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ABSTRACT

Purpose: Digital subtraction angiography (DSA) of the brain is the primary means of diagnosing and evaluating
Moyamoya disease (MMD). But its high price and invasiveness limit its use as a monitoring tool for disease
progression. As a non-invasive test for ophthalmic disorders, the optical coherence tomography angiography
(OCTA) is widely used. In addition to ophthalmic diseases, OCTA has also been used in some neurological diseases.
The aim of this study was to assess fundus changes in patients with MMD by OCTA and to investigate whether
these changes could be a diagnostic and assessment marker for MMD.
Methods: This study evaluated cerebral vessels, superficial macular capillary vessel density (SMC-VD) and macular
retinal thickness (MRT) in subjects in the non-operated group (nGO), operated group (OG) and healthy controls
(HC) using DSA, OCTA and other techniques. Analyses of variance (ANOVA) and Bonferroni post hoc analysis were
used to calculate statistical differences between the three groups. Correlations between SMC-VD and MRT were
assessed using Pearson correlation analysis. In addition, the ability of the SMC-VD and the MRT to distinguish
MMD from HC was analyzed using receiver operating characteristic (ROC) curves.
Results: We found that the SMC-VD and MRT in the nOG group were significantly lower than those in the HC
group and had not returned to normal levels at one month postoperatively. In the nOG, the SMC-VD and MRT
were positively correlated in the Full region (6*6 mm) and in the Inner region (3*3 mm), and in many subregions
they showed high ability to distinguish MMD from HC. The above findings indicate significant reduction in the
SMC-VD and the MRT in patients with MMD even in the absence of ocular clinical manifestation.
Conclusions: SMC-VD and MRT have a strong ability to distinguish between MMD patients and HC, suggesting that
OCTA, a relatively inexpensive and non-invasive method, is useful in assessing cerebrovascular changes in MMD
patients.

INTRODUCTION

A rare structural abnormality of the cerebral vasculature
called Moyamoya disease (MMD). It presents as the
proximal intracranial carotid artery (ICA) is stenosed and
the distal end is hyperplastic. The abundant collateral

vessels at its distal end look like smoke[1; 2; 3; 4]. Recent
reports indicate that the average prevalence of MMD is
3.92/100,000 in China and about 10.5/100,000 in Japan,
while the prevalence in the United States is only
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1/11,000,000. However, in many regions globally, its
prevalence has gradually increased in recent years[3; 5; 6;
7]. The main clinical symptom of MMD is cerebral
ischemia. Children often present with transient ischemic
attack and adults with ischemic cerebral infarction.
Complications such as seizures, headache, and cognitive
dysfunction may also be associated with cerebral
ischemia[2; 3; 8; 9] and cerebral ischemic events have a
high risk of recurrence[10]. In previous studies, a few cases
of MMD were reported with ocular complications[11; 12;
13; 14]. For example, Ashok et al. reported a young man
who had central retinal artery occlusion (CRAO) and was
diagnosed with MMD[15]. Alekya et al. reported a case of
the patient with both CRAO and MMD, whose optical
coherence tomography (OCT) results suggested a reduction
in retinal thickness[16].

As a revolutionary imaging method, optical coherence
tomography angiography (OCTA) can provide quantitative
and morphological data on retinal microvascular changes
in vivo[17]. A variety of measures such as blood flow[18],
size of FAZ[19], vessel density and others[20] can be
calculated using the OCTA technique. In addition,
morphological data include vessel length, diameter and
number of branches [21]. Currently, OCTA is widely used
for the diagnosis and monitoring of ocular diseases which
include glaucoma[22], age-related macular degeneration
(AMD)[23], and diabetic retinopathy[24]. In the
neurological system, OCTA is also considered to assist in
monitoring the progression of Alzheimer's disease[25; 26;
27], multiple sclerosis [28; 29; 30], and other diseases.
To investigate whether microvascular and structural
changes in the macula reflect the cerebrovascular status of
patients with MMD, that is, whether OCTA can be an
assistance in the diagnosis of MMD, we collected
superficial macular capillary vessel density (SMC-VD) and
macular retinal thickness (MRT) in MMD patients and
healthy controls (HC). We also collected SMC-VD and
MRT data from patients with MMD who had undergone
revascularization in a bid to observe the impact of cerebral
blood flow alterations on the retina.

