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Abstract

Whether surgical revascularization can prevent recurrent hemorrhage in hemorrhagic moyamoya disease (HMD) patients
remains a matter of debate. This study mainly aims at the comparison of treatment effect between surgical revasculariza-
tion and conservative treatment of adult HMD patients. We retrospectively enrolled 322 adult HMD patients, including 133
in revascularization group and 189 in conservative group. The revascularization group included patients who underwent
combined (n=97) or indirect revascularization alone (n=36). Ninety-two and forty-one patients underwent unilateral and
bilateral revascularization respectively. The modified Rankin scale (mRS) was used to assess the functional status. The
comparison was made based on initial treatment paradigm among two categories: (1) revascularization vs. conservative, (2)
unilateral vs. bilateral revascularization. The rebleeding rate was significantly lower in revascularization group than that in
conservative group (14.3% vs. 27.0%, P=0.007). As for the functional outcomes, the average mRS was significantly better
in revascularization group (1.7 + 1.5) than that in conservative group (2.8 +£1.9) (P <0.001). The death rate in revasculariza-
tion group was 8.3% (11/133), comparing to 20.1% (38/189) in conservative group (P=0.004). While comparing between
unilateral and bilateral revascularization within the revascularization group, the result demonstrated lower annual rebleed-
ing rate in bilateral group (0.5%/side-year) than that in unilateral group (3.3%/side-year) (P=0.001). This study proved the
better treatment efficacy of surgical revascularization than that of conservative treatment in HMD patients, regarding both
in rebleeding rate and mortality rate. Furthermore, bilateral revascularization seems more effective in preventing rebleeding
than unilateral revascularization.
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Introduction

Moyamoya disease (MMD) is a unique cerebrovascular
disease characterized by the progressive occlusion of the
distal internal carotid artery (ICA), proximal middle and
Shaojie Yu and Nan Zhang contributed equally to this article. anterior cerebral arteries (MCA and ACA), with the result-
ing hazy network of basal collaterals [25]. Ischemic and
hemorrhagic symptoms are the most common in children
and adults with MMD, respectively [11]. Cerebral ischemia
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the mortality caused by intracranial hemorrhage in HMD
patients ranges between 6.8 and 28.6%, as reported in previ-
ous studies [6, 18, 28, 30]. At present, the surgical revascu-
larization is the main treatment for MMD, but the presence
of the regional racial difference and the paucity of long-term
follow-up studies in HMD, the pathogenesis associated with
rebleeding in HMD patients, and the efficacy of surgical
revascularization procedure are still on debate [6, 18, 28,
30]. Recent studies have shown that surgical revasculariza-
tion can resolve hemodynamic impairment and reduce the
risk of subsequent hemorrhagic stroke [1, 5, 18, 30]. In
a cohort of MMD patients containing both ischemic and
hemorrhagic types, Taichi et al. showed that double revas-
cularization may not prevent rebleeding in HMD patients,
but can only prevent further ischemic attacks in ischemic
MMD patients [6]. However, some scholars believed that
the effect of revascularization for preventing rebleeding in
MMD is much greater than that for preventing ischemia [7].
Furthermore, there is no evidence of the effect of surgical
revascularization on the prevention of contralateral rebleed-
ing, and whether bilateral revascularization is necessary in
HMD patients [15]. According to these doubts, the compari-
son was made based on initial treatment paradigm among
two categories: (1) revascularization vs. conservative, (2)
unilateral vs. bilateral revascularization. So, we focused on
investigating the clinical features of adult HMD, and com-
paring between revascularization group and conservative
groups and between unilateral and bilateral revasculariza-
tion within the revascularization group, further guiding the
treatment strategy for reducing the rebleeding in HMD.

