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Abstract
Background Postoperative cerebral hyperperfusion (HP) is a
notable complication that occurs more frequently in
moyamoya disease (MMD) than in atherosclerosis. This study
aimed to clarify the characteristics of intraoperative indocya-
nine green (ICG) videoangiography in MMD and atheroscle-
rotic disease in terms of postoperative HP.
Methods This prospective study included 47 patients with 60
sides that underwent superior temporal artery (STA)-middle
cerebral artery (MCA) single bypass. ICG videoangiography
was performed after revascularization. The ICG time intensity
curve was recorded in the STA, proximal MCA, distal MCA,
and superficial Sylvian vein, and the angiographic differences
among adult MMD, pediatric MMD, and atherosclerosis were
analyzed.
Results Twenty-two patients (27 sides) had adult MMD, 14
patients (22 sides) had pediatric MMD, and 11 patients (11
sides) had atherosclerosis. Postoperative HP was significantly
higher in adult MMD (40.7 %) than in pediatric MMD
(18.2 %) and atherosclerosis (0 %). Adult MMD with HP
was associated with a longer ICG peak time (P<0.001). There
was no correlation between the ICG peak time and preopera-
tive cerebral blood flow or vascular reserve. The ratio of the
vessel caliber was also higher in adult MMD with HP
(P<0.001).
Conclusions ICG videoangiography provides different char-
acteristics of bypass flow among adult MMD, pediatric
MMD, and atherosclerosis. Poor run-off and stagnation of
blood flow from the STA might contribute to postoperative
HP in MMD. The occurrence of postoperative HP in MMD

could depend on two factors: donor STA size and poor run-off
and integrity of the blood brain barrier in the recipient MCA.
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Introduction

Moyamoya disease (MMD) is an uncommon cerebrovascular
disease characterized by progressive stenosis of the terminal
portion of the bilateral internal carotid arteries. This stenosis
leads to the compensatory formation of an abnormal network
of perforating blood vessels, termed moyamoya vessels, that
provide collateral circulation [29, 30]. The clinical features of
MMD substantially differ between children and adults. Most
children with MMD develop transient ischemic attack (TIA)
or cerebral infarction, whereas about half of adult patients
develop intracranial bleeding, TIA/cerebral infarction, or both
[19]. The clinical presentation and outcome of MMD
remains varied and is based on angiographic findings
and other factors including age, systemic factors, and
the quality of the cerebral circulation and collateral
networks [21]. Revascularization surgery is established for
symptomatic MMD and asymptomatic MMD with impaired
hemodynamics. Direct/indirect combined bypass surgery (supe-
rior temporal artery [STA]-middle cerebral artery [MCA] anas-
tomosis with encephalomyosynangiosis) is the main treatment
for patients with MMD, and indirect bypass surgery
(encephalomyosynangiosis or encephaloduroarteriosynangiosis)
is selected in patients in whom the STA is not developed [19].

Recently, hyperperfusion (HP) after STA-MCA bypass has
been a focus in MMD. HP occurs more frequently in adult
MMD than in pediatric MMD or atherosclerosis [8, 11, 14, 18,
33]. However, the mechanism for HP after STA-MCA bypass
remains undetermined, and no modalities have been
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established to predict postoperative HP in patients with
MMD. This study aimed to test (1) whether ICG
videoangiography findings differ among adult MMD,
pediatric MMD, and atherosclerosis and (2) whether periop-
erative ICG videoangiography has a potential to predict
postoperative HP.

Materials and methods

Study population

From January 2010, consecutive patients with MMD and
atherosclerosis who underwent STA-MCA anastomosis were
prospectively analyzed. The indication for surgical revascu-
larization for MMD was symptomatic or hemodynamic com-
promise on single-photon emission computed tomography
(SPECT) [19]. The indication for surgical revascularization
for atherosclerosis is still controversial even after the result of
Carotid Occlusion Surgery Study (COSS) [2, 24, 25]. In this
study, the patients with atherosclerosis were selected for sur-
gical revascularization when they were symptomatic, intrac-
table to medical treatment and have severe hemodynamic
compromise on SPECT according to Japanese EC-IC bypass
trial [22]. Patients were diagnosed as MMD according angio-
graphic findings [10]: (1) stenosis or occlusion at the terminal
portion of the internal carotid artery or proximal areas of the
anterior cerebral artery and MCA and (2) abnormal vascular
networks in the arterial territories near the occlusive or stenot-
ic lesions as detected by magnetic resonance (MR) angiogra-
phy and intra-arterial angiography. The patients were divided
into adult MMD (>20 years of age) and pediatric MMD
groups according to the previous report [33] since they have
different properties of presentation [19].