MATERIALS AND METHODS

Subject Recruitment

Thirty-two subjects with MMD who met the criteria were
recruited by the diagnostic criteria for MMD proposed by
the Japanese Committee for the Study of Spontaneous
Occlusion of the Ring of Willis[31]. Sixteen of them did
not be treated surgically and were the non-operated group
(nOG). The other 16 were treated with revascularization
(superficial temporal artery-middle cerebral artery
anastomosis) and were the operated group (OG). Healthy
controls (HC) were included in the study with 16 subjects
who met the appropriate criteria. All subjects were
assessed between 2018 and 2022 by specialists in the
relevant disciplines in the University Eye Clinic Maastricht.

Subjects for inclusion in nOG and OG matched the
following criteria: 1) patients with classic MMD diagnosed
by Digital subtraction angiography (DSA) and other exams;
2) OG patients undergoing revascularization for one month.
Exclusion from the study: 1) DSA results are atypical
and/or cannot be confirmed in patients with MMD; 2) other
diseases that can affect the vasculature of the brain or a
history of brain surgery (e.g. atherosclerosis, congenital
malformations of the cerebral vessels, cranio-cerebral
tumours, etc.); 3) diseases or history of ocular surgery that
can clearly affect the retina and its blood vessels (e.g.
glaucoma, ocular tumours, age-related macular
degeneration (AMD), etc.); 4) systemic diseases that can
affect the retina and its blood vessels (e.g. diabetes,
systemic lupus erythematosus (SLE), hypertension, etc.); 5)
individuals who are unable to undergo DSA and/or OCT
(e.g. with allergic reaction to contrast media).
16 HC were matched for age and gender to nOG and OG
patients and met the following criteria: 1) absence of
cerebrovascular diseases and history of cranio-cerebral
surgery (e.g. MMD, atherosclerosis, cranio-cerebral
tumours, etc.); 2) absence of diseases affecting the retina
and its blood vessels or history of ocular surgery (e.g.
AMD, glaucoma, ocular tumours, etc.); 3) without
systemic diseases affecting the retina and its blood vessels
(e.g. diabetes, SLE, hypertension, etc.); 4) acceptable for
relevant investigations such as DSA and OCTA.

Clinical Examinations

The following medical examinations were performed on all
subjects: 1) routine blood and blood biochemical
examinations, such as hemoglobin, triglycerides, total
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cholesterol, glucose, and electrolytes; 2) blood pressure
examination; 3) Visual Acuity (VA); 4) DSA of the brain; 5)
OCTA. (Some clinical results that did not differ
significantly are not shown in the article).

DSA

ADSA machine was applied to the subject to perform DSA
of the brain. The patient was advised to take the
appropriate position (supine position was chosen for this
study). After proper disinfection and anaesthesia, a small
incision is opened at the puncture site and a guide wire is
inserted using a puncture needle, along which an arterial
sheath is placed. The imaging modality (internal carotid
arteriography, common carotid arteriography, etc.) is
chosen according to the subject's actual condition. A pigtail
tube is connected and 5-8 ml of contrast media is injected
uniformly at the appropriate location. Frontal and lateral
contrast examinations are performed after adjusting the
contrast field under fluoroscopy and the results are
recorded.

