oped motor aphasia and slight hemiparesis on the left side 
7 days after surgery. Diffusion-weighted imaging showed 
high signal intensity lesions in the left anterior watershed 
territory (Fig. 3B), and SPECT revealed left cerebral blood 
flow reduction (Fig. 3C). The symptoms completely re-
solved within a few hours after adequate blood pressure 
control. She was discharged home with mild diplopia and 
cognitive dysfunction 6 weeks after the surgery (mRS 
score 2).

discussion
The present study showed that the proportion of ves-

sel diameters used for bypasses and intraoperative MCA 
pressure were related to the symptomatic WI. In addition, 
the left operative side and ischemia in the perforating ar-
tery distribution were associated with neurological wors-
ening at discharge and at the 12-month follow-up or last 
hospital visit.

The EC-IC bypass may be required for aneurysms that 
are complex because of a very broad neck (neck to dome 
ratio > 2); the absence of a neck, such as in fusiform aneu-
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rysms or dissecting aneurysms; the presence of severe ath-
erosclerosis or calcification in the neck area; the presence 
of extensive thrombosis inside the aneurysm; the origin of 
critical branches from the aneurysm sac or neck; symp-
tomatic dissecting aneurysms; and in cases of small blister 
aneurysms, which have no neck at all.18 The STA-MCA 
bypass is a convenient procedure but brings limited blood 
flow, which makes us skeptical regarding its usefulness 
when the ICA is occluded.12 The RA, on the other hand, 
has a larger diameter and has been used as a graft between 
the ECA and MCA when a larger amount of blood flow is 
necessary, e.g., when the ICA is necessarily sacrificed.10,11 

Based on these studies, our policy regarding these com-
plex aneurysms is first to make a graft bypass with the RA 
in all cases that potentially need ICA occlusion.

vessel diameters
There are several theoretical reasons for using the 

RA graft in EC-IC bypass.26 The RA is an artery that is 
physiologically intended to convey arterial flow. The lu-
men caliber more closely approximates that of the M2 
segment, which is the recipient vessel usually used. It has 
a uniform intimal wall that lacks the valves and varices 
characteristic of venous grafts. The RA provides a flow 

table 1. analysis of factors related to symptomatic wi*

Variable
Symptomatic WI

p ValueYes, n = 2 No, n = 35

Mean size of aneurysm, mm (SD) 17 (8.8) 18 (8.9)
  >18.5 1 (50) 14 (40) 0.77
Postoperative RA graft stenosis 0 5 (14) 0.57
Cervical ICA ligation 0 20 (57) 0.12
Mean MCA pressure
  Initial, mm Hg (SD) 75 (19) 71 (11)
    <56 1 (50) 3 (8.6) 0.052
  After ICA occlusion, mm Hg (SD) 53 (23) 44 (14)
    <41 2 (100) 8 (23) 0.10
  After releasing RA graft bypass, mm Hg (SD) 51 (5.1) 65 (9.2)
    <55† 2 (100) 8 (23) 0.017
  After releasing/initial, mm Hg (SD) 0.72 (0.25) 0.91 (0.15)
    <0.70† 2 (100) 20 (57) 0.032
  Initial/clamp, mm Hg (SD) 0.63 (0.15) 0.65 (0.22)
    <0.73 2 (100) 20 (57) 0.24
Median, RA graft blood flow, ml/min (IQR) 209 (122–)‡ 126 (114–192)
  <200 1 (50) 25 (71) 0.16
Mean vessel diameter
  RA, mm (SD) 2.7 (0.21) 3.2 (0.42)
    <2.8† 2 (100) 7 (20) 0.010
 C2, mm (SD) 4.5 (0.12) 3.6 (0.47)
    <4.4† 2 (100) 0 <0.0001
  M2, mm (SD) 2.6 (0.18) 2.6 (0.46)
    <2.5 1 (50) 20 (57) 0.85
  STA, mm (SD) 0.86 (1.2) 1.4 (0.39)
    <0.8† 1 (50) 2 (5.7) 0.031
  (RA/C2)2, mm (SD) 0.35 (0.074) 0.82 (0.36)
    (RA/C2)2 < 0.40† 2 (100) 3 (8.6) <0.0001
  (STA/C2)2, mm (SD) 0.076 (0.11) 0.17 (0.096)
    (STA/C2)2 < 0.044† 1 (50) 2 (5.7) 0.031
Mean temporary occlusion time
  STA-MCA, min (SD) 16 (0.92) 19 (5.8)
    >16 1 (50) 20 (57) 0.83
  RA-MCA, min (SD) 17 (2.8) 21 (3.7)
    >20 0 18 (51) 0.16