Materials and methods
Study population and radiological characteristics

We reviewed 322 nonselective and consecutive adult
HMD patients admitted to our hospital from May 2015
to June 2019. The inclusion criteria were as follows: (1)
All patients initially presented with intracranial hemor-
rhage, which was confirmed by brain computed tomo-
graphic (CT) scan. (2) The diagnosis of MMD was based
on digital subtraction angiography (DSA) or computerized
tomographic angiography (CTA). (3) Aged > 18 years.
Patients with ischemic symptoms as the initial presenta-
tion, pseudo-MMD, and moyamoya syndrome caused by
other systemic diseases (such as neurofibromatosis, sickle
cell disease, history of irradiation, or hyperthyroidism)
were excluded. The patterns of hemorrhage included intra-
parenchymal hemorrhage (IPH), intraventricular hemor-
rhage (IVH), IPH with IVH, and subarachnoid hemorrhage
(SAH). The side of hemorrhage was categorized into left,
right, and bilateral. SAH was categorized into bilateral
group. The modified Rankin scale (mRS; 0-6, the score of
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6 was defined as death) was used to assess clinical status
at presentation and functional outcomes.

Data collection

Clinical characteristics data of the HMD patients at admis-
sion was collected, including age, sex, initial clinical
manifestations, and the mRS of bleeding. We also col-
lected data of risk factors including hypertension (sys-
tolic blood pressure > 140 mmHg or diastolic blood pres-
sure > 90 mmHg, or use of antihypertensive medication),
smoking, alcohol use, and aneurysms.

Therapy and surgical technique

Treatment modalities included surgical revascularization
and conservative management. Surgical treatments for
MMD were usually divided into three categories: direct,
indirect, and combined revascularization [29]. Direct
revascularization used a microsurgical end-to-side anas-
tomosis of superficial temporal artery (STA) to identical
cortical branches of the middle cerebral artery (MCA),
that is, the so-called STA-MCA revascularization. Indi-
rect revascularization involved the placement of vascular-
ized tissue supplied by the external carotid artery (such as
dura or temporalis muscle) in direct contact with the brain,
leading to the ingrowth of new blood vessels to the under-
lying cerebral cortex. We mainly perform the following
two types of surgery: (1) The adopted method of indirect
revascularization in this study was encephalo-dura-myo-
synangiosis (EDMS), which has been widely performed in
other medical centers [8]. (2) Combined revascularization
was a combination of STA-MCA bypass and EDMS. Post-
operative DSA or CTA were used to evaluate the patency
of STA-MCA anastomosis.

The surgical strategies were mainly as follows. First, sur-
gical revascularization was not performed in the acute phase
of intracranial bleeding. Second, the bleeding hemisphere
was the preferred side for revascularization. Third, bilateral
revascularization was recommended for the HMD patients
with bilateral abnormal collaterals or bilateral presentation,
even though there was no intracranial hemorrhage in the
contralateral hemisphere. Fourth, combined revasculariza-
tion was the preferred procedures. Indirect revascularization
was applied when the donor or recipient artery was too small
or fragile to perform with STA-MCA bypass.

Conservative treatment included ventricular drainages
or only hematoma evacuations without EDMS, in the acute
phase, and ventriculoperitoneal shunt in the chronic phase
following hemorrhage, The conservative strategy was jointly
determined by surgeons and patients’ family members.
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Follow-up and end points

Cross-sectional follow-up data was consisted of the manage-
ment condition of risk factors for stroke, survival condition,
recurrent bleeding events, and mRS evaluated by two expe-
rienced neurosurgeons. In addition to the follow-up in out-
patient department, all patients were contacted via telephone
to update their clinical and performance status on time. All
revascularization patients were required to undergo DSA
6 months postoperatively. Poor functional outcome referred
to mRS >3.0.

The primary endpoint was rebleeding. The secondary
endpoint was death resulted from HMD, including lethal
hemorrhagic stroke, cerebral infarction, and other fatal
events. When performing survival analysis, two conditions
were defined as censoring events. First, patients were alive at
the end of the follow-up period but lost to follow-up. Second,
patient died from other disease.

Statistical analysis

Statistical analysis was carried out by using SPSS (Win-
dows version 25.0, IBM). The categorical variables were
presented as counts (with percentages). The continuous
variables were presented as the means + standard deviations
(SD). The average annual rebleeding rate was calculated by
dividing the number of recurrent hemorrhage events from
the initial episode by patient years. All data were subjected
to Kolmogorov—Smirnov test to determine compliance with
normal distribution. The chi-square test or Fisher exact test
was used to analyze categorical variables. The continuous
variables were analyzed using a ¢-test or nonparametric test.
The cumulative risk of rebleeding and survival curves was
estimated by the Kaplan—Meier product-limit method. More-
over, determining whether Kaplan—Meier transition curves
differed among subgroups by log-rank test.

