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Intraoperative transit-time ultrasonography combined
with FLOW800 predicts the occurrence of cerebral hyperperfusion
syndrome after direct revascularization of Moyamoya disease:
a preliminary study
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Abstract
Background Cerebral hyperperfusion syndrome (CHS) is a common complication after direct bypass surgery in patients with
Moyamoya disease (MMD). Since preventive measures may be inadequate, we assessed whether the blood flow difference
between the superficial temporal artery (STA) and recipient vessels (△BF) and the direct perfusion range (DPR) are related to
CHS.
Methods We measured blood flow in the STA and recipient blood vessels before bypass surgery by transit-time probe to
calculate △BF. Perfusion changes around the anastomosis before and after bypass were analyzed with FLOW800 to obtain
DPR. Multiple factors, such as △BF, DPR, and postoperative CHS, were analyzed using binary logistic regression.
Results Forty-one patients with MMD who underwent direct bypass surgery were included in the study. Postoperative CHS
symptoms occurred in 13/41 patients. △BF and DPR significantly differed between the CHS and non-CHS groups. The optimal
receiver operating characteristic (ROC) curve cut-off value was 31.4 ml/min forΔBF, and the area under the ROC curve (AUC)
was 0.695 (sensitivity 0.846, specificity 0.500). The optimal cut-off value was 3.5 cm for DPR, and the AUC was 0.702
(sensitivity 0.615, specificity 0.750).
Conclusion Postoperative CHS is caused by multiple factors. △BF is a risk factor for CHS while DPR is a protective factor
against CHS.
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Introduction

Moyamoya disease (MMD) is characterized by a progressive
intracranial arterial steno-occlusive disease of unknown etiol-
ogy, especially at the terminal portion of the internal carotid
artery, leading to an abnormal vascular network (moyamoya
vessels) at the base of the brain, which causes severe hemo-
dynamic impairment [9, 25]. The moyamoya vessels are very
fragile and prone to bleeding or ischemia, so MMD typically
presents clinically with intracranial hemorrhage and cerebral
infarction or transient ischemic attack (TIA). To prevent brain
ischemia and hemorrhage, direct revascularization adopts su-
perficial temporal artery (STA)–middle cerebral artery (MCA)
bypass surgery as a choice of treatment for MMD, which can
establish a sufficient blood supply to immediately improve
cerebral perfusion [8, 16]. Although direct bypass surgery is
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a very mature technique, there are still some postoperative
complications that cannot be effectively resolved, such as
postoperative ischemic/hemorrhagic stroke or cerebral hyper-
perfusion syndrome (CHS), during the acute phase after STA-
MCA bypass surgery [4, 8]. CHS is a dangerous complication
after bypass surgery, which can cause transient neurological
deterioration [4, 10], such as severe headache, epilepsy, apha-
sia, focal neurologic deficits, and even delayed intracranial
hematoma (ICH) [6, 20]. The incidence of CHS after direct
bypass surgery for patients withMMD has been reported to be
5.9–47% [4, 8, 21, 27]. CHSmay cause irreversible damage to
nerve function. When CHS occurs, blood pressure needs to be
controlled to reduce the incidence of complications. On the
contrary, controlling blood pressure may lead to complica-
tions such as cerebral infarction. Our research may provide
theoretical support for resolving this contradiction.