*  Data are expressed as number of patients (%), unless otherwise indicated.
†  Variable is significantly related to symptomatic WI by the log-rank test.
‡  The value for the upper range is missing due to the small number of patients with symptomatic WI.
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rate between 50 and 150 ml/min acutely, and the flow can 
increase significantly over the ensuing days as measured 
by transcranial Doppler flowmetry.25 The size and health 
of the RA must be evaluated and matched to the need. Al-
though it was thought that the STA should be at least 1 mm 
in caliber, an RA should be at least 2.4 mm and prefer-
ably 2.5 mm or larger at the minimum diameter for EC-
IC bypass,27 and RA grafts can supply enough blood flow 
volume to perfuse the ipsilateral MCA area,13 to date, there 
have been few studies which have analyzed the relationship 
between the vessel diameter and the symptomatic WI. In 
addition, the sizes of the RA and STA vary from patient 
to patient, and there is no preoperative assurance that the 
RA and STA can supply enough blood flow to compen-

sate for the occluded ICA.9 To our knowledge, we showed 
for the first time that the cross-sectional areas (which were 
calculated by diameters of RA, C2, and STA) were related 
to the symptomatic WI. When therapeutic ICA occlusion 
is planned, evaluation of vessel diameters and calculation 
of the cross-sectional areas—not the type of graft—should 
be performed to prevent the symptomatic WI. If preopera-
tive evaluation reveals small cross-sectional ratios, a larger 
graft, such as the saphenous vein, may have to be used for 
ECA-M2 bypass.

mca pressure monitoring
Using MCA pressure monitoring, we could detect the 

perfusion pressure of the MCA territory before, during, 
and after temporary occlusion. This monitoring was also 
useful for checking the patency of the graft after the thera-
peutic ICA occlusion.12 Because the RA graft itself is not 
visible after passing through the route, we have used MCA 
pressure, in addition to motor or somatosensory evoked 
potentials, to judge if the graft is working well. In the 
present study, MCA pressure monitoring also detected RA 
graft kinking in 3 patients. We revised anastomosis during 
the surgery in these 3 patients, and they had no symptom-
atic WI. Although the RA-M2 bypass was shown to be able 
to maintain the arterial pressure in the MCA territory as 
high as in the ICA,12 values of MCA pressure needed to 
prevent the cerebral cortical tissue from ischemia remain 
unknown. To our knowledge, the present study shows for 
the first time that the values of MCA pressure monitoring, 
especially MCA pressure after releasing the RA graft by-
pass of less than 55 mm Hg and (MCA pressure after re-
leasing the RA graft bypass)/(initial MCA pressure) of less 
than 0.70 mm Hg, were associated with the symptomatic 
WI. On the other hand, the RA graft blood flow was not 
associated with the symptomatic WI. We thought that the 
RA graft blood flow was influenced by the graft kinking 
and/or distortion, especially on the route from the cranium 
to the neck, and that it might not reflect the accurate blood 
flow. Because MCA pressure was measured distal to the 
RA-M2 anastomosis, it was more important for evaluat-

table 2. outcomes by mrs score

mRS Score No. of Patients (%)