Result
Clinical characteristics

Baseline presentation and characteristics of the patient
cohort are presented in Table 1 and Table 2 among two
categories: (1) revascularization vs. conservative, (2) uni-
lateral vs. bilateral revascularization within revasculariza-
tion group. Table 3 and Table 4 summarize the long-term
rebleeding rates according to the above groups. A con-
secutive series of 606 patients with bilateral or unilateral
MMD was diagnosed, and 335 patients (55.3%) presented
with intracranial bleeding. The 4 pediatric HMD patients
were excluded and 9 patients were lost of contact during
follow-up. Finally, 322 patients were enrolled in this study
(Fig. 1). Of the 322 HMD patients, 187 were women and

Table 1 Clinical characteristics in conservative group and revascu-
larization group

Characteristics Revascularization P value
No (n=189) Yes (n=133)
Sex ratio (F/M) 104/85 83/50 0.186
Age of first bleeding (yrs) 509+11.1 444492 0.000
Age of rebleeding (yrs) 52.4+8.0 459+9.3 0.011
Average follow-up time 51.9+469 492+333 0.174
(months)
SBP (mmHg) 142.1+£22.0 132.6+16.1 0.098
DBP (mmHg) 85.7+125 829x114 0.132
mRS
mRS of bleeding attack 38+1.1 3709 0.125
mRS<3 21 (11.1) 11 (8.3) 0.573
mRS>3 178 (88.9) 122 (91.7)
Total bleeding episodes (r (%))
1 123 (65.1) 114 (85.7) 0.000
2 51(26.9) 15(11.3) 0.001
3 11 (5.8) 4(3.0) 0.362
4 2(1.1) 0 /
5 2(1.1) 0 /
Types of first hemorrhage (n (%))
IPH 39 (20.6) 42 (31.6) 0.026
SAH 51 (27.0) 8 (6.0) 0.000
IVH 53 (28.0) 50 (37.6) 0.070
IPH with IVH 46 (24.4) 33 (24.8) 0.923
Side of first hemorrhage (n (%))
Left 70 (37.0) 51(38.3) 0.811
Right 43 (22.8) 44 (33.1) 0.040
Bilateral 76 (40.2) 38 (28.6) 0.032
History of risk factors (n (%))
Aneurysm 29 (15.3) 18 (13.5) 0.651
Hypertension 59 (31.2) 47 (35.3) 0.438
Hyperlipidemia 2(1.1) 0 /
Diabetes mellitus 1(0.5) 1(0.8) /
Family MMD 2(1.1) 0 /
Smoking 24 (12.7) 16 (12.0) 0.858
Drinking 26 (13.8) 12 (9.0) 0.195

Values are expressed as number of cases (%) or mean + standard devi-
ation, unless otherwise indicated

135 were men (F/M ratio, 1.385:1). The average age was
48.2 +10.9 years at the first bleeding. The most common
initial symptom was sudden headache (62.7%), vomiting
(49.6%), and unconsciousness (35.9%). The typical CT
images are shown in Fig. 2, including IPH, IVH, IPH with
IVH, and SAH. In our results, IVH and IPH were the most
frequent presentations, accounting for 32.0% and 25.2%,
respectively. Notably, 15 cases in revascularization group
suffered from intracranial bleeding two times before surgi-
cal revascularization was adopted. According to Suzuki’s
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Table 2 Clinical characteristics in unilateral revascularization group
and bilateral revascularization group

Characteristics Unilateral  Bilateral P value
(n=91) (n=42)

Sex ratio (F/M) 59/32 24/18 0.569

Age of first bleeding (yrs) 453+9.2  428+92  0.086

Age of rebleeding (yrs) 469+10.2 443+79  0.377

Average follow-up time 43.4+30.2 62.5+35.5 0.000
(months)

SBP (mmHg) 135.1+£20.3 131.2+14.2 0.108

DBP (mmHg) 84.5+12.1 842+10.7 0.468

mRS

mRS of bleeding attack 3.8+0.9 37408 0.383

mRS <3 8 (8.8) 6(14.3) 0.512

mRS >3 83 (91.2) 36 (85.7)