Treatment strategy and ICG videoangiography

STA-MCA single anastomosis with encephalomyosynangiosis
was performed by the same operator (I.N.) under general anes-
thesia. The method of intraoperative ICG videoangiography
was approved by the ethics committee of Nagasaki University
Hospital, and all patients provided written informed consent.
ICG videoangiography was performed using the OPMI Pentero
with integrated ICG technology (Carl Zeiss Co., Oberkochen,
Germany). Intravenous injection of 12.5 mg of ICG (Daiichi
Sankyo, Co., Tokyo, Japan) in 2.5 mL of normal saline was
performed, and an ICG time intensity curve was developed.
Normal cardiac function was confirmed preoperatively in all
patients, and blood pressure, PaO2, and PaCO2 were main-
tained within the normal range during the surgery. After the
surgery, the patients were monitored under strict control of
blood pressure. MR imaging and SPECT evaluation were per-
formed within 2 weeks before and 1 to 2 days after the surgery.

MR imaging included diffusion-weighted imaging, fluid-
attenuated inversion recovery (FLAIR) imaging, T1-weighted
imaging, and T2-weighted imaging, and MR angiography.
Cerebral blood flow (CBF) was evaluated with 123I-
iodoamphetamine SPECT with or without acetazolamide
administration for assessment of cerebrovascular reserve
(CVR). CVR was calculated using the following formula:
(acetazolamide challenging SPECT count – resting SPECT
count) ⁄ resting SPECT count (%) [12].

The diagnostic criteria for postoperative symptomatic HP
were (1) the presence of neurologic signs, including focal
neurologic deficits and/or severe headache; (2) confirmed
patency of STA-MCA bypass by MR angiography and the
absence of any ischemic changes by diffusion-weighted im-
aging; (3) an obvious postoperative increase in CBF in the
ipsilateral focal perfused area exceeding that in the contralat-
eral side [6–8, 11, 14]; and (4) the absence of other pathologies
such as compression of the brain surface by swelling of the
temporal muscle graft for encephalomyosynangiosis, ische-
mic attack, or seizure [11]. To establish the reproducibility of
our assessment for the presence of postoperative HP on
SPECT, intraobserver and interobserver agreement applying
Cohen’s kappa was determined by two readers (N.H. and
M.M.) and one reader (N.H.) at an interval of more than
7 days. Cohen’s kappa was evaluated with established grading
of agreement: 0 (no agreement), 0 to 0.2 (poor), 0.21 to 0.4
(fair), 0.41 to 0.6 (moderate), 0.61 to 0.8 (substantial), and
0.81 to 1.0 (nearly perfect). When HP developed, the patients
were treated with strict blood pressure control using calcium
channel antagonists, free radical scavengers, and sedative
agents.

ICG image and statistical analysis

ICG images were analyzed with Image J (version 1.45 s;
National Institutes of Health, USA), and an ICG time intensity
curve was developed in four different regions of interest
(ROIs): the STA, proximal MCA, distal MCA, and superficial
Sylvian vein (Fig. 1). Based on the ICG time intensity curve,
the ICG peak time was defined as the duration of an ICG
intensity of >200 arbitrary units. The ratio of the donor STA/
recipient distal MCA vessel caliber was also calculated. All
data were analyzed by two experienced readers (N.H. and
M.M.) by consensus; both were blinded to the radiological
and clinical characteristics.

Data are presented as means±standard error of the mean.
Statistical analysis was performed with GraphPad Instat (ver-
sion 3.05; La Jolla, CA, USA) and SPSS (version 15.0; SPSS
Japan Inc., Tokyo, Japan). The independent-samples t-test and
Fisher’s exact test were used to compare continuous and
categorical characteristics, respectively, between patients with
and without HP. One-way ANOVA with the Tukey-Kramer
multiple comparison test was performed to compare ICG peak
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times among presentations in MMD. Correlations between
ICG peak time and CBF or CVR were analyzed by
Pearson’s rank correlation test, which measures the linear
relationship between two variables, because we expected
a linear relationship. Very weak, weak, moderate, strong,
and very strong correlations were defined as 0 to 0.19,
0.20 to 0.39, 0.40 to 0.59, 0.60 to 0.79, and 0.80 to 1.00,
respectively. Differences were defined as significant at a
probability level of <0.05.