OCTA

We use the Carl Zeiss Meditec AngioPlex system for
OCTA imaging. This SD-OCT system operates at an A-
scan speed of 68,000 scans per second, a 840 nm light
source centre and a 90 nm bandwidth. The system operates
with an axial resolution of 5ɥm, a 15ɥm lateral resolution
and a 2.0mm A-scan depth parameter. Each eye recorded
6*6 mm and 3*3 mm 3D OCTA images. After scanning,
each retina of 6*6 mm was divided into nine Early
Treatment Diabetic Retinopathy Study (ETDRS) subzones,
comprising three concentric circles (1.0 mm, 3.0 mm and
6.0 mm radii, respectively). The 3*3 mm retina was
divided into 5 subzones consisting of two concentric circles
(radii of 1.0 mm and 3.0 mm, respectively). The vascular
density is the percentage of the vascular perfusion area
over the measured area. Vessel density was calculated from
2D frontal images created of the superficial retinal layers
with a threshold method. Assigned each pixel to perfusion
(1) or background (0) by identifying the value of the image
block. Results from the region of interest were scaled
according to pixel size to calculate the vascular density
from the macular centre to the edges of the 6*6 mm and
3*3 mm images. The SMC-VD in this study ranged from

the inner limiting membrane (ILM) to the inner plexiform
layer (IPL). The left and right eyes of all subjects were
evaluated.

Statistical analysis

Analysis of the results was performed with GraphPad
Prism version 8 (La Jolla, California, USA) and SPSS
version 22.0 (IBM, Armonk, NY, USA). Both ANOVA and
Bonferroni Post Hoc Analysis were used for comparison
between groups. Linear correlations between MRT and
SMC-VD were performed for each group by applying
person correlation analysis. For the analysis of differences
between HC and MMD patients, subject work
characteristic (ROC) curves were plotted.

RESULTS

Fundamental Information

As shown in Table 1, there were 16 subjects in the HC
group, nOG and OG, respectively, in this study. It was
analyzed for both eyes of each subject. The three groups of
subjects did not differ in age (p=0.200), gender (p=0.055)
and visual acuity (0.144) between the groups. Figure 1
illustrates typical DSA, SMC-VD and MRT images in
MMD patients.

Analysis of the 6*6 mm SMC-VD

SMC-VD in the HC, nOG and the OG in the 6*6 mm
region are shown in Table 2 and Figures 2. The SMC-VD
was markedly lower in the nOG than HC group in the IS
(p=0.020), OS (p=0.001), IN (p=0.016), ON (p<0.001), OI
(p=0.028), Outer (p=0.022) and Full (p=0.042) regions. In
regions II (p=1.000), IT (p=1.000), OT (p=0.168), C
(p=1.000) and Inner (Inner, p=0.134) decreases were not
statistically significant (Table 2 and Figure 2a, 2c). In the
OS (p=0.036), IN (p=0.040) and ON (p<0.001) subregions,
the SMC-VD declined markedly in the OG. The alterations
in the remaining subregions were not statistically
significant (Table 2 and Figure 2b, 2d). The change in FAZ
(p=0.334) was also not statistically significant.

Analysis of the 3*3 mm SMC-VD
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SMC-VD changes in the three groups in the 3*3 mm
region are shown in Table 3 and Figures 3. In comparison
to the HC group, the SMC-VD was markedly decreased in
the S (p=0.001), N (p<0.001), I (p=0.042), T (p=0.001) and
Inner (p=0.002) regions in nOG patients. Changes in SMC-
VD in the C (p=0.084) and Full (p=0.080) regions were not
statistically significant (Table 3 and Figure 3a, 3c). SMC-
VD in the OG remained markedly lower than in the HC in
the S (p=0.026), N (p=0.002), I (p=0.039), C (p=0.018) and
Inner (p=0.020) regions. The SMC-VD was not statistically
different from HC in T (p=0.686) and Full (p=0.464)
subregions of the OG (Table 3 and Figure 3b, 3d). The
change in FAZ (p=0.808) was not statistically significant.

MRT

The MRT in the three groups are shown in Table 4 and
Figures 4. In all subregions except C (p=0.954), MRT in
the nOG was significantly thinner than in the HC group (IT,
p=0.011; p<0.001 for all remaining regions; Table 4 and
Figure 4a, 4c). Reductions in MRT remained in the IS
(p=0.012), IN (p<0.001), ON (p<0.001), Outer (p=0.008)
and Full (p=0.023) regions in the OG compared with the
HC group (Table 4 and Figure 4b, 4d).