Preoperative
  0 12 (32)
 1 15 (41)
 2 8 (22)
 3 1 (2.7)
 4 1 (2.7)
At discharge
  0 15 (41)
 1 7 (19)
 2 13 (35)
 3 1 (2.7)
 4 1 (2.7)
At 12 mos
  0 20 (54)
 1 9 (24)
 2 6 (16)
 3 1 (2.7)
 4 1 (2.7)

table 3. analysis of factors related to neurological worsening*

Variable
NW at Discharge p Value NW at 12 Mos p Value

Yes, n = 11 No, n = 26 Crude Adjusted Yes, n = 8 No, n = 29 Crude Adjusted

Median age, yrs (IQR) 65 (8.5) 60 (11) 0.23 65 (8.4) 61 (11) 0.33
Sex, F 10 (91) 22 (85) 0.61 8 (100) 24 (83) 0.56
Postclip regrowth 1 (9.1) 2 (7.7) 1.0 1 (13) 2 (6.9) 0.53
Op side, left†‡ 10 (91) 17 (65) 0.003 0.0090 7 (88) 12 (41) 0.042 0.038
Postop RA graft stenosis 3 (27) 2 (7.7) 0.11 3 (38) 2 (6.9) 0.057
Perforator infarction†‡ 6 (55) 1 (3.8) 0.01 0.0050 4 (50) 3 (10) 0.027 0.022
Temporary occlusion time, mins
  STA-MCA 21 (5.8) 18 (5.5) 0.24 21 (6.4) 18 (5.3) 0.17
  RA-MCA 22 (4.5) 21 (3.5) 0.62 21 (2.8) 21 (4.0) 0.80
Symptomatic WI† 2 (18) 0 0.025 0.99 1 (13) 1 (3.4) 0.39

NW = neurological worsening.
*  Data are expressed as number of patients (%), unless otherwise indicated.
†  Variables significantly related to NW by univariate analysis.
‡  Variables significantly related to NW after adjusting for age and sex.
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ing the cerebral perfusion (Fig. 1). Furthermore, although 
MCA pressure monitoring may reflect only the cortical 
artery perfusion pressure and does not reflect ischemia of 
the deep cerebral area perfused by the perforating arter-
ies,12 we regarded this MCA pressure monitoring as a use-
ful tool for preventing bypass failure during surgery.

outcome
All RA grafts were patent in the present study, the re-

sults of which are comparable or superior to previous 
studies.6,13,15,18 All preoperatively independent patients re-
mained independent (mRS score < 3) at discharge and at 
the 12-month follow-up or last hospital visit. However, neu-
rological worsening was observed in 11 (29%) patients at 
discharge and in 8 (22%) patients at the 12-month follow-
up or last hospital visit. We observed that left operative side 
and ischemia in the perforating artery distribution were 
related to neurological worsening. Therefore, the injury 
of perforating artery around aneurysm should be avoided 
in patients with complex ICA aneurysm treated with the 
ECA-RA-M2 bypass, especially on the left side.

limitations
Our study had a retrospective design, with inherent 

limitations leading to potential ascertainment bias. In ad-
dition, the number of patients was small. Furthermore, be-
cause the number of WIs was exceedingly low, it might be 
difficult to draw conclusions. Although supportive STA-
MCA anastomosis constructed before the RA graft bypass 
procedure increases the total time of the operation, it is 
useful for avoiding major ischemic injury during large-
caliber anastomosis2,5,8,19 because it is impossible to know 
how long the recipient M2 can withstand temporary occlu-

sion during the anastomosis. The mean temporary occlu-
sion time was 19 ± 5.7 minutes for STA-MCA anastomo-
sis. In addition, whether spasm of the STA or distal MCA 
branches affected the measurements remains unknown. 
The results of the present study should be further clarified 
using an independent cohort.

conclusions
The results of the present study showed that the cross-

sectional area of the vessel diameter used for the bypass 
and intraoperative MCA pressure had impacts on the 
symptomatic WI. Also, left operative side and ischemia 
in the perforating artery distribution were related to neu-
rological worsening in patients with complex ICA aneu-
rysms who were treated by ECA-RA-M2 bypass.
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