Results

Patient characteristics

The characteristics of the study population are listed in Table 1.
Twenty-two patients (27 sides) had adult MMD, 14 patients
(22 sides) had pediatric MMD, and 11 patients (11 sides) had
atherosclerosis. The MMD group had a lower percentage of
male patients compared with the atherosclerosis group (P=
0.0012). The adult MMD group comprised patients with TIA
(n=12), infarction (n=5), hemorrhage (intracerebral or sub-
arachnoid) (n=5), and no symptoms (n=5). The pediatric
MMD group comprised patients with TIA (n=14), headache
(n=4), no symptoms (n=3), and infarction (n=1). Preopera-
tive SPECT analysis showed significantly lower CBF in ath-
erosclerosis than in MMD (P=0.02). Postoperative SPECT
detected 11 patients (40.7 %) with HP in the adult MMD
group, and seven patients (25.9 %) showed transient symp-
toms including dysarthria, numbness, and headache, which
completely resolved in 1 week. On the other hand, only four
patients (18.2 %) with pediatric MMD developed postopera-
tive HP, and all were symptomatic. Overall, interobserver and
intraobserver reproducibility were substantial to nearly perfect
for the presence of HP (kappa coefficient=0.86 and 0.73,
respectively).

Postoperative bypass flow on ICG videoangiography

Bypass patency was confirmed in all patents with intraopera-
tive ICG videoangiography and postoperative MR angiogra-
phy. Interestingly, the ICG intensity in the recipient MCA
adjacent to the anastomosis remained high until the late phase
in some patients (Fig. 2a). The ICG peak time at the distal
MCA was significantly longer in adult MMD with HP than
without HP (P<0.001) (Fig. 2b). The same trend was seen in
pediatric MMD, but it did not reach statistical significance.
There was no significant difference in ICG peak time among
presentations in MMD. Moreover, there was a very weak
correlation between the ICG peak time and preoperative
CBF (P=0.09, r2=0.08) or CVR (P=0.65, r2=0.01) and a
very weak correlation between HP and preoperative CBF or
CVR (Fig. 2c).

Next, we analyzed the effect of the ratio of vessel caliber
(donor STA/recipient MCA) on postoperative HP to deter-
mine whether vessel size mismatch affects HP. As expected,
patients with adult MMD showing HP had significantly
higher ratios than did patients with adult MMD without HP
(P<0.001), and the ratio was around 1.0 in pediatric MMD
regardless of the presence of HP (Fig. 3). A representative
case is shown in Fig. 4.

Discussion

Characteristics of ICG videoangiography and postoperative
HP in MMD

Revascularization surgery has been established as a standard
treatment for MMD to improve cerebral hemodynamics [19].
Increasing evidence has recently suggested that symptomatic
HP may occur postoperatively in 15.0 % to 31.5 % of patients
with MMD, which is quite different from that occurring after
revascularization surgery for atherosclerotic disease despite
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Fig. 1 Operative views after STA-MCA bypass: microscopic view (a)
and ICG videoangiography (b). Regions of interest were selected at the
STA, proximal MCA, distal MCA, and SSV, and the ICG time intensity

curve was automatically developed (c). STA: superficial temporal artery,
MCA: middle cerebral artery, SSV: superficial Sylvian vein



performance of the same STA-MCA bypass surgery [8, 11,
14, 33]. This HP leads to transient neurological deterioration,
seizures, or delayed intracerebral hemorrhage, and early pre-
diction and careful management of HP is mandatory after the
bypass for MMD [5]. However, the mechanism of postoper-
ative HP inMMD remains undetermined, and no evidence has
been established to explain the difference in the frequency of
postoperative HP between MMD and atherosclerotic disease.
In this study, we provide new evidence that intraoperative ICG
dynamics differ among adult MMD, pediatric MMD, and
atherosclerosis in terms of postoperative HP. Poor run-off
and stagnation of the bypass flow might contribute to postop-
erative HP in adult MMD. Why patients with atherosclerosis
did not show postoperative HP despite the same ICG flow
pattern and even higher ICG intensity compared with patients
with adult MMD in this study remains uncertain. Integrity of
the host microvasculature in MMD could account for the
difference in postoperative HP. Increased expression of serum
matrix metalloproteinase-9, cytokines, angiogenic factors, and
circulating endothelial progenitor cells are reportedly involved
in the pathogenesis of MMD, and these factors could also
contribute to HP via increasing the blood–brain barrier

