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Abstract Moyamoya disease (MMD) and atherosclerotic
cerebrovascular disease (ACVD) differ in angiographic ap-
pearance and probably hemodynamics. Pediatric MMD
(PMMD) usually presents with cerebral ischemia, while
intracranial hemorrhage is more common in adult MMD
(AMMD), suggesting differences in cerebral hemodynam-
ics. We analyzed the cortical flow velocity and direction of
recipient arteries using micro-Doppler ultrasonography to
evaluate the cortical circulation before and after anastomosis
in MMD and ACVD. Twenty-eight patients with adult
MMD (AMMD), 7 with pediatric MMD (PMMD), 16 with
ACVD, and 12 control patients were studied. A micro-
Doppler probe was applied on the cortical recipient artery
(A4 or M4) before and after anastomosis. Systolic maxi-
mum flow velocity (Vmax) and blood flow direction were
investigated at proximal and distal parts of anastomosed
sites in recipient arteries. Pre- and postoperative regional
cerebral blood flow was measured by cold xenon-computed
tomography (Xe-CT). Before anastomosis, retrograde corti-
cal flow was significantly more common in PMMD patients,
and Vmax in cortical artery was significantly lower in
AMMD patients. Bypass surgery changed the direction of
blood flow from the anastomosis site to proximal and distal
sites of the recipient artery in most patients, but pre-
anastomosis flow direction was preserved more frequently in
PMMD patients. The rate of Vmax increase after anastomosis
was significantly higher in AMMD than in PMMD (11.6±9.8
vs. 3.9±1.8; P00.01). Micro-Doppler ultrasonography iden-
tified differences in cortical circulation among AMMD,

PMMD, and ACVD. In AMMD, significantly low velocity
in the cortical artery was observed before anastomosis, and
bypass surgery reversed the flow and significantly increased
flow velocity. The data of PMMD showed unique hemody-
namics of the cortical artery before anastomosis, characterized
by a higher frequency of retrograde flow and preserved ve-
locity. The Vmax increase rate was significantly higher in
patients with postoperative cerebral hyperperfusion on Xe-
CT, and further study is warranted to validate the clinical use
of intraoperative micro-Doppler monitoring to predict postop-
erative hyperperfusion.
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Moyamoya disease

Introduction

Moyamoya disease (MMD) and atherosclerotic cerebrovascu-
lar disease (ACVD) are both occlusive cerebrovascular dis-
ease, but the cerebral hemodynamics has been shown to differ
not only between MMD and ACVD [2, 5, 19] but also
between adult MMD (AMMD) and pediatric MMD
(PMMD) [15, 25, 29]. ACVD causes occlusion or severe
stenosis of carotid or intracranial artery, resulting in ischemic
attack. MMD is characterized by chronic progressive steno-
occlusive changes affecting the terminal portions of internal
carotid arteries, accompanied by the development of collateral
networks at the base of the brain, called “moyamoya vessels”
[18, 26, 27]. AMMD typically presents with intracranial hem-
orrhage. In contrast, PMMD usually exhibits transient ische-
mic attack (TIA) or cerebral infarction. However, the
differences between the diseases in terms of hemodynamics
and postoperative circulatory changes are not fully known.
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Imaging techniques have elucidated the circulatory dynam-
ics and postoperative changes by measuring cerebral blood
flow (CBF) before and after surgery. Several studies have
conducted intraoperative measurements using laser Doppler
flowmeter, infrared brain surface monitoring, indocyanine
green (ICG) angiography, and transcranial Doppler ultraso-
nography (TCD). Micro-Doppler ultrasonography demon-
strates microvascular flow wave pattern, velocity, and
direction by directly applying a probe on a microvessel. Some
systems record flow volume as mathematical values [14].
Micro-Doppler ultrasonography is generally used to evaluate
the flow of aneurysm and its trunks during clipping [9];
feeding arteries, nidus, and draining veins of arteriovenous
malformation [1]; and patency of microvascular anastomoses
[16]. This method is simple and reliable.