Intraoperative ICG video angiography (ICG-VA) com-
bined with hemodynamic parameter analysis with the visually
time-delayed color map obtained by FLOW800 software
(Carl Zeiss Meditec AG) can monitor the regional cerebral
blood flow (CBF) and evaluate the improvement of the cortex
perfusion around the anastomotic site after direct bypass sur-
gery in patients with MMD [2, 29]. An intraoperative transit-
time ultrasonography blood flow probe can monitor the direc-
tion of blood flow and the pressure gradient between the donor
artery and the recipient artery before and after direct revascu-
larization surgery for MMD [17]. So far, no relevant literature
has reported whether the relationship between the pressure
gradient between the bypass vessels and the range of cerebral
blood perfusion around the anastomotic site is related to CHS
in patients with MMD after bypass surgery. In our study, we
used an intraoperative transit-time ultrasonography blood
flow probe to measure the blood flow of the cut STA [1]
and MCA before direct bypass graft, and the FLOW800 soft-
ware assessed the cerebral perfusion territory changes before
and after direct bypass surgery in MMD. Then, we analyzed
whether the blood flow difference between the STA and re-
cipient vessels (△BF) and direct perfusion range (DPR) were
related to CHS.

Materials and methods

Patient population and selection criteria

We retrospectively analyzed 41 patients with MMD who had
undergone STA-MCA direct bypass surgery between October
2018 and October 2019. Patients received single anastomosis
and blood flow measurements and FLOW800 during surgery.
In general, the patients were selected for bypass surgery if the
following criteria were met: (1) no contraindications for sur-
gery; (2) all patients underwent digital subtractive angiogra-
phy (DSA) and magnetic resonance angiography (MRA)

before surgery to confirm the final diagnosis of MMD
(Tokyo standard) [23]; (3) patients with MMD that affects
the anterior circulation, with TIA or stroke, unaffected by drug
therapy; (4) no history of iodine allergy and other dye aller-
gies; (5) no unrecoverable sequelae; (6) no history of
hypertension.

Surgical procedures

The general procedure is as follows: The superficial temporal
artery is fully exposed and carefully separated, the dura mater
is cut and the middle meningeal artery preserved, the appro-
priate MCA branch is then selected, and the blood flow of the
STA and MCA branches (M4) are measured using a Doppler
microprobe, and then analyzed by FLOW800 as follows.
While temporarily obstructed, a single anastomosis of STA-
MCA by end-to-side anastomosis, after anastomosis,
encephalo-duro-arterio-synangiosis (EDAS) was also per-
formed; then, the blood flow of the STA and recipient blood
vessels was measured through the microprobe and analyzed
using the FLOW800 software, and the patency of the anasto-
mosis was confirmed.

Intraoperative measurement of cerebrovascular
blood flow

In some studies, transit-time ultrasonography is used to mea-
sure the blood flow of the bypass graft, and the pressure gra-
dient is expressed by the increase of blood flow velocity or
blood flow to predict the occurrence of hyperperfusion or
transient neurologic deficits (TNEs) [13, 17], and it has been
shown that in patients after bypass surgery, the pressure gra-
dient between STA and recipient vessels is well correlated
with the difference in blood flow between the two [2, 24].
Therefore, we measured the blood flow of the STA and recip-
ient blood vessels before bypass surgery using a transit-time
probe and calculated the difference to represent the pressure
gradient between the STA and recipient vessels, and it was
clarified whether the anastomosis was unobstructed [17]. This
study used a hook-shaped transit-time probe (Charbel Micro-
Flowprobe; Transonic Systems, Inc., Ithaca, NY) to measure
cerebral vascular blood flow, which is repeatable and non-
invasive. The probe is stable and less susceptible to interfer-
ence from other factors and has been demonstrated in in vitro
and in vivo studies [14]. In our study, we measured the cut
flow [1] of the STA before the anastomosis, i.e., the maximum
potential flow of the vessel was measured without resistance
at the distal end of the vessel. Blood flow should be measured
in a similar range of blood pressure (we control the blood
pressure difference within 10 mmHg by using monitoring)
and PaCO2, both before and after anastomosis.
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ICG angiography and FLOW800 software analysis