Total bleeding episodes (n (%))

1 80 (87.9) 34 (80.9) 0.286

2 7(1.7) 8 (19.1) 0.103

3 44.4) 0 /

4 0 0 /

5 0 0 /

Types of first hemorrhage (n (%))

IPH 28 (30.8) 14 (33.3) 0.767

SAH 6 (6.6) 2 (4.8) 0.984

IVH 31 (34.0) 19 (45.2) 0.216

IPH with IVH 26 (28.6) 7(16.7) 0.140

Side of first hemorrhage (n (%))

Left 33 (36.2) 18 (42.9) 0.467

Right 31(34.1) 13 (30.9) 0.723

Bilateral 27 (29.7) 11 (26.2) 0.680

History of risk factors (n (%))

Aneurysm 13 (14.3) 5(11.9) 0.709

Hypertension 21 (23.1) 12 (28.6) 0.495

Hyperlipidemia 0 0 /

Diabetes mellitus 1(1.1) 0 /

Family MMD 0 0 /

Smoking 10 (11.0) 6 (14.3) 0.587

Drinking 99.9) 3.1 0.851

Values are expressed as number of cases (%) or mean + standard devi-
ation, unless otherwise indicated

classification, the stages III and IV were the most common
types in the DSA of HMD patients, accounting for 62.7% of
102 HMD patients. As for accompanying diseases, 14.6% of
patients had aneurysm, and 32.9% had hypertension.
Eighty-five of 322 patients (26.4%) which included 35
men and 50 women experienced rebleeding attacks follow-
ing initial hemorrhagic attack during a median follow-up
period of 42 months (range 0.10-240.0). Same as the first
bleeding, IVH (35.3%) was also the most common recurrent
hemorrhagic type, followed by IPH (29.4%). Interestingly,
with average follow-up period of 86.7 months, there was a
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decreasing trend in the number of rebleeding events after
the first hemorrhage, the highest number of patients suf-
fered rebleeding after the first hemorrhage within 2 years
(38 patients, 44.7%), followed by in 7 to 9 years (13 patients,
15.3%), in 2 to 4 years (12 patients, 14.1%), and only 9
rebleeding episodes (10.6%) in 12 to 18 years (Fig. 3).

Revascularization vs. conservative treatment

In this study, 133 patients underwent surgical revasculari-
zation, and 189 patients underwent conservative treatment.
In the revascularization group, 97 patients underwent com-
bined revascularization, and 36 patients who’s the donor
or recipient artery was too small or fragile that were only
treated with EDMS. To verify that the follow-up time of
the revascularization group was sufficient, we compared
the follow-up time of rebleeding in conservative group
(52.3 months) and no rebleeding in revascularization group
(47.1 months) (P> 0.05). There was no statistical differ-
ence in other baseline characteristics, too. The clinical out-
comes in conservative group and revascularization group
are described in Table 5. In revascularization group, 19 of
133 patients (14.3%) suffered from rebleeding after surgical
revascularization. In addition, referring to the first hemor-
rhagic hemisphere, 8 patients (6.0%) suffered rebleeding in
the contralateral hemisphere, and 11 patients (8.3%) in the
same hemisphere. In conservative group, 51 of 189 patients
(27.0%) suffered cerebral rebleeding after the initial treat-
ment, among which 20 patients (10.6%) in the contralateral
hemisphere and 31 patients (16.4%) in the same hemisphere.
Such results demonstrated that revascularization was signifi-
cantly effective in reducing the probability of rebleeding on
the operated side but not on the contralateral side (P=0.033
and P=0.152, respectively).

In contralateral hemisphere patients, who underwent con-
servative group had average 54.9 months from first bleeding
to rebleeding, 36.3 months in revascularization group. In
ipsilateral hemisphere patients, who underwent conserva-
tive group had average 67.5 months from first bleeding to
rebleeding, 31.6 months in revascularization group. So,
either operated or contralateral side, surgical revasculari-
zation could not prolong the time from first bleeding to
rebleeding (P =0.360 and P=0.438, respectively). In addi-
tion, 8 patients (6.0%) suffer from hydrocephalus in the
revascularization group versus 24 in the conservative group
(12.7%) (P=0.048), and 11 deaths (8.3%) in the revascu-
larization group versus 38 in the conservative group (20.1%)
(P=0.004).

