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Safety and efficacy of remote ischemic 
conditioning in pediatric moyamoya 
disease patients treated with 
revascularization therapy
Sijie Li1,2, Wenbo Zhao1,3, Cong Han4, Gary B. Rajah5, Changhong Ren1,2, Jiali Xu1,3, 
Shuling Shang1,3, Ran Meng3, Yuchuan Ding5, Xunming Ji1,6

Abstract:
BACKGROUND: Revascularization surgery has been the standard treatment to prevent ischemic 
stroke in pediatric Moyamoya disease  (MMD) patients with ischemic symptoms. However, 
perioperative complications, such as hyperperfusion syndrome, new infarct on imaging, or ischemic 
stroke, are inevitable. Remote ischemic conditioning  (RIC) is a noninvasive and easy‑to‑use 
neuroprotective strategy, and it has potential effects on preventing hyperperfusion syndrome and 
ischemic infarction.
AIMS: The aim of this study is to investigate the safety and efficacy of RIC in pediatric MMD patients 
undergoing revascularization surgery.
METHOD: A total of 60 pediatric MMD patients with one or more ischemic symptoms will be recruited 
and allocated in 1:1 ratio to the RIC group and sham group, respectively. Both RIC and sham RIC 
will be performed twice daily for 7 consecutive days before revascularization surgery with different 
cuff pressures during the ischemia period (50 mmHg over‑systolic blood pressure and 30 mmHg). 
Single photon emission computed tomography will be performed within 7 days preoperatively and 
3 months postoperatively, respectively, to evaluate the cerebral perfusion status. Other outcomes, 
including safety, plasma biomarker, functional outcome, and the incidence of infarction and its size, 
will also be evaluated.
CONCLUSION: This study will provide insights into the preliminary proof of principle, safety, and 
efficacy of RIC in pediatric MMD patients undergoing revascularization surgery therapy, and this 
data will provide parameters for future larger scale clinical trials if efficacious.
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Introduction

Moyamoya disease   (MMD) is  a 
progressive idiopathic disease 

leading to recurrent stroke due to occlusion 
of the terminal segment of internal carotid 
arteries and an abnormal vascular network 
at the base of the brain.[1] The incidence 
of MMD is roughly 0.54/100,000 people 
but varies greatly by Region.[2]  It is not 
an uncommon cause for pediatric stroke, 

and its incidence and prevalence have 
gradually increased.[3,4]

Revascularization surgery, which aims 
to augment intracranial blood flow using 
branches of the external carotid system, is 
the standard treatment to prevent ischemic 
stroke in symptomatic MMD with an ischemic 
presentation.[5] However, perioperative 
morbidity are inevitable. Younger MMD 
patients can have up to a 39% chance of 
having a preoperative stroke at a median 
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of 3 months.[6] Hyperperfusion syndrome, a well‑known 
phenomenon that causes postoperative neurologic 
changes, happens in 21.5% to 50% of MMD patients after 
revascularization therapy,[7‑10] and diffusion‑weighted 
imaging‑defined infarct lesions are detected in 9.3% to 
33.3% of patients.[11] To date, however, no effective strategy 
exists to prevent these complications.[12]

Remote ischemic conditioning  (RIC) has been shown 
to provide myocardial benefit in children undergoing 
cardiac surgery.[13,14] Researchers found that that RIC 
was an effective strategy to improve cerebral perfusion 
and prevent stroke recurrence in patients with ischemic 
stroke.[15‑17] Furthermore, in severe carotid artery 
stenosis patients undergoing stent placement, RIC was 
effective in preventing new infarcts and reducing infarct 
volume and might prevent hyperperfusion syndrome 
postoperatively in the first 48  h.[18] Symptomatic 
intracranial atherosclerosis (ICAS) has also been found 
to benefit from RIC.[15]

However, whether RIC is safe and effective in protecting 
pediatric MMD patients undergoing revascularization 
therapy is still unknown.

Aims
The present study investigates the clinical effect of RIC 
in preventing perioperative complications in pediatric 
MMD patients undergoing revascularization surgery. 
The aims are to provide estimates on its magnitude of 
safety and efficacy and to inform about the values and 
design of subsequent large cohort clinical trials.

Methods and Design

Study design
This is a multicenter, double‑blinded, randomized, 
placebo‑controlled, parallel group study [Flowchart 1]. 
Sixty patients will be recruited at Xuanwu Hospital of 
Capital Medical University and The 307th  Hospital of 
PLA, and randomized into the RIC group and the sham 
group.

Subjects
The population of interest for the present study are 
pediatric MMD patients with ischemic presentation 
and treated with indirect  revascular izat ion 
therapy (encephalo‑duro‑arterio‑synangiosis 
[EDAS] surgery).