ICG fluorescein and FLOW800 software analyses were per-
formed before and after bypass. At each angiography, ICG
(25 mg, dissolved in 10 ml of normal saline) was injected into
the cubital vein. In the same operation, fluoroscopy was per-
formed in the same appropriate field before and after the anas-
tomosis. The same parameters, such as focal length and mag-
nification, multiples, distance from the field, and angle, were
selected for angiography. After image acquisition, FLOW800
software was used for analysis. The FLOW800 provides a

visually time-delayed color map of hemodynamics and perfu-
sion changes by evaluating the fluorescent video sequences
obtained by integrated ICG fluorescein angiography to com-
pare the perfusion areas of the anastomotic regions before and
after bypassing. The color map is color-coded according to the
order of the ICG contrast agent flowing through the parts, and
the color is color-coded according to the length of the ICG
contrast agent. The color code is finally displayed in a static
image. In the time-delayed color map, red indicates the earliest
passage area. After the bypass surgery, the circulation time of
the corresponding branch area becomes shorter and the

Fig. 1 DPR measurement. a The
image of the fluorescence
intensity after intraoperative ICG
angiography, before the
anastomosis on the left, and after
the anastomosis on the right. b
FLOW800 software
automatically generates time-
delayed color maps. The left side
is the image before the anasto-
mosis, and the right side is the
image after the anastomosis, all of
which are independent images. c
After FLOW800 automatically
adjusted the parameters, the con-
trast image formed under the
same parameters. The left side is
the image before the anastomosis,
and the right side is the image af-
ter the anastomosis. The five-
pointed star is the anastomosis
point, and the area around the
anastomosis point that turns red is
the direct perfusion area (DPR).
In the DPR, the two points fur-
thest away from each other were
identified and represent DPR ac-
cording to the distance between
them
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cortical perfusion increases [29]. It has been pointed out that
FLOW800 can be used to visualize hemodynamic changes
after intracranial and extracranial bypass, but not for the quan-
titative analysis of blood perfusion [22], and the fluorescence
intensity image we obtained after intraoperative ICG angiog-
raphy is basically the same as the red area around the anasto-
mosis on the delayed color map obtained by FLOW800

software analysis. Therefore, we define the area that becomes
red in the delayed color image as the direct perfusion range
(DPR) after bypass surgery (compared to before the anasto-
mosis), and analyze the delayed color image using a semi-
quantitative method. We place a ruler during the operation
and measure the distance between the two furthest points in
the DPR on the delayed color map. This distance represents

a  1 cm b  2 cm

c  3 cm d  4 cm

e  5 cm

Fig. 2 Representative image of DPR. a, b, c, d, e is a representative image of the distance of 1–5 cm in DPR. On the left is the image before the
anastomosis. On the right is the anastomosed image
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the DPR (Fig. 1) and carry out statistical analysis. For the
convenience of statistics, we calculate the distance of less than
1 cm as 1 cm; the distance of 1–2 cm is calculated as 2 cm; the
distance of 2–3 cm is calculated as 3 cm; the distance of 3–
4 cm is calculated as 4 cm; distance 4–5 cm is calculated as
5 cm (Fig. 2).

Postoperative management

Anti-epileptic drugs are routinely administered after surgery.
Since the preoperative blood pressure was within normal
range, we closely monitored the blood pressure after surgery
and controlled the blood pressure to preoperative levels.
Hyperperfusion symptoms usually appear within 1 week after
surgery. When CHS appears, we continue to intravenously
apply nimodipine while monitoring blood pressure to reduce
systolic blood pressure by 10–30 mmHg, but not lower than
90 mmHg, to avoid symptoms of cerebral ischemia, and the
symptoms of patients after treatment generally relieves within
2 weeks.

Definition of CHS

The diagnostic criteria for CHS include the following [4, 18,
28]: (1) CTP (CT perfusion) was used to define increase in

CBF around the anastomosis; (2) obvious neurological symp-
toms, such as limb dysfunction, aphasia, persistent headache,
vomiting; (3) MRA or DSA was used to clarify the patency of
the bypass vessel. Brain MRI excluded any new cerebral in-
farction. In addition, other factors that may cause these symp-
toms, such as the temporal muscle compression of the brain
surface and subdural hematoma, were excluded.