There are few hemodynamic studies on occlusive cere-
brovascular diseases using micro-Doppler ultrasonography,
which compare MMD and ACVD. In the present study, we
examined the cortical hemodynamics and surgical effects in
AMMD, PMMD, and ACVD patients by applying a micro-
Doppler probe on cortical micro-arteries before and after
superficial temporal artery–middle cerebral artery (STA–
MCA) anastomosis.

Patients and methods

Patients

Fifty-one patients (52 hemispheres) were monitored by
micro-Doppler ultrasonography during STA–MCA double
anastomoses between July 2007 and March 2010. The
moyamoya disease patients in our recently reported study

[10] were not included in the present study. Thirty-five
patients were diagnosed as MMD, consisting of 28 with
AMMD (median age 42.7±11.5 years, range 20 to 70 years)
and 7 with PMMD (younger than 15 years of age) (median
age 8.6±1.7 years, range 6 to 11 years). Sixteen patients had
ACVD (median age 64.2±10.4 years, range 34 to 72 years):
10 with internal cerebral artery (ICA) occlusion, 1 with
severe ICA stenosis, 2 with MCA occlusion, and 3 with
MCA stenosis. All patients underwent preoperative cerebral
angiography, and MMD patients were classified into angio-
graphic stages according to the classification described by
Suzuki and Takaku [26, 27]. In 28 AMMD patients (29
hemispheres), 15 were stage 3, 11 were stage 4, and 3 were
stage 5. In PMMD patients, 6 were stage 3, and 1 was stage
5. The clinical characteristics including symptoms, the pre-
operative regional CBF (rCBF), and the preoperative cere-
brovascular reactivity (rCVR) are shown in Table 1.
Although the PMMD group consisted of only seven cases,
this group was included in the comparison and the results
were interpreted with caution. When the preoperative rCBF
in adult patients was compared with normal control rCBF
data obtained from healthy volunteers (15 healthy volun-
teers; aged 18–72 years; mean 50 years) [22, 30], rCBF was
reduced in AMMD (P<0.0001) and ACVD patients (P<
0.0001) (Table 1) (F025.16, P<0.0001). The data of
PMMD patients could not be compared because control
rCBF data of children were not available. Unfortunately, we
have no normal control rCVR data from the healthy volun-
teers (Table 1).

As controls, 12 patients (median age 56.8 years) with
unruptured cerebral aneurysms were investigated. The ve-
locity of cortical artery was measured by micro-Doppler
ultrasonography during clipping surgery.

Table 1 Preoperative patient
characteristics in the three
groups

TIA transient ischemic attack,
MCA middle cerebral artery,
rCBF regional cerebral blood
flow, rCVR cerebrovascular
reactivity, NT not tested

*P<0.0001, significantly
reduced compared with control
aNumber of operated
hemispheres
bPreoperative rCBF cannot be
compared with the control data
obtained from adults (mean
age 50 years), and normal
control data of children are not
available for comparison

AMMD PMMD ACVD Control

Number of patients 28 (29a) 7 16

Sex, number of patients

Male 8 5 11
Female 20 (21a) 2 5

Age (±SD), years 42.7±11.5 8.6±1.7 64.2±10.4 50.0

Clinical features, number of patients

Infarction 10 0 9
TIA 15 2 5

Headache 1 1 0

Headache + TIA 0 4 0

Hemorrhage 3 0 0

Asymptomatic 0 0 2

Preoperative rCBF, ml/100 g/min

MCA region (mean ± SD) 34.5±9.7* 55.8±15.5b 29.1±9.3* 48.7±7.2

Preoperative rCVR, %

MCA region (mean ± SD) 9.7±18.2 18.8±26.4 16.8±29.9 NT
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Surgery