Additional inclusion criteria included:
1.	 Age ≥0 and ≤18
2.	 All of the patients underwent digital subtraction 

angiography and met the current diagnostic criteria 
recommended by the Research Committee on 
MMD (Spontaneous Occlusion of the Circle of Willis) 
of the Ministry of Health and Welfare of Japan in 
2012[19]

3.	 Suzuki stages concentrated in Stage III and IV[1]

4.	 Presentation with ischemic symptoms, such as 
transient ischemic attack  (TIA), headache, seizure, 
hemorrhagic stroke, and ischemic stroke confirmed 
by MRI[20]

5.	 Informed consent obtained from patient or acceptable 
patient’s surrogate.

Flowchart 1: The flow diagram of this study. RIC: Remote ischemic conditioning
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Exclusion criteria included:
1.	 Severe hepatic or renal dysfunction
2.	 Severe hemostatic disorder or severe coagulation 

dysfunction
3.	 Patients with unilateral MMD or the presence 

of secondary moyamoya phenomenon caused 
by autoimmune disease,  Down syndrome, 
neurofibromatosis, leptospiral infection, or previous 
skull‑base radiation therapy

4.	 Any of the following cardiac disease ‑   rheumatic 
mitral and or aortic stenosis, prosthetic heart valves, 
atrial fibrillation, atrial flutter, sick sinus syndrome, 
left atrial myxoma, patent foramen ovale, left 
ventricular mural thrombus or valvular vegetation, 
congestive heart failure, bacterial endocarditis, or 
any other cardiovascular condition interfering with 
participation

5.	 Serious, advanced, or terminal illnesses with 
anticipated life expectancy of less than one year

6.	 Patient participating in a study involving other drug 
or device trial study

7.	 Patients with existing neurological or psychiatric 
disease that would confound the neurological or 
functional evaluations

8.	 Unlikely to be available for follow‑up for 3 months
9.	 Contraindication for RIC ‑ severe soft‑tissue injury, 

fracture, or peripheral vascular disease in the upper 
limbs.

Informed consent and ethical approval
Eligible patients were invited to take part in this study. 
The purpose and procedures were explained to the 
subjects, their legally authorized representative, or 
other authorized representative allowed by country 
regulations. A  study information sheet, which is 
described in the details of the study, was provided. 
Patients who were willing to participate in this 
study were asked to sign the written consent form 
by themselves or their legally authorized delegates. 
This study was approved by the ethic committee of 
Xuanwu Hospital of Capital Medical University and the 
307th Hospital of PLA, respectively.

Randomization and treatment allocation
Sealed envelopes containing the treatment allocation 
were labeled with sequential numbers, and these 
envelopes were prepared by a researcher who was 
not involved in the delivery of the interventions or 
the screening of subjects. Allocation was performed 
using a permuted block randomization procedure 
to ensure the 1:1 ratio in each group. The allocation 
sequence was determined using a computerized 
random number generator with block sizes of four 
subjects. The allocation sequence was concealed from 
the investigators who were enrolling potential patients 
with a sequential number of opaque sealed envelopes. 

Envelopes were opened only after obtaining the 
informed consent.

Blinding
Sham RIC was used in the control group in this study. 
Therefore, all patients, investigators, surgeons were 
blinded to the allocation assignments.

Interventions
Patients in both groups received standard EDAS surgery. 
The EDAS surgery was conducted by experienced 
neurosurgeons who have performed over  100 EDAS 
surgeries. Patients allocated to the RIC group will 
undergo RIC procedure during which bilateral arm 
cuffs are inflated to a pressure of 50 mmHg over systolic 
blood pressure for five cycles of 5 min followed by 5 min 
of relaxation of the cuffs, and patients allocated to the 
sham group will undergo a sham RIC procedure during 
which bilateral arm cuffs are inflated to a pressure of 
30 mmHg for five cycles of 5 min, followed by 5 min 
of relaxation of the cuffs. Both RIC and sham RIC will 
be performed by using an electric autocontrol device 
(Patent No. CN200820123637.X, China). RIC and sham 
RIC will be performed twice daily for consecutive 7 days 
before surgery.

RIC and sham RIC will be performed in the hospital 
under the supervision of an investigator. The RIC process 
can be ceased at any time if the subject experiences any 
discomfort or any condition that interfered with routine 
hospital care.

Outcome measurements
Primary outcome
The primary outcome is cerebral perfusion status in the 
operation side at 3 months posttreatment as assessed 
by single photon emission computed tomography 
(SPECT).