As for the functional outcomes, the average mRS was
significantly better in revascularization group (1.7 +1.5)
than that in conservative group (2.8 +1.9) (P <0.001).
The proportion of patients with mRS <3 (83.5%) in
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Table 3 Long-term rebleeding rates of conservative group and revascularization group
Group No. of patients Rate Rebleeding hemisphere No. of patients Rate Average
follow-up time
(months)
Conservative group
Rebleeding 51 27.0% Ipsilateral 31 60.8% 52.0
Contralateral 20 39.2%
No rebleeding 138 73.0% / / / 374
Vascularization group
Rebleeding 19 14.3% Ipsilateral 11 57.9% 63.3
Contralateral 8 42.1%
No rebleeding 114 85.7% / / / 47.1
Table 4 Long-term rebleeding rates of unilateral revascularization group and bilateral revascularization group
Group No. of patients Rate Rebleeding hemisphere No. of patients Rate Average
follow-up time
(months)
Unilateral vascularization
Rebleeding 11 12.1% Operation 11 100% 41.0
Non-operation 0 0
No rebleeding 80 87.9% / / / 43.2
Bilateral vascularization
Rebleeding 8 19.1% Operation 12.5% 76.2
Non-operation 7 87.5%
No rebleeding 34 80.9% / / / 57.7

revascularization group was also significantly more than that
in the conservative group (52.9%) (P <0.001).

Unilateral vs. bilateral revascularization

Given that the effectiveness of revascularization has been
proved, we stepped forward to consider the choice of bilat-
eral or unilateral revascularization. In revascularization
group, bilateral revascularization was performed in 42
patients and unilateral revascularization in 91 patients. The
average interval from last surgical revascularization to the
rebleeding was 32.1 + 15.8 months in bilateral group and
29.3 +15.1 months in unilateral group (P=0.402). There
was no statistical difference in the baseline characteris-
tics. The clinical outcomes in unilateral revascularization
group and bilateral revascularization group are described
in Table 6.

In order to reveal the difference of the treatment effect
between unilateral and bilateral revascularization group, we
define the rebleeding on the operative side following surgical
revascularization as positive event, no matter rebleeding or
not on the hemisphere contralateral to the operative side. In
the unilateral group, 11 of 91 sides (12.1%) suffered from

positive events and 2 of 84 sides (2.4%) suffered from posi-
tive events in the bilateral group (P =0.034). It is important
to note that case 29 suffered from bilateral IVH after the
second revascularization, and other seven bilateral-revas-
cularization patients suffered from rebleeding between the
bilateral revascularization in the contralateral side of the first
revascularization side.

In addition, there was no significant difference in the
functional outcomes, the average mRS was 1.8 +1.6 in
bilateral group and 1.4 + 1.3 in unilateral group (P =0.099),
and the proportion of patients with mRS <3 was 84.6% in
bilateral group and 90.5% in unilateral group (P=0.358).
According to this study, we suggest that the premier choice
is the bilateral revascularization for patients with HMD.

Annual rebleeding rates in each category

The long-term rebleeding rates and Kaplan—Meier rebleed-
ing-free curves had difference in the revascularization and
conservative groups, as well as in the unilateral and bilateral
revascularization groups.

(1) The annual rebleeding rate (ARR) (ipsilateral rebleed-
ing) in revascularization and non-revascularization group
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A 4
Patients finally enrolled
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Fig. 1 Flow diagram of the study participants

was 2.0% and 3.8%/person-year, respectively. The P value
was 0.111, using the log-rank test (risk hazard ratio 0.531,
95% confidence interval 0.277-1.019; Fig. 4a). (2) ARR
(contralateral rebleeding) in revascularization and non-
revascularization group was 1.5% and 2.5%/person-year,
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respectively. The P value was 0.261, using the log-rank
test (risk hazard ratio 0.568, 95% confidence interval
0.258-1.252; Fig. 4b). (3) ARR (postoperative rebleeding)
in bilateral revascularization and unilateral revasculariza-
tion group was 0.5% and 3.3%/side-year, respectively. The
P value was 0.001, using the log-rank test (risk hazard ratio
0.258, 95% confidence interval 0.057-1.164; Fig. 4c). Such
result further proved the superiority of bilateral revasculari-
zation to unilateral revascularization.