Statistical analysis

A paired sample t test was applied to data generated before
and after bypassing. An independent sample t test was used
for comparison between CHS and NON-CHS groups.
Descriptive variables are shown as mean ± standard deviation
(SD). Based on the Youden index of the receiver operating
characteristic (ROC) curve to set the optimal cut-off value,
binary logistic regression analysis was used to analyze the
effects of multiple factors on CHS symptoms. Sex, type of
disease, age, DPR, and △BF were considered as independent
variables, and CHS symptoms were considered dependent
variables. All statistical analyses were performed using IBM
SPSS version 20. Differences with P < 0.05 were considered
statistically significant.

Results

A total of 41 patients were included in the study, with an
ischemic type of 28 and a hemorrhagic type of 13. The patient
age range was 18 to 57 years, and the mean age was 39.76 ±
11.70 years. The profiles of the patients are detailed in
Table 1. All patients were confirmed to have patency of the
bypass by MRA or DSA within 1 week after surgery.

During the operation, all physiological parameters were
kept within the normal range. There was no significant differ-
ence in systolic blood pressure, diastolic blood pressure, or
PaCO2 before and after bypassing (Table 2).

Table 1 Characteristics
of patients with MMD Characteristic Value

Sex

M 19

F 22

Operative side

Rt 20

Lt 21

Onset

Ischemia 28

Hemorrhage 13

Age years

Mean ± SD 39.76 ± 11.70

range 18–57

Table 2 Comparison of physiological parameters before and after
bypass

Parameter
(mmHg)

PaCO2 Systolic blood
pressure

Diastolic blood
pressure

Before bypass 37.5 ± 2.6 123.6 ± 13.6 67 ± 7.3

After bypass 36.9 ± 2.7 122.4 ± 12.2 65.8 ± 6.7

P value 0.09 0.39 0.25

Data are presented as mean ± SD

Table 3 Comparison of parameters between CHS group and NON-
CHS perfusion group

Parameter CHS NON-CHS P value

Patients 13 28

Age in years, mean ± SD 43.38 ± 11.50 38.07 ± 11.60 0.179

Sex F 5 17 0.824

Operated side Lt 9 11 0.078

Ischemia onset 10 18 0.099

△BF (ml/min)

Mean ±SD 45.57 ± 16.94 34.52 ± 13.81 0.032

Range 24.90–73.41 11.29–67.54
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There were 13 hemispheres with CHS after bypass and 28
hemispheres were NON-CHS. There were no significant dif-
ferences in sex, age, disease type, and side between the two
groups (Table 3). All patients with CHS were relieved of their
symptoms within 2 weeks without irreversible damage.

The STA flow range was 18.6–74ml/min, and the flow rate
of the recipient blood vessel was 0.49–8.99 ml/min. The dif-
ference (ΔBF), ranging from 11.29 to 73.41 ml/min, was
statistically significant between the CHS and non-CHS groups
(Fig. 3).

After the bypass, the direct perfusion area around the anas-
tomotic point was counted. As shown in Table 4, there was a
significant difference in DPR between the CHS and non-CHS
groups (P = 0.028) (Fig. 4).

Based on the Youden index (sensitivity + specificity-1) of
the ROC curve, the optimal cut-off value for ΔBF was
31.4 ml/min, and the area under the ROC curve (AUC) was
0.695. When △BF > 31.4 ml/min, the occurrence of CHS
could be predicted and the corresponding sensitivity was
0.846 and the specificity was 0.500. The optimal cut-off value
for DPR was 3.5 cm, and the AUC was 0.702. When DPR <
3.5 cm, the occurrence of CHS could be predicted and the
corresponding sensitivity was 0.615 and the specificity was
0.750 (Fig. 5).