The purpose of revascularization therapy is to improve 
cerebral perfusion status, which may prevent ischemia 
related symptoms. In this study, SPECT will be used to 
evaluate cerebral perfusion maps, regional cerebral blood 
flow will be evaluated with Technetium‑99 m ethylene 
cysteine dimer.[21] SPECT will be performed within 7 days 
preoperation and 3 months postoperation.

Secondary outcomes
Safety of remote ischemic conditioning
We will evaluate the safety of RIC from the following 
aspects: (1) the objective signs of tissue or neurovascular 
injury caused by RIC procedure, including distal radial 
pulses, visual inspection for local edema, erythema, 
and/or skin lesions, and palpation for tenderness; 
(2) the number of patients not tolerating RIC procedure, 
and refuse to continue the RIC procedure;  (3) the 
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number of patients with any other adverse events 
related to RIC intervention as determined by the 
principle investigator.

Plasma biomarkers
In this study, we will detect the change of plasma 
biomarkers to detect the effects of RIC in this patients’ 
population. Brain injury biomarkers (S‑100A4, MMP‑9) 
and vascular biomarkers (basic fibroblast growth factor, 
platelet‑derived growth factor, and vascular endothelial 
growth factor) will be detected. Blood samples will be 
drawn from cubital vein to test these biomarkers, and 
the points of measurement include baseline  (pre‑RIC 
treatment), 7  days after RIC treatment, 24  (−6/+12) 
hours and 72 ± 6 h postoperation. These samples will 
be centrifuged immediately after collection and stored 
at − 80 until batch evaluation.

National Institute of Health Stroke scale
National Institute of Health Stroke Scale  (NIHSS) is 
considered as a standardized assessment of neurological 
functions in the acute phase of stroke, and it is generally 
used to quantify patient’s neurological impairments on 
15 items in 11 fields of different neurological status.[22] 
An investigator blinded to the treatment assignment will 
observe all patients and rate each item on an ordinal scale 
with three to five levels. A maximum of 42 points can be 
achieved, where the higher score indicates more severe 
neurological dysfunction. NIHSS will be assessed by 
qualified investigator who are blinded to the treatment 
assignment at baseline (preoperation), 24 h, 48 h, 72 h, 
and at 5–7 days or if discharged earlier.

Modified Rankin scale score
The Modified Rankin Scale Score  (mRS) is the most 
comprehensive and most widely used primary outcome 
measurement to assess the neurological functional 
disability in contemporary acute stroke trials.[23‑26] The mRS 
is an ordinal, graded interval scale that assigns patients 
among 7 global disability levels, which ranges from 
0 (no symptom) to 5 (severe disability) and 6 (death).[27,28] 
We will use mRS to evaluate the degree of disability or 
dependence during daily activities. The mRS will be 
assessed by certified study investigator, who is blinded to 
the treatment assignment, at 90 days postoperation. The 
distribution of mRS will be compared between groups.

Symptomatic intracerebral hemorrhage
Symptomatic intracranial hemorrhage, including any 
subarachnoid hemorrhage associated with clinical 
symptoms and symptomatic intracerebral hemorrhage. 
Head computed tomography or magnetic reasoning 
imaging  (MRI) scan will be performed to confirm 
intracerebral hemorrhage, and the imaging will be 
evaluated by two independent neuroradiologists who 
are blinded to the study assignment.

Incidence of new perioperative infarct and its size
The incidence of new perioperative infarct may be the 
most direct outcome to assess the effect of RIC, and its size 
is also important. Head MRI is a precise method which 
is commonly used to evaluate infarct size. Therefore, 
incidence of infarct and their size will be assessed by 
MRI within 48 h postoperation, using standard protocols, 
including manual tracing of the infarct perimeter and 
semiautomated pixel thresholding.[29,30]

Angiographic outcome
Angiographic outcome will be assessed following 
Matsushima’s criteria  (proportion of the middle 
cerebral artery territory with revascularization from 
collaterals from the external carotid artery through 
the burr holes): Grade  A: >2/3; Grade  B: between 
1/3 and 2/3; Grade  C: <1/3. Both selective internal 
and external carotid angiography will be performed 
9 months posttreatment.

Death and adverse event
All causes of death will be included to compute mortality 
at 90 days postoperation, and mortality will be compared 
between groups. Any adverse event will be reported 
and its relationship with the RIC intervention will be 
evaluated.

Sample size
Dobkin has shown that 15 patients per group are often 
adequate for determining whether a larger multicenter 
trial should be conducted.[31] Furthermore, Hertzog has 
suggested that 10–20 patients in each research group are 
sufficient to evaluate the feasibility in a pilot study.[32] 
Therefore, our goal is to recruit 30 MMD patients in each 
group. The results of this study will be used to compute 
sample size and conduct a power calculation to plan a 
large‑scale trial.