permeability after revascularization surgery [9, 16]. It is also
reported that the specific pathology of a vascular structure
with a poor network and distribution could affect the postop-
erative HP in MMD [18, 23]. Moreover, it is reported that
autoregulatory vasodilation may quickly recover after STA-
MCA bypass in pediatric MMD, and such vasodilation may
require a longer time to recover in adult MMD [33] probably
because of the longer course of microvessel degeneration in
adult MMD. This might account for the difference of ICG
dynamics between adult and pediatric MMDs. On the other
hand, we found that the discrepancy between the STA and
MCA calibers could affect postoperative HP, which did not
always correlate with ICG peak time in this study (data not
shown). A previous report showed that the STA flow and size
correlated positively with postoperative MCA flow, andMCA
size did not correlate with any of the postoperative MCA flow
measurements, emphasizing the importance of STA size and
flow rate as the main determinant of the postoperative MCA
flow, which supports our result [20]. Awano et al. evaluated
the bypass flow area after STA-MCA bypass using ICG and
reported that bypass blood flow through the anastomosed STA
was larger in patients with MMD than without MMD because

Table 1 Characteristics of the
Study Population

CBF=Cerebral blood flow,
CVR=Cerebral vascular reserve,
n.s.=not significant

Adult MMD
(n=22)

Pediatric MMD
(n=14)

Atherosclerosis
(n=11)

p

Operation Sides (total 60 sides) 27 22 11

Age in years 42.4±8.2 9.9±4.0 61.2±9.2 <0.0001

Male gender (%) 4 (18.2) 6 (42.9) 9 (81.8) 0.0012

Symptom

Asymptomatic (%) 5 (18.5) 3 (13.6) 0

Headache (%) 0 (0) 4 (18.2) 0

Transient ischemic attack (%) 12 (44.4) 14 (63.6) 1 (0.9)

Infarction (%) 5 (18.5) 1 (4.5) 10 (90.9)

Intracerebral hemorrhage (%) 4 (14.8) 0 (0) 0

Subarachnoid hemorrhage (%) 1 (3.7) 0 (0) 0

Preoperative hemodynamic status

CBF in MCA (ml/100 g/min) 31.6±9.6 37.4±8.9 26.0±6.0 0.02

CVR in MCA (%) 7.2±22.0 −6.1±22.7 −3.0±16.4 n.s.

Suzuki moyamoya stage n.s.

I (%) 0 (0) 0 (0) ND

II (%) 3 (11.1) 2 (9.1) ND

III (%) 24 (88.9) 20 (90.9) ND

IV (%) 0 (0) 0 (0) ND

Clinical history

Diabetes mellitus (%) 0 (0) 0 (0) 4 (36.4)

Hypertension (%) 0 (0) 0 (0) 11 (100)

Current or former smoker (%) 0 (0) 0 (0) 4 (36.4)

Postoperative hyperperfusion 11 (40.7) 4 (18.2) 0 (0) 0.01

Symptomatic hyperperfusion 7 (25.9) 4 (18.2) 0 (0) n.s.
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of a larger gradient pressure. This findingmay account, at least
in part, for the occurrence of postoperative HP [1]. Although
differences between the patients with and without HPwere not
assessed in their small study, their findings could contribute to
the poor run-off and stagnation of ICG. Nevertheless, we
believe that the STA/MCA ratio is not the only factor involved
in the development of HP because it is generally larger in very
young children. Multiple other factors could be involved in
the occurrence of postoperative HP in patients with MMD,
including STA/MCA mismatch, poor run-off, and integrity of
the blood brain barrier in the MCA (Fig. 5).

Prediction of postoperative HP with ICG videoangiography
in MMD

Two reports have shown that certain modalities, such as
intraoperative laser Doppler or intraoperative thermography,
have the potential to detect postoperative HP [17, 23]. In-
creases in regional CBF measured with laser Doppler or
temperature increases around the anastomotic site during sur-
gery may be indicators of postoperative HP [17, 23]. It is
generally recognized that reduction of CBF and impaired
CVR can anticipate the occurrence of HP after STA-MCA
bypass for atherosclerosis as well as after carotid endarterec-
tomy for carotid stenosis [36]. However, two recent studies
assessed the hemodynamic/metabolic predictors of postoper-
ative HP in patients with MMD, and both found that CBF and
CVR are not predictors of symptomatic HP in patients with
MMD [14, 33]. These results support our data. Further posi-
tron emission tomography (PET)-based parameters, including
cerebral blood volume and the oxygen extraction fraction, are
required to predict the development of postoperative HP in
patients with MMD [14, 33]. Nevertheless, these modalities
lack general versatility, and other modalities are required.
Although quantification of cortical CBF with ICG
videoangiography is still controversial and unestablished
[15], we believe that routine ICG videoangiography could
give additional information regarding poor run-off of the