Follow-up image findings

Due to the limitations of the medical conditions and the
patient compliance, DSA studies were only performed in
a few patients postoperatively, but MR angiography or
CTA was performed in many patients several years after
discharge. Postoperative DSA follow-ups were obtained in
61 patients (postoperative 0.5-2 years). According to the
criteria proposed by Matsushima and Inaba [16], of 73 hemi-
spheres, well-developed revascularization (grades A and B)
was observed in 60 hemispheres (82.2%) and poor-devel-
oped revascularization (grade C) in 13 hemispheres (17.8%).
Figure 5 illustrates a bilateral revascularization patient with
well-developed revascularization. In addition, moyamoya
vessels were regressed in 36 hemispheres (49.3%).

Discussion

HMD is a common type of cerebrovascular disease with
high rates of disability, mortality, and high risk of rebleeding
[30]. In our cohort, patients with HMD were more frequent
than those with ischemic type, accounting for 55.8% of all
MMD patients, higher than reports from North America and
Europe [10, 14]. It primarily affected adult females, with a
female to male ratio of 1.385:1.0. The above-described epi-
demic characteristics of HMD were similar to other reports
in China or Japan [9, 21]. Based on radiologic characteristic,
IVH was the most frequent presentations, accounting for
32.0% of all cases in this cohort, the underlying mechanism
may be attributed to the rupture of periventricular anastomo-
sis from abnormally dilated branches of AChA-PCoA after
long-standing hemodynamic stress [19]. Rebleeding is the
leading cause of death in HMD. In this study, 85 patients
(26.4% of all HMD patients) suffered from rebleeding events
during follow-up, among which twenty patients (23.5%)
died directly from rebleeding. The frequency of rebleeding
is within the range (16—66%) of previous studies [12, 13,
28]. Furthermore, our result demonstrated that the rebleed-
ing rate can be decreased significantly after surgical revas-
cularization (14.29% in revascularization group vs. 26.98%
in conservative group). Notably, the sample size (322 HMD
cases) in this study is the largest among the reports regarding
HMD until now. In addition, with average follow-up period
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Fig.2 Typical CT images: a
intraparenchymal hemorrhage,
b intraventricular hemorrhage, ¢
intracerebral and intraventricu-
lar hemorrhage, d subarachnoid
hemorrhage
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Table 5 Comparison of clinical outcomes between the conservative
group and revascularization group

Characteristics Revascularization P value
No (n=189) Yes (n=133)
Clinical outcome
mRS at final follow-up 2.8+1.9 1.7+£1.5 0.000
mRS <3 100 (52.9) 111 (83.5) 0.000
mRS>3 89 (47.1) 22 (16.5)
Death 38 (20.1) 11 (8.3) 0.004
Hydrocephalus 24 (12.7) 8 (6.0) 0.048
Rebleeding™
Ipsilateral 31(16.4) 11 (8.3) 0.033
Risk (%/person-year) 3.79% 2.02% 0.111
Contralateral 20 (10.6) 8 (6.0) 0.152
Risk (%/person-year) 2.45% 1.47% 0.261
Time from first bleeding
to rebleeding
Ipsilateral 54.9+532 36.3+37.3 0.438
Contralateral 67.5+59.9 31.6+30.5 0.360

Values are expressed as number of cases (%) or mean + standard devi-
ation, unless otherwise indicated

*Rebleeding occurred preoperatively in 15 patients

Table 6 Comparison of clinical outcomes between the unilateral
revascularization group and bilateral revascularization group

Characteristics Unilateral Bilateral P value
(n=91) (n=42)
Clinical outcome
mRS at final follow-up 1.8+1.6 14+13 0.099
mRS<3 77 (84.6) 38(90.5) 0.358
mRS >3 14 (15.4) 49.5)
Death 99.9) 2 (4.8) 0.510
Hydrocephalus 4(2.1) 4(9.5) 0.445
Rebleeding after final revascularization
Rebleeding on the operative side 11 (12.1) 2 24" 0034
Risk (%/side-year) 3.34% 0.46% 0.001