Statistical analysis
All analyses will be done according to the intention‑to‑treat 
principle, which will include all patients enrolled into 
this trial. Per‑protocol analyses, excluding patients who 
fail to complete the follow‑up, will be managed as a 
supplement of the intention‑to‑treat analysis to further 
confirm the results.

For binary data, risk ratio and 95% of confidence interval 
will be calculated. For continuous data multivariate 
repeated measures or one‑way analysis of variance 
analysis  (assuming data are normally distributed) will 
be applied. For missing data at 1 and 3 months, we will 
conduct a sensitivity analysis and use multiple imputations 
to impute values for those with missing data for continuous 
data. For clinical events (e.g., hemorrhage stroke, recurrent 
stroke, and death), we will regard the patients lost to 
follow‑up as no event happening in both groups.
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All data will be analyzed using SPSS 20.0 (IBM Inc., 
Chicago, IL, United States) with the significance level 
of P < 0.05 (two sides).

Discussion

Revascularization surgery can augment intracranial 
blood flow and prevent ischemic stroke in symptomatic 
MMD patients. 5‑year risk of perioperative stroke or 
death following revascularization is 5.5% in one study. 
Furthermore, 91% of patients presenting with TIAs were 
free of TIAs at 1 year.[33]

However, hyperperfusion injury, brain infarct injury, 
and other complications are part of the disease 
course, which may attenuate the therapeutic effects 
of revascularization.[7‑10,34] Furthermore, the natural 
progression of MMD is much more rapid in pediatric 
patients than in adults. Therefore, early intervention 
through revascularization surgery is beneficial in 
pediatric patients. In clinical practice, safe and effective 
strategies are urgently needed to prevent these 
complications, and further improve the therapeutic 
effects of revascularization therapy.

In children undergoing repair of congenital heart defects, 
RIC has been safely used to prevent myocardial enzyme 
elevations.[14] In infants undergoing open heart operation, 
researchers demonstrated the cardiopulmonary 
protective effects of RIC.[35] In addition, RIC has been 
demonstrated to benefit ischemic stroke patients without 
any related complications, and it has been reported 
to have potential protective effects in preventing 
hyperperfusion syndrome in patients undergoing carotid 
artery stenting and endarterectomy.[18,36]

As revascularization surgery of MMD shares 
common characteristics with carotid stenting, carotid 
endarterectomy, and cardiac surgery, it is reasonable 
to speculate that RIC can be safely applied and benefit 
MMD patients with the potential effects in reducing 
hyperperfusion syndrome and brain injury in those 
undergoing revascularization therapy, and promoting 
the recovery of blood flow. Similarly, ICAS has a similar 
intracranial stenotic pathogenesis with increased basal 
stroke and TIA rates in symptomatic patients. While 
ICAS has traditionally not responded to revascularization 
therapy, according to the Carotid Occlusion Surgery 
Study Randomized Trial, the Japanese EC‑IC Bypass 
Trial does support revascularization surgery and new 
data on balloon angioplasty appears safe with 0% 30 days 
postoperative risk of stroke.[37] All of these procedures 
may benefit from preoperative patient RIC.

RIC for ICAS has been shown to increase the rate 
of long‑term intracerebral collateral formation, and 

decrease 90 day recurrent stroke rates from 23 to 
5%.[15] Mechanisms of RIC neural protection include 
mitogen‑activated protein kinase signaling, calcium 
homeostasis in mitochondria and endoplasmic reticulum 
related to calcium channel expression reduction, and 
favorable changes in calcium ATPase and reactive 
oxygen species levels.[38]

However, there are no previous studies focusing on 
the effects of RIC in pediatric MMD patients. The RIC 
treatment protocol is adapted from our previous study 
on carotid stenting.[18] Limitations of the study include 
small size, disease heterogeneity, and given the amount 
of brain surgical manipulation, biomarkers may not be 
accurate as in the CAS studies. In addition, even if this 
study demonstrates the protective effects of RIC in this 
patient population, the RIC treatment protocol used 
in this study might not be the optimal one and further 
iteration may be necessary given the findings in the CAS 
study, and numerous ICAS studies we are hopeful a 
positive impact will be demonstrated on patients with 
MMD.

Conclusion

The present study will provide insights into the 
preliminary proof of principle, safety, feasibility, and 
efficacy of RIC in pediatric MMD patients undergoing 
revascularization surgery therapy, and these data will 
provide valuable parameters for future larger clinical 
trials.
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