Correlation Analysis

In the nOG, SMC-VD in the Full region was positively
correlated with the corresponding MRT value (Pearson
r=0.590, p<0.001) (Figure 5a), suggesting that a decrease
in MRT was associated with a decrease in SMC-VD. The
SMC-VD (3*3 mm) in the Inner region was correlated with
the MRT in the corresponding subregion (Figure 5b).

ROC Curves

The ability of MRT to discriminate MMD is represented by
the area under the curve (AUC) shown in Figure 6a. The
regions with AUC>0.9 were ON (AUC=0.989; p<0.001),
OI (AUC=0.909; p<0.001), OT (AUC=0.912; p<0.001),
and Outer (AUC=0.969; p<0.001). The analysis of ROC
curves for other regions is shown in Table 5. The
diagnostic accuracy of SMC-VD for MMD is indicated by

the AUC shown in Figure 6b. The only region with
AUC>0.9 was ON (AUC=0.907; p<0.001). The analysis of
ROC curves for other regions is shown in Table 6.

DISCUSSION

We collected and compared SMC-VD and MRT in the
nOG, OG and HC groups to investigate whether
microvasculature and retinal thickness were altered in
patients with MMD and to assess their diagnostic potential
for MMD.

Most subregions of the nOG had lower SMC-VD than HC
based on OCTA results (Table 2, 3 and Figures 2, 3). This
finding suggests that cerebral vascular disease in patients
with MMD may affect superficial retinal capillary density.
Several branches are given off by the ICA in the neck and
skull, including the ophthalmic artery, which supplies
blood to the eyes. The central retinal artery is derived from
the ophthalmic artery and supplies blood to the inner five
layers of the retina. Blood to the outer five layers of the
retina is supplied primarily by the ciliary artery system
emanating from the ophthalmic artery[32; 33; 34; 35; 36].
Blood from the central retinal artery supplies the retinal
nerve fiber layer, ganglion cell layer and inner plexiform
layer through the superficial capillary plexus (SCP), and
continues to extend to become the deep capillary plexus
(DCP) in the inner nuclear layer. The radial peripapillary
capillary plexus (RPCP) is in the nerve fibre layer
(NFL)that runs parallel to the axons of the nerve fibres [32;
37; 38; 39; 40]. The capillaries of the SMC-VD we
measured in this study are part of the temporal branch of
the SCP (Figure 7). The temporal retinal arteries arch
around the macula, forming the superior macular arteriole
and the arteriola macularis inferior[34; 35] (Figure 7).
Stenosis of the ICA is a feature of MMD, and in these
cases the blood supply to the branches of the ICA will be
reduced. Previous studies have also suggested that retinal
ischemia is associated with severe stenosis of the ICA[41;
42]. Therefore, we suggested that the narrowing of ICA led
to the reduction of SMC-VD.
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Table 1. Fundamental information on the HC, nOG and OG.

HC nOG OG ANOVA
N 16 16 16 N/A
Eyes (N) 32 32 32 N/A
Age (year) 44.00±12.90 49.44±6.13 49.38±8.71 0.200
Sex，male % 25.00% 18.75% 56.25% 0.055
Disease duration(month) N/A 14.75±30.40 27.56±19.90 0.169
Visual Acuity (log MAR) 4.67±0.16 4.72±0.17 4.75±0.15 0.144

Systolic blood pressure (mm
Hg)

122.86±3.98 121.00±13.87 127.44±18.16 0.384

Diastolic blood pressure (mm
Hg)

82.81±4.81 82.82±10.83 84.31±12.24 0.884

ANOVA Showed the Statistical Differences Across Groups. Age, disease duration, visual Acuity and blood
puressure were expressed as mean ± SD.
HC, healthy controls; nOG, non-operated group; OG, operated group; SD, standard deviation.