Values are expressed as number of cases (%) or mean + standard devi-
ation, unless otherwise indicated

SA patient suffered bilateral intraventricular hemorrhage after sec-
ond bypass, other 7 bilateral bypass suffered rebleeding in the con-
tralateral side of the first-bypass side and no rebleeding after second
bypass

of 86.7 months, most of these patients (38 patients, 44.7%)
suffered from rebleeding within 2 years, and this result illus-
trated that HMD is prone to rebleeding within the short term
following first hemorrhagic attack. Five revascularization
patients suffered from rebleeding 10 years later after initial
bleeding. So, it is essential for long-term follow-up of HMD
patients, despite underwent revascularization.
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The treatment modalities of MMD included surgical
revascularization and conservative management. Actually,
STA-MCA bypass is generally employed as the standard sur-
gical treatment for ischemic MMD based on the guideline
recommendation [20, 23]. Regarding HMD, it has been a
controversy whether surgical revascularization could reduce
the risk of rebleeding. Previous studies have shown that
revascularization does not exhibit better outcome than con-
servative treatment for HMD [4, 7]. But most other scholars
disagree this viewpoint [1, 5, 15]. Particularly, the recent
JAM trial provided the best evidence that direct revasculari-
zation could reduce the risk for rebleeding in adult patients
with HMD; the 80 patients were enrolled and randomized
to non-surgical and surgical group who underwent bypass
in this prospective study [17]. The result showed that the
annual risk of rebleeding was 2.7% in surgical group and
was significantly lower than that in non-revascularization
group (7.6%/year, P=0.042). In addition, Zhao et al. sug-
gested that revascularization can improve regional blood
flow and have greater efficacy at preventing rebleeding than
conservative treatment [15]. Revascularization could also
improve HMD patients’ performance status and the func-
tional outcomes [1]. Our results were consistent with the
current widely accepted viewpoints.

In this study, the rebleeding rate was significantly lower
in revascularization group than that in conservative group
(14.29% vs. 26.98%, P =0.007). Further explore annual
rebleeding rate, ipsilateral rebleeding ARR in revasculariza-
tion and non-revascularization group was 2.02%/person-year
and 3.79%/person-year (P =0.111). Contralateral rebleeding
ARR in revascularization and non-revascularization group
was 1.47%/person-year and 2.45%/person-year (P=0.261).
These results indicated that revascularization surgery for
HMD patients is effective, although further evaluation with
long-term follow-up is necessary to validate this strategy.
However, conservative treatments do not improve hemo-
dynamic disorders and existing malformed vessels, like
improvement in anterior choroidal artery (AChA)-posterior
communicating artery (PCoA) extension [8]. So, the results
of conservative treatment obtained in follow-up basically fit
with the natural course of HMD.

Based on the pathological characteristic of bilateral vas-
cular abnormality in HMD, the necessity of bilateral revas-
cularization in HMD patient needs to be further verified.
Our result showed that the postoperative rebleeding ARR
in bilateral revascularization group was significantly lower
than that of the unilateral revascularization group (0.46%/
side-year vs. 3.34%/side-year, P=0.001). Such result dem-
onstrated that HMD patients may evidently benefit from
bilateral revascularization regarding long-term rebleeding
rate. However, we have to bear in mind the retrospective
nature of this study. To further elucidate the necessity of
bilateral revascularization in HMD group, it is necessary to
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Fig.4 Kaplan—Meier rebleeding-free curve of the revascularization and non-revascularization group with ipsilateral rebleeding (a), the revascu-
larization and non-revascularization group with contralateral rebleeding (b), and the unilateral and bilateral group (c)

conduct a prospective controlled study which only enrolls
HMD patients with bilateral vascular pathology and history
of single-side hemorrhage, and then compares the rebleeding
rate of the hemisphere contralateral to the primary bleeding
side between unilateral and bilateral revascularization group.