We analyzed CHS, age, sex, side, disease type, △BF, and
DPR, using binary logistic regression analysis, with CHS as
the dependent variable (group: NON-CHS = 0, CHS = 1). The
analysis showed that △BF and DPR were significant

predictors of CHS symptoms. We then established a multi-
factor logistic regression model, and the equation was as
follows:

Logit(P) = 0.560 + 0.132△BF-1.993DPR.
Table 5 shows that the patient’s CHS symptoms were not

caused by a single factor. △BF acts as a risk factor and DPR
acts as a protection factor. In the case of a constant DPR, the
greater △BF the greater the likelihood of CHS symptoms is. In
the case of a constant △BF, the greater DPR, the less likely
high perfusion will occur.

DPR, △BF are in the equation. According to the results, the
model is established: Logit(P) = 0.560 + 0.132△BF-
1.993DPR. △BF is a risk factor and DPR is a protection factor.

Discussion

This study is the first to predict the occurrence of CHS by
DPR analyzed by FLOW800 software and the △BF measured
by transit-time ultrasonography. We analyzed the parameters
of △BF, perfusion range, age, gender, side, and disease type,
and found that △BF and DPR were independent predictors of
CHS. Binary logistic multi-factor regression analysis showed
that △BF is a risk factor for CHS, and DPR is a protective
factor. Using our model, we showed that the larger the △BF,
the higher the risk of CHS. On the contrary, when △BF is
equal, the larger the perfusion range, the smaller the probabil-
ity of CHS appearing.

In our study, △BF has obvious difference between CHS
group and non-CHS group. Based on the Youden index of
ROC, when △BF is greater than 31.4 ml, the probability of
CHS will increase significantly. And with the increase of BF,
the risk of CHS will be higher, we believe that due to the
vessels in the cerebral cortex suddenly inject large amounts
of exogenous blood, leading to hyperperfusion symptoms.

Fig. 4 Comparison of DPR between the CHS and NON-CHS groups.
There was a significant difference between the two groups (P = 0.028)

Table 4 The distance in
DPR Distance NON-

CHS
CHS

1 cm 1 1

2 cm 1 3

3 cm 5 4

4 cm 16 4

5 cm 5 1

Fig. 3 Comparison of △BF between the CHS and non-CHS groups.
There was a significant difference between the two groups (P = 0.032)
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The mechanism of CHS after MMD direct bypass surgery has
been reported as a sudden increase in blood flow in the cere-
bral arteries after bypass, and recovery of clinical symptoms
due to impaired vascular regulation due to long-term ischemia
[19]. Moreover, the loss of neurological function after bypass
surgery is related to the high signal band of the fluid-
attenuated inversion recovery (FLAIR) sequence in MRI.
The high cortical signal indicates vasogenic edema, that is,
excessive blood in the blood vessels causes impaired autoreg-
ulation of blood vessels and vascular permeability increases
[7]. The above views are consistent with our study.

We believe that merely measuring the changes in intraop-
erative blood flow seems to be somewhat incomplete for
predicting CHS. Different pressure gradients may have a cer-
tain effect on predicting CHSwithin the same perfusion range.
When the same pressure gradient is within a different perfu-
sion range, we believe that the effect is also different. In pa-
tients with MMD, the end of the internal carotid artery grad-
ually occludes, the microvessels in the cortex gradually in-
crease and expand, and the peripheral resistance is reduced
by the expansion of the microvessels to compensate for CBF
[3, 11]. Direct bypass surgery is an anastomosis of STA with
recipient blood vessels, which can better increase cerebral
cortex blood perfusion through the microvessels, and this phe-
nomenon can be more intuitively revealed by the FLOW800’s
delayed color map [22]. With FLOW800, we can more direct-
ly observe the direct perfusion range after bypass surgery. We

believe that the larger the direct perfusion range of the same
△BF, the more it can reduce the blood perfusion pressure of
the recipient blood vessel, so it will reduce the damage to the
autoregulatory function of the recipient blood vessel. Through
our research, when DPR is greater than 3.5 cm, the chance of
CHS will be reduced. Through multi-factor analysis, we have
obtained a model of CHS occurrence probability: Logit(P) =
0.560 + 0.132△BF-1.993DPR. According to the model, we
can find that △BF and DPR affect each other. If △BF is found
to be large during the operation and DPR is small, then post-
operative care must be taken to prevent the emergence of
CHS.