In MMD patients, STA–MCA double bypass or STA–MCA/
STA–ACA bypass was selected based on symptoms and CBF
[12]. In ACVD patients, only STA–MCA double bypass was
used. STAwas anastomosed end-to-side to each of the cortical
artery MCA (M4) or ACA (A4) on the brain surface in supra-
sylvian fissure and infra-sylvian areas. A silicone stent
(400 μm in diameter, 3 to 4 mm in length) that we designed
was inserted into the recipient artery by an arteriotomy to
facilitate anastomotic procedures [24]. The surgical indication
of direct bypass surgery for ACVDwas based on the criteria in
the Japanese EC–IC Bypass Trial [20]. In MMD patients,
indication of surgical treatment was minor completed ische-
mic stroke or repeated TIAs. The operation was performed
more than 2 weeks after the latest ischemic attack.

Intraoperative micro-Doppler monitoring

The monitoring system (Companion III, Nicolet Vascular
Inc., Madison, WI, USA) displayed Doppler waveform,
direction of blood flow, and maximum systolic flow velocity
(Vmax). The center frequency was 20 MHz. A micro-probe
(Monitoring Probe X1-P112, Nicolet Vascular Inc.) 1.5 mm
in diameter was carefully applied on a vessel at a 45° angle.
Measurable Vmax range was from 0 to 120 cm/s. Vmax higher
than 120 cm/s was recorded as 120 cm/s.

Before anastomosis, the selected recipient arteries (M4 or
A4) were investigated with micro-Doppler. The ultrasonic

waveform, Vmax, and flow directions were recorded. After
anastomosis, the same parameters were measured at proxi-
mal (“a” and “c” in Fig. 1a) and distal (“b” and “d” in
Fig. 1a) sides of the anastomoses. Figure 1b demonstrates
the data of a representative case.

The flow direction of the STA and recipient artery after
anastomosis could be divided into three patterns as illustrat-
ed in Fig. 2. In pattern A, blood flow of the recipient artery
is almost totally supplied by STA and is retrograde proximal
to the anastomosis and anterograde distal to the anastomo-
sis. In pattern B, blood flow of the recipient artery is ante-
rograde. In pattern C, blood flow of the recipient artery is
retrograde. Patterns B and C imply that the pre-anastomosis
flow direction is preserved.

Vmax increase rate was calculated as the increase in Vmax

after anastomosis divided by pre-anastomosis Vmax. The rate
was measured at the proximal and distal sites of the anasto-
mosed point. When the flow direction was reversed after
anastomosis, we added post-anastomosis Vmax to pre-
anastomosis Vmax to obtain the increase in Vmax. When the
flow direction was unchanged after anastomosis, we sub-
tracted pre-anastomosis Vmax from post-anastomosis Vmax.

Cold xenon-computed tomography (Xe-CT)

Preoperative and postoperative (immediately after surgery un-
der general anesthesia) rCBF were measured by cold Xe-CT.
Preoperative regional rCVR was measured by the acetazol-
amide loading test (17 mg/kg i.v.) compared to resting CBF.

Fig. 1 a Intraoperative view (left) and indocyanine green angiogram
(right) of a patient undergoing STA–MCA double anastomoses. Points
a to d denote sites of measurement by micro-Doppler ultrasonography
after anastomoses: proximal part (a) and distal part (b) of the anasto-
mosed site at infra-sylvian M4 and proximal part (c) and distal part (d)
of the anastomosed site at supra-sylvian M4. b Micro-Doppler ultra-
sonograms of a 40-year-old man with AMMD presented with transient
ischemic attack demonstrating Doppler wave form, flow direction, and
velocity before and after anastomosis. a to d denote the sites described