In fact, the pathogenesis of recurrent hemorrhage in HMD
remains unclear. The fragile collateral vessels, concomitant
microaneurysms, abnormal dilation and branch extension
of AChA-PCoA, and cerebral microbleeds may be respon-
sible [10, 12, 19, 26]. In this study, 47 patients (14.6%) had
intracranial aneurysms, nearly half of them suffered from
rebleeding. The study had shown that because of structural
dysfunction of moyamoya vessels and hemodynamic disor-
ders, MMD patients maybe more likely to have intracranial
aneurysms [22]. But Ni et al. believed that after revasculari-
zation, especially for MMD patients with unilateral surgery
while the aneurysm was contralateral, the surgery reduced
the pressure of the aneurysmal vessel, and prolonged decom-
pression might cause the aneurysm to disappear [18]. In
addition, the inadequate collateral revascularization and the
abnormal dilation and branch extension of AChA-PCoA
have been recognized as an independent risk factor for
rebleeding in HMD [3]. In a prospective study, the oper-
ated hemispheres showed a higher rate of improvement in
AChA-PCoA extension than non-operated hemispheres [8].
Therefore, bilateral revascularization may be more effective

in improving the abnormal vessels bilaterally and further
preventing bleeding. All of these might be correlated with
the reduced rate of rebleeding in revascularization group.

Besides rebleeding, the performance status and functional
outcomes of patients are also of concern. In this study, revas-
cularization could significantly improve functional outcome,
and the average mRS was significantly better in revascu-
larization group (1.7 + 1.5) than that in conservative group
(2.8+1.9) (P<0.001). But there was no significant differ-
ence between bilateral and unilateral revascularization, the
average mRS was 1.4+ 1.3 in bilateral group and 1.8 +1.6
in unilateral group (P =0.099). As demonstrated in a recent
study of functional outcomes in HMD, a total of 104 HMD
patients were included with mean mRS of 1.3 at baseline,
after underwent STA-MCA bypass or indirect revasculariza-
tion, their mean mRS improved to 1.1 [1]. In addition, they
indicated that the patients’ initial mRS was positively associ-
ated with mRS at the final follow-up (P <0.001) and STA-
MCA direct bypass was associated with better performance
status (P=0.033) in this study. Therefore, we may need to
include more revascularization patients or a longer follow-up
period, to verify superiority of STA-MCA bypass between
different surgical techniques for preventing rebleeding and
improving functional outcomes.

Interestingly, the surgical revascularization significantly
reduced the occurrence rate of hydrocephalus compared to
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Fig.5 a, b Digital subtrac-

tion angiography (DSA) of a
25-year-old man with HMD. ¢,
d DSA 9 months after left com-
bined revascularization shows
that the left MCA was supplied
by the STA. e, f DSA 9 months
after subsequent right combined
revascularization shows that the
right MCA was supplied by the
STA. The arrows represent the
anastomotic sites

conservative group. It is now generally accepted that the
significant mass effect caused by parenchymal hemorrhage
or blood in the ventricular system is the major causes of
hydrocephalus [2, 24, 27]. According to this study, after sur-
gical revascularization, the rate of rebleeding was 14.3%,
compared to 27.0% of the rebleeding rate in the conservative
group. So, the reduced rate of hydrocephalous in revasculari-
zation group may result from the reduced rebleeding rate.

Limitations
Several limitations of the study must be noted. First, 9

patients were lost to follow-up in this study. The loss to fol-
low-up rate could have affected the results. Second, because

@ Springer

of the retrospective and non-random nature of this study,
selection biases might have assigned patients with different
features and known or unknown risks to the revasculariza-
tion versus the conservative groups. Third, revascularization
group including indirect and combined revascularization,
which is more effective in preventing bleeding, remains to
be proved. These biases may have an impact on the valid-
ity of conclusions. Further multicenter prospective studies
that have a low rate of loss of follow-up may resolve these
limitations.

Conclusions

This study proved the better treatment efficacy of surgi-
cal revascularization than that of conservative treatment in



Neurosurgical Review (2022) 45:1709-1720

1719

HMD patients, regarding both in rebleeding rate and mortal-
ity rate. Furthermore, bilateral revascularization seems more
effective in preventing rebleeding than unilateral revasculari-
zation. Both bilateral revascularization and unilateral revas-
cularization could significantly improve functional outcome.
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