Fig. 2 ICG intensity in the distal MCA adjacent to the anastomosis
(asterisk) remained high until the late phase (a). In adult MMD, the
ICG peak time was significantly longer in patients with than without
HP (***P<0.001). The same trend was seen in pediatric MMD, but it did
not reach statistical significance (b). There was no significant difference

in ICG peak time among presentations in MMD (b). There was no
correlation between the ICG peak time and preoperative CBF or CVR
on SPECT in MMD (c, open circle indicates HP). CBF: cerebral blood
flow, CVR: cerebral vascular reserve, SPECT: single-photon emission
computed tomography, n.s.: not significant

Fig. 3 The ratio of the vessel caliber (STA/distal MCA) was higher in
adult MMD with than without HP (***P<0.001)
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bypass flow by visual inspection, which might contribute to
postoperative HP.

ICG is a near-infrared dye that was approved by the Food
and Drug Administration to evaluate cardiocirculation and
liver function and for use in ocular angiographies.
Microscope-integrated intravenous ICG angiography has re-
cently been a useful adjunct for intracranial aneurysm,
extracranial-intracranial bypass, intracranial arteriovenous
malformation (AVM), spinal AVM, spinal arteriovenous fis-
tula (AVF), and spinal tumors [13, 26, 27, 31, 35]. Moreover,
quantitative analysis of ICG transit curves opens new possi-
bilities of assessing blood flow in cerebral vessels and brain
tissue [3, 4, 15, 28, 32, 33], and recent papers reported
quantification of ICG intensity to assess hypoperfusion after

subarachnoid hemorrhage [28] or assess HP after revascular-
ization surgery for atherosclerosis [15]. Some proposed pa-
rameters for cortical surface blood flow assessment include
bolus peak time, time to peak, rise time, blood flow index
(maximum intensity/rise time), andmicrovascular transit time.
However, these parameters have not been established, and
further validation of the evidence is mandatory [4, 15, 28,
34]. Particularly in MMD, surface cortical ICG intensity de-
pends on the microvascular density in the ROI, which might
give different information due to selection bias of the ROI in
the operative field [4]. To avoid bias associated with
microvessels on the cortical surface, we evaluated ICG time
intensity curves focusing on the host STA, recipient MCA,
and adjacent vessels. Interestingly, a previous report suggested

Fig. 4 Representative images of
a 43-year-old female patient with
adult MMD showing
postoperative HP. a left internal
carotid angiogram suggested
MMD, and STA-MCA bypass
was performed. ICG
videoangiography showed
prolonged high ICG intensity in
the distal MCA area (circle in b,
ICG intensity curve in c). She
complained of dysarthria and
headache on the second
postoperative day, and a high-
signal intensity spot was detected
on postoperative SPECT (d)

Fig. 5 The ICG angiography in
HP (a) and schema (b) showing
two factors: host STA and
recipient MCA, possibly affecting
postoperative HP in MMD. BBB:
blood brain barrier
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that a postoperative increase in the ICG blood flow index
could be an indicator of postoperative HP in atherosclerosis,
although the patient number is very small [34]. This supports
the view that ICG intensity assessment can predict postoper-
ative HP in MMD as well.

Several limitations in this study should be addressed. First,
ICG videoangiography for CBF assessment is not fully
established, because ICG videoangiography has parameters
that differ from those of SPECT or PET. Therefore, ICG
parameters could not replace the standard CBF or CVR.
Further accumulation of the evidence obtained from ICG
videoangiography is mandatory, and new-generation software
to standardize ICG parameters could address this limitation.
Nevertheless, we believe that ICG videoangiography has the
potential to predict HP in MMD before assessing hemody-
namic parameters including CBF or CVR. Second, postoper-
ative quantification of CBF on SPECT is lacking in
some patients, especially those with pediatric MMD,
because of low availability. Finally, we did not perform
ICG videoangiography before STA-MCA bypass. Assess-
ment of changes in the ICG intensity curves before and after
STA-MCA bypass might give further information to support
this study.

Conclusions

This study is the first to show that ICG videoangiography
findings differ among adult MMD, pediatric MMD, and ath-
erosclerosis. The occurrence of postoperative HP in MMD
may depend on two factors: donor STA size and poor run-off
and integrity of the blood brain barrier in the recipient MCA.
ICG videoangiography may have the potential to predict
postoperative HP in MMD.
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