in a. Upper figures (supra-sylvian area) show that pre-anastomosis
retrograde flow of the recipient artery was altered after anastomosis
to both retrograde and anterograde flow divided at the anastomosed
site. In other words, the flow direction proximal to the anastomosis did
not change, while that distal to the anastomosis was reversed. Lower
figures (infra-sylvian area) show that pre-anastomosis anterograde flow
changed to retrograde flow proximal to the anastomosis, while the flow
distal to the anastomosis remained anterograde
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We defined postoperative hyperperfusion on rCBF as
greater than 100 % increase in corrected postoperative ipsilat-
eral rCBF over the preoperative value [11]. The corrected
postoperative ipsilateral rCBF was calculated based on the
rate of reduction in postoperative rCBF relative to preopera-
tive value on the nonoperative side (corrected postoperative
ipsilateral rCBF 0 postoperative ipsilateral rCBF × preopera-
tive contralateral rCBF / postoperative contralateral rCBF).

Statistical analysis

Preoperative rCBFwas compared among three groups of adults
(AMMD, ACVD, and normal adult control) by one-way anal-
ysis of variance (ANOVA), followed by Tukey’s test. Correla-
tions between preoperative rCBF and pre-anastomosis Vmax

and between preoperative rCVR and pre-anastomosis Vmax

were analyzed by Spearman’s rank correlation coefficient (rs).
Pearson’s chi-square test was used to compare pre-anastomosis
flow direction (anterograde or retrograde) among the three
groups. An adjusted residual score greater than 1.96 for a
subgroup percentage indicates that the subgroup differed from
the other subgroups. Post-anastomosis patterns (A, B, and C)
among the groups were compared by Fisher’s exact test fol-
lowed by Bonferroni adjustment, because the cell of low
expected frequency was less than 5. Differences were consid-
ered statistically significant when P was less than 0.016.

Kruskal–Wallis rank sum test followed by Steel–Dwass test
was used to compare Vmax and Vmax increase rate as nonpara-
metric variables among the three groups. Wilcoxon rank sum
test was used to compare Vmax increase rate and postoperative
hyperperfusion as nonparametric variables for two groups.
Differences were considered statistically significant when P
was less than 0.05. All data are presented as mean ± SD.

Results

Doppler records of pre-anastomosis recipient arteries

Flow directions of cortical arteries were significantly differ-
ent (P00.036) among ACVD, AMMD, and PMMD by

Pearson’s chi-square test (Fig. 3). Retrograde flow was
recorded significantly more frequently in PMMD than in
AMMD and ACVD patients, with adjusted residual of +2.4
(>1.96). Retrograde flow in recipient artery was found in
57 % of PMMD patients, 29 % of AMMD patients, and
19 % of ACVD patients (Fig. 3).

Pre- and post-anastomoses Vmax of cortical recipient arter-
ies (M4 or A4) are summarized in Table 2. Mean pre-
anastomosis Vmax of cortical recipient arteries (M4 or A4)
were 9.0±6.8 cm/s in AMMD patients, 14.2±8.2 cm/s in
PMMD patients, and 12.9±7.9 cm/s in ACVD patients. Con-
trol patients had mean cortical Vmax of 13.7±3.0 cm/s. Krus-
kal–Wallis rank sum test revealed significant difference
among four groups (P00.001) (Fig. 4). Furthermore, Steel–
Dwass test showed significantly lower Vmax in AMMD
patients compared to controls (P00.007) (Fig. 4) and a ten-
dency of lower Vmax in AMMD compared to PMMD (P0
0.07) and to ACVD (P00.058).

Comparing the flow velocity and rCBF before surgery in
adult patients, both flow velocity and rCBF were signifi-
cantly reduced in AMMD, while flow velocity was pre-
served but rCBF was significantly reduced in ACVD
(Fig. 4 and Table 1). Flow velocity appears to reflect rCBF
in AMMD but not in ACVD. Taken together, flow velocity
did not reflect rCBF directly in adult patients with occlusive
cerebrovascular diseases in the present study.