CHS is one of the serious complications after revasculari-
zation of moyamoya disease, especially in adults, its incidence
can be as high as 50% [12]. It has been reported in the litera-
ture that single-photon emission tomography (SPECT) mea-
sures the changes of CBF before and after operation to diag-
nose CHS and then manage the clinical symptoms [5].
However, SPECT examinations can only be performed at
specific times. It is difficult to examine in an emergency,
and the results of SPECT may be affected by sedation or
emotional agitation. Recently, some articles have shown that
there is no significant correlation between TNEs and CBF
after revascularization [7, 15, 26]. It can be seen that the quan-
titative measurement of CBF to predict postoperative neuro-
logical deficit is still controversial. Therefore, in the diagnostic
criteria of CHS, we take a qualitative observation of the in-
crease of CBF around the anastomosis. In the study, the pa-
tients in the CHS group alleviated their symptoms after treat-
ment such as lowering blood pressure. Moreover, we measure
blood flow by transit-time ultrasonography to obtain △BF, and
obtain DPR by FLOW800 time-lapse color map. Both
methods are relatively simple, will not cause invasive trauma,
and during surgery, it is possible to predict whether CHS
occurs after surgery, which is conducive to early measures
and can better take perioperative management to make the
patient get the best prognosis. According to our model, if the
risk of CHS is high, we suggest control the postoperative

a  ΔBF b  DPR

Fig. 5 ROC curve analysis for
CHS. a ROC curve of ΔBF. The
AUC was 0.695, and the optimal
cut-off value was 31.4 ml/min
(sensitivity 0.846, specificity
0.500). b The ROC curve for
DPR. The AUC was 0.702, and
the optimal cut-off value was
3.5 cm (sensitivity 0.615, speci-
ficity 0.750)

Table 5 Binary logistic regression analysis results

Variables in the rquation

Variables B P OR (95% CI)

△BF 0.132 0.007 1.14 (1.037–1.256)

DPR − 1.993 0.006 0.136 (0.033–0.557)

Constant 0.56
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blood pressure to a lower level, which is about 10–20 mmHg
lower than before. Generally, if the blood pressure drops too
low, it may cause the contralateral ischemia of bilateral
moyamoya disease. Of course, the appropriate blood pressure
reduction level will be further studied.

This study has certain limitations. Our research uses a
hand-held transit-time probe, which may have certain errors
in measurement. In addition, in actual operation, the injection
speed of ICG and blood pressure cannot be completely con-
trolled. Heart rate also affects the intensity of fluorescence. It
is impossible to measure blood flow when there is not enough
space around the anastomosis or the tiny recipient blood ves-
sels. The choice of surgery field cannot be completely con-
trolled before and after bypassing. ICG fluorescence cannot be
displayed outside the skull window. Therefore, when evaluat-
ing the time delay color map of FLOW800, attention should
be paid to the limitations of these parameters. Being a retro-
spective research is another limitation of this study, with a
limited sample size and a single-center study, which may also
affect the universality of the results. Due to the small sample
size, this conclusion may have certain errors. We believe that
there will be more advanced tools in the future and a large
sample of multi-center tests to further validate or correct the
results of this study.

Conclusions

The results of this study indicate that CHS is not caused by a
single factor but by a combination of multiple factors. By
monitoring △BF and DPR after bypass, we found that △BF
is a risk factor for CHS, and DPR is a protective factor. △BF is
positively correlated with CHS when DPR is unchanged. In
the case of unchanged △BF, DPR is negatively correlated with
CHS. These results may provide useful information for peri-
operative management of MMD.
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