Table 2. 6*6 mm SMC-VD (mean ± SD) in HC group, nOG and OG
Subregion HC nOG OG Bonferroni

HC vs. nOG
Bonferroni
HC vs. OG

ANOVA

Inner
Superior

0.455±0.016 0.438±0.030 0.448±0.029 0.020 0.683 0.025

Outer
Superior

0.482±0.012 0.464±0.025 0.470±0.024 0.001# 0.036# 0.002

Inner
Nasal

0.449±0.015 0.421±0.053 0.427±0.047 0.016# 0.040# 0.020

Outer
Nasal

0.503±0.015 0.469±0.032 0.485±0.014 <0.001# <0.001# <0.001

Inner
Inferior

0.444±0.017 0.440±0.023 0.435±0.040 1.000 0.674 0.475

Outer
Inferior

0.474±0.018 0.459±0.023 0.467±0.028 0.028 0.765 0.032

Inner
Temporal

0.439±0.027 0.433±0.027 0.434±0.038 1.000 1.000 0.654

Outer
Temporal

0.445±0.028 0.429±0.039 0.448±0.030 0.168# 0.854# 0.047

Center 0.207±0.060 0.194±0.050 0.178±0.060 1.000 0.130 0.128
Inner 0.446±0.016 0.433±0.025 0.435±0.036 0.130 0.304 0.100
Outer 0.470±0.014 0.456±0.025 0.467±0.020 0.020# 0.739# 0.017
Full 0.460±0.013 0.446±0.021 0.454±0.023 0.019 0.663 0.023
FAZ 0.358±0.140 0.311±0.099 0.358±0.054 0.586 1.000 0.334

Statistical differences between the nGO, OG and HC groups were calculated by ANOVA and
Bonferroni post hoc analysis. #Games-Howell Post Hoc Analysis display the Statistical Differences of
the values with the heterogeneous variance.
SMC-VD, superficial macular capillary vessel density; SD, standard deviation; HC, healthy controls;
nOG, non-operated group; OG, operated group; FAZ, fluorescein angiography zone.
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Fig.1 Typical DSA, SMC-VD and MRT images of MMD patients and HC. (a) and (b) Anteroposterior view and lateral
view of normal ICA angiraphy of HC. (c) and (d) Internal carotid angiography in a patient with MMD shows abnormal
smoke-like vessels. (e) and (f) OCTA showed SMC-VD of 6*6 mm and 3*3 mm size in HC. (f) and (h) OCTA showing
SMC-VD of 6*6 mm and 3*3 mm size in nOG. (i) MRT of HC. (g) MRT of nOG. Compared to HC, patients with MMD
showed a significant reduction in SMC-VD and MRT.
DSA, digital subtraction angiography; SMC-VD, superficial macular capillary vessel density; MRT, Macular retinal
thickness; MMD, moyamoya disease; nOG, non-operated group; HC, healthy controls; OCTA, Optical Coherence
Tomography Angiography.

Table 3. 3*3 mm SMC-VD (mean ± SD) in HC group, nOG and OG
Subregion HC nOG OG Bonferroni