Rank correlation analysis showed no correlation between
preoperative rCBF and pre-anastomosis Vmax in all subjects
(rs00.17, P00.24) and in AMMD (rs00.2, P00.29), PMMD
(rs00.0, P01.0), and ACVD (rs00.14, P00.62). Likewise,
no correlation was observed between preoperative rCVR and
pre-anastomosis Vmax in all subjects (rs00.18, P00.23) and in
AMMD (rs00.26, P00.21), PMMD (rs00.66, P00.16), and

Fig. 2 Schemes demonstrating three patterns of post-anastomosis
blood flow. A Blood flow of recipient artery is almost totally supplied
by STA. The flow proximal to the anastomosis is retrograde and that
distal to the anastomosis is anterograde. B Blood flow of recipient
artery is anterograde. C Blood flow of recipient artery is retrograde

Fig. 3 Comparison of pre-anastomosis blood flow direction in recip-
ient arteries among AMMD, PMMD, and ACVD groups. The numbers
of the column denote patient numbers. A significant difference among
three patient groups was observed (Pearson’s chi-square test: P0
0.036). Black star: retrograde flow was recorded significantly more
frequently in PMMD patients, with adjusted residual +2.4 (>1.96)
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ACVD (rs00.14, P00.63). Therefore, flow velocity did not
reflect rCBF and rCVR in the present study.

No correlation was observed between pre-anastomosis
Vmax and the angiographic stage of MMD. In AMMD
patients, Vmax (cm/s) were 10.1±8.4 in stage 3, 7.5±4.1 in
stage 4, and 9.2±5.9 in stage 5. In PMMD patients, Vmax

were 15.0±7.9 in stage 3 and 10.0±11.3 in stage 5.

Doppler records of recipient arteries after anastomosis

After bypass surgeries, patterns B and C were found in
PMMD patients more frequently (21.4 %) than in AMMD
(1.9 %) and ACVD patients (3.6 %). The rate of patterns B
and C tended to be higher in PMMD than in AMMD,
although the difference did not reach statistical significance
[P00.027 (>0.016)] by Fisher’s exact test followed by Bon-
ferroni adjustment. The post-anastomosis flow direction did
not depend on the slope direction of STA.

Mean Vmax increase rates in AMMD, PMMD, and
ACVD patients were 11.6±9.8, 3.9±1.8, and 9.0±12.0,

respectively, in the first anastomosis and 9.2±9.7, 4.7±3.4,
and 5.5±5.2 in the second anastomosis. The increase rates
did not depend on the slope direction of STA. Kruskal–
Wallis rank sum test detected a significant difference (P0
0.006) in Vmax increase rate among three groups in the first
anastomosis, and Steel-Dwass test identified a significant
difference between AMMD and PMMD (P00.01) (Fig. 5).
The Vmax increase rate of the second anastomosis was sig-
nificantly lower than that of the first anastomosis (Wilcoxon
rank sum test P00.029). Kruskal-Wallis rank sum test
detected no significant difference in Vmax increase rate
among angiographic stages in AMMD (P00.36) and
PMMD (P00.15).

Cerebral hyperperfusion on Xe-CT and Vmax increase rate

Postoperative hyperperfusion in ACA or MCA territories,
defined as 100 % or greater increase over preoperative
rCBF, was observed in six hemispheres of AMMD patients
(20.7 %). No cerebral hyperperfusion was observed in
PMMD patients, while three hemispheres of ACVD patients
(18.8 %) showed hyperperfusion. In all patients, the Vmax

increase rate was significantly higher in patients with cere-
bral hyperperfusion in the operative hemisphere on Xe-CT
(12.2±11.8) than in those without cerebral hyperperfusion
(7.8±8.4) (Wilcoxon rank sum test: P00.02) (Fig. 6).

Discussion

Cortical hemodynamics of AMMD, PMMD, and ACVD
patients

Flow direction and velocity of cortical micro-arteries mea-
sured by micro-Doppler ultrasonography were different
among AMMD, PMMD, and ACVD patients. The preoper-
ative flow velocity in recipient arteries in AMMD patients
was significantly lower than that in control. PMMD patients
had unique hemodynamics characterized by a high frequen-
cy of retrograde cortical blood flow and comparable flow
velocity as the control group. In ACVD patients, the fre-
quency of retrograde flow was the lowest, and flow velocity
was comparable to that of the control.

Several studies have demonstrated that hemodynamics
differ among the three groups. While rCBF in AMMD has

Table 2 Preoperative and post-
operative Vmax obtained from
micro-Doppler ultrasonography
in the three groups

Data are expressed as mean ±
SD

AMMD PMMD ACVD

Pre-anastomosed Vmax (cm/s) 9.0±6.8 14.2±8.2 12.9±7.9

Post-anastomosed Vmax (cm/s)

First anastomosis 64.3±35.7 54.1±27.8 55.0±35.8

Second anastomosis 43.7±32.4 35.4±23.1 37.0±25.7

Fig. 4 Systolic maximum flow velocity (Vmax) in control, AMMD,
PMMD, and ACVD groups before direct bypass. Vmax in the AMMD
group was significantly lower than the control. Kruskal–Wallis rank
sum test revealed significant difference among the four groups (P0
0.001) Furthermore, Steel–Dwass test showed significantly lower Vmax

in AMMD patients compared to controls (asterisk: P00.007), and a
tendency of lower Vmax in AMMD compared to PMMD (P00.07) and
to ACVD (P00.058)
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been found to be preserved or higher than in ACVD, rCVR
decreases more severely in AMMD patients [19]. In our
previous studies in AMMD, calculated rCBF and perfusion
pressure in the MCA territory indicated high cerebral arterial
vascular resistance at the proximal side and very low cere-
bral vascular resistance at the distal side [23]. There is a
general agreement that PMMD patients have impaired
rCVR. These may explain why the common clinical presen-
tation of PMMD is ischemic stroke and/or TIA [15].

Most of the recent reports on Doppler ultrasonographic
study of cerebrovascular diseases are related to TCD. Ruan
et al. [25] observed high velocity and low resistance index in
common carotid artery and ICA and either low or extremely
high velocity in stenotic ACA, MCA, and posterior cerebral
artery. According to a report of TCD data from the ICA to
the distal part of basal MCA in MMD, the vascular resis-
tance through the stenotic lesion was lower in later stage,
and severe stenosis resulted in low velocity in the distal
MCA [29]. The hemodynamics of distal and cortical vessels
have been found to differ from those of major cerebral
arteries in terms of rCVR and flow velocity.

TCD is mainly used to study main trunks, while ICG
angiography has been used to study cortical hemodynamics.
Czabanka et al. [5] demonstrated using ICG angiography
that cortical microvascular diameter was increased, and
arterial microvascular transit time (indirectly representing
velocity) was prolonged in AMMD patients compared with
ACVD and control patients. Their results suggest decreased
microvascular resistance in AMMD. There is increasing
evidence that CBF in AMMD is preserved by compensatory
lowering of vascular resistance and increase of moyamoya
vessel and microvascular diameter, leading to lowered ve-
locity in peripheral arteries. The present results of signifi-
cantly lower Vmax in AMMD patients may be compatible
with the above and our previous findings [23].

Young MMD patients exhibit rapid clinical progression
and significantly more frequent ischemic attacks [13, 28].
This study showed no significant correlation between an-
giographic stage and cortical velocity. Previous studies have
proposed that angiographic stage is not directly related to
clinical presentation, hemodynamics, or treatment risk [4,
8]. We propose that the unique hemodynamic pattern in

Fig. 5 Vmax increase rates in
AMMD, PMMD, and ACVD
groups in the first and second
anastomoses. Kruskal–Wallis
rank sum test detected a
significant difference (P0
0.006) in Vmax increase rate
among the three groups in
the first anastomosis, and
Vmax increase rate in the first
anastomosis was significantly
higher in the AMMD group
than in the PMMD group
(Steel–Dwass test; asterisk:
P00.01)

Fig. 6 Vmax increase rate in MMD patients with or without postoper-
ative cerebral hyperperfusion on Xe-CT. Vmax increase rate was signif-
icantly higher in patients with cerebral hyperperfusion (Wilcoxon rank
sum test; asterisk: P00.02)
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PMMD, characterized by a high frequency of retrograde cor-
tical flow and preserved velocity, may be entirely distinct from
the hemodynamics seen in AMMD. The direction of blood
flow depends on the pressure gradient. Retrograde flow in
PMMD patients might be caused by insufficient anterograde
flow or the development of leptomeningeal anastomoses.

Effect of STA–MCA anastomosis on cortical
hemodynamics

In general, flow directions after bypass surgery depend on
the arterial pressure of cortical recipients and donor artery
(STA). The present results suggest that STA–MCA anasto-
mosis affects the cortical circulation and clinical course
differently in various patient groups. In most patients, the
post-anastomosis flow direction in the recipient artery was
anterograde distal to the anastomosed point and retrograde
proximal to the anastomosis and was dependent on the flow
from STA against the pre-anastomosis flow (pattern A).
Patterns B and C, in which pre-anastomosis flow direction
was preserved, were rarely seen in AMMD and ACVD
patients, but were found in 21 % of bypasses in PMMD
patients. The present results concerning the flow direction in
the recipient artery after bypass may reflect the preoperative
lower velocity in AMMD and retrograde flow with pre-
served velocity in PMMD.

Our micro-Doppler study demonstrated a significantly
higher rate of increase in velocity in AMMD patients but
not in ACVD patients after direct bypass surgery. Using
ICG angiography, Awano et al. [2] demonstrated that the
STA–MCA anastomosis supplies blood flow to a greater
area in AMMD patients than in patients with ACVD. In
our previous studies in AMMD, STA–MCA anastomosis
partially normalized cerebral circulation by increasing per-
fusion pressure and rCBF at the anastomosed area, which
resulted in decreasing moyamoya vessels [23]. The above
data together with our results indicate that after direct by-
pass surgery, blood flows into the dilated vessels and per-
fuses a wide area, signifying abnormally high cortical
perfusion, especially in AMMD patients. On the other hand,
the rate of increase in Vmax did not correlate with the
angiographic stage of MMD. One reason may be that the
staging does not directly reflect circulation or postoperative
changes as mentioned above.

Recent reports have indicated that STA–MCA anastomo-
sis sometimes results in focal cerebral hyperperfusion in
MMD patients. Preoperative reduced rCVR is known to be
a risk factor of postoperative cerebral hyperperfusion, and
adult onset or hemorrhagic onset patients had significantly
higher risk of symptomatic cerebral hyperperfusion [6]. A
few studies reported postoperative hyperperfusion in ACVD
patients and indicated preoperative steal phenomenon as a
predictor [30]. Several methods have been proposed for the

detection of cerebral hyperperfusion during operation or
early after operation [10]. Gesang et al. [7] indicated that
laser Doppler flowmeter is useful for postoperative real-time
monitoring during the high-risk period. Intraoperative meas-
urements such as thermography, infrared brain surface mon-
itoring, and ICG fluorescence angiography predict post-
anastomosis cortical hemodynamics [2, 10, 17, 21]. It is
generally known that cortical velocity does not directly
influence CBF, especially in normal individuals, who may
show variable cortical velocities due to responses to cere-
brovascular resistance and diameter [3, 5]. On the contrary,
in cerebrovascular occlusive diseases, especially in MMD,
cerebrovascular resistance decreases and distal vascular di-
ameter dilates to the maximum [23]. Under these conditions,
since the cortical velocity fluctuates minimally, micro-
Doppler ultrasound may be useful to reflect local CBF. In
the present study, the Vmax increase rate in patients with
postoperative cerebral hyperperfusion on Xe-CTwas elevat-
ed significantly. However, the variability was large probably
due to the small number of hyperperfusion cases. The hand-
held microprobe may be a source of error in quantitative
analysis and has to be addressed in the future. Further study
is warranted to validate whether intraoperative micro-
Doppler ultrasonography can be used clinically to predict
postoperative cerebral hyperperfusion.

Conclusions

Intraoperative micro-Doppler ultrasonography monitoring
was useful to characterize cortical hemodynamics and the
flow alterations after direct bypass surgeries in AMMD,
PMMD, and ACVD patients. In AMMD, significantly low
velocity in the cortical artery was observed before anasto-
mosis, and bypass surgery reversed the flow and significant-
ly increased flow velocity. The data on a limited number of
PMMD cases showed unique hemodynamics of the cortical
artery before anastomosis, characterized by a higher fre-
quency of retrograde flow and preserved velocity. In
ACVD, hemodynamic abnormalities in the cortical artery
were comparatively mild in terms of velocity and flow
direction, and anastomosis produced mild changes. The
Vmax increase rate was significantly higher in patients with
postoperative cerebral hyperperfusion, and large increases
might alert a risk of postoperative hyperperfusion. A larger
number of patients and more reliable quantification methods
should be used to validate the present clinical results.
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Comments

Yasuhiro Yonekawa, Zürich, Switzerland
Morisawa et al. are to be congratulated for delivering interesting

information concerning the hemodynamics of cortical flow in three
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different cerebrovascular occlusive diseases, PMMD, AMMD, and
ACVD, in comparison with a control group obtained at the time of
aneurysm surgery. These examinations have been done with the aid
of micro-Doppler sonography that we are using only to check
vascular patency, especially after construction of an EC–IC bypass
or in aneurysm surgery. Originally, the authors advocated the theory
that the increase of the post-anastomotic Vmax could predict a hyper-
perfusion syndrome; however, they somewhat toned down, presum-
ably due to an insufficient number of cases, stating that their finding
may help in preventing this undesirable complication. To be honest,
I miss some additional explanation or speculation about the mecha-
nism responsible for such hemodynamic differences between patients
with moyamoya disease, both pediatric and adult, or between moya-
moya and atherosclerotic occlusive disease, even though some infor-
mation regarding leptmeningeal anastomosis and rCVR has been
given. Perhaps such an explanation could be possible with additional
data obtained by measuring the intraarterial pressure or the local
rCBF with the use of a thermocouple [1, 2]. Such measurements
would also furnish evidence of changes in cortical flow direction
after bypass surgery.

Table

Vmax: cortical flow Retrograde flow ΔVmax

PMMD ⇒ +++ +

AMMD ⇓ ++ +++

ACVD ⇒ + ++
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Kiyohiro Houkin, Sapporo, Japan
The authors clearly have demonstrated quantitative flowmeasurement

in moyamoya disease using micro-Doppler ultrasonography. This work is
praiseworthy for clinical application. They have also revealed that in
pediatric moyamoya cases, the cortical flow shows retrograde flow and
its Vmax (systolic maximum flow velocity) is higher than the adult
moyamoya cases. This may mean that retrograde flow due to the pial
anastomosis in pediatric cases is well established than in adult case.

As it is well-known, the collateral flow is dependent on the stages
of this disease. In addition, the flow dynamics may depend on its
location (area of craniotomy). We have to be careful to evaluate these
quantitative data. I am confident that the intraoperative flow measure-
ment using micro-Doppler ultrasonography is practical and convenient
in intraoperative flow measurement based on my personal experience.
Moreover, the hyperperfusion that is a serious issue after successful
direct bypass to moyamoya disease can be predicted using this very
convenient tool. More additional clinical experience with this tool is
necessary and the establishment of a standard way of reliable evalua-
tion using this weapon is expected.
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