HC vs. nOG
Bonferroni
HC vs. OG

ANOVA

Superior 0.419±0.022 0.397±0.029 0.403±0.021 0.001 0.026 0.001

Nasal 0.420±0.016 0.396±0.032 0.397±0.028 <0.001 0.002 <0.001

Inferior 0.405±0.017 0.388±0.034 0.391±0.025 0.042# 0.039# 0.030

Temporal 0.410±0.013 0.388±0.027 0.405±0.028 0.001# 0.686# 0.001

Center 0.187±0.051 0.158±0.043 0.151±0.060 0.084 0.018 0.015

Inner 0.412±0.011 0.392±0.028 0.400±0.021 0.002# 0.020# 0.001

Full 0.379±0.017 0.367±0.027 0.371±0.021 0.080 0.464 0.080

FAZ 0.360±0.144 0.340±0.099 0.356±0.140 1.000 1.000 0.808

Statistical differences between the nGO, OG and HC groups were calculated by ANOVA and
Bonferroni post hoc analysis. # Games-Howell Post Hoc Analysis display the Statistical Differences of
the values with the heterogeneous variance.
SMC-VD, superficial macular capillary vessel density; HC, healthy controls; nOG, non-operated
group; OG, operated group; FAZ, fluorescein angiography zone.
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Fig.2 SMC-VD analysis of 6*6 mm size in HC group, nOG and OG. (a) Statistical analysis of SMC-VD changes in the
HC and nOG. IS(p=0.020), OS(p=0.001), IN(p=0.016), ON(p<0.001), OI(p=0.028), Outer(p=0.022) and Full(p=0.042)
subregions showed a significant reduction in SMC-VD compared to HC. (b) Statistical analysis of SMC-VD changes in the
HC and OG. The SMC-VD in the OS(p=0.036), IN(p=0.040) and ON(p<0.001) subregions were significantly lower than
that in the HC group. (c) Mean values of SMC-VD (6*6 mm) in each subregion of HC group and nOG. The red area
indicates a significant decrease in SMC-VD in this region compared to HC (d) Mean values of SMC-VD (6*6 mm) in each
subregion of HC group and OG. The red area indicates a significant decrease in SMC-VD in this region compared to HC. *
p<0.05; ** p<0.01; *** p<0.001.
SMC-VD, superficial macular capillary vessel density; HC, healthy controls; nOG, non-operated group; OG, operated group;
IS, inner superior; OS, outer superior; IN, inner nasal; ON, outer nasal; OI, outer inferior; FAZ, fluorescein angiography
zone.
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Fig.3 SMC-VD analysis of 3*3 mm size in HC group, nOG and OG. (a) Statistical analysis of SMC-VD changes in the
HC and nOG. S(p=0.001), N(p<0.001), I(p=0.042), T(p=0.001) and Inner(p=0.002) subregions showed a significant
reduction in SMC-VD compared to HC. (b) Statistical analysis of SMC-VD changes in the HC and OG. SMC-VD was
significantly lower in the S (p=0.026), N (p=0.002), I (p=0.039), C (p=0.018) and Inner (p=0.020) subregions than in the
HC group. (c) Mean values of SMC-VD (3*3 mm) in each subregion of HC group and nOG. The red area indicates a
significant decrease in SMC-VD in this region compared to HC. (d) Mean values of SMC-VD (3*3 mm) in each subregion
of HC group and OG. The red area indicates a significant decrease in SMC-VD in this region compared to HC. * p<0.05; **
p<0.01; *** p<0.001.
SMC-VD, superficial macular capillary vessel density; HC, healthy controls; nOG, non-operated group; OG, operated group;
S, superior; N, nasal; I, inferior; T, temporal; C, center; FAZ, fluorescein angiography zone.

These changes suggest questions about their role in
structural and functional variations in the retina. In the
present study, MRT of patients in the nOG was
significantly thinner than that of healthy subjects in all
subregions but C (Table 4 and Figures 4), yet these subjects
did not show significant visual impairment. Blockage of
the central retinal artery and its branches can often be
observed as retinal edema [33 ; 34; 39; 43; 44]. Due to
ischemia and hypoxia, the retinal cells become edematous,
and if ischemia is prolonged the inner retinal cells
gradually become necrotic, leading to reduced retinal
thickness [34; 39]. The MMD subjects we included in our
study all had long disease duration (Table 1). Therefore, we
interpret their MRT reduction as an alteration caused by
prolonged ischemia and hypoxia. That means the reduction

of MRT is associated with the reduction of SMC-VD. And
a correlation was found in nOG between MRT and SMC-
VT in the Full region at 6*6mm (Figure 5a) and in the
Inner region at 3*3mm (Figure 5b). This evidence indicates
a close association between reduced MRT and reduced
SMC-VD in patients with MMD.

To further investigate this link in patients with MMD we
evaluated structural and microvascular variations in the
retinas of MMD subjects one month after revascularization.
The results indicated that in this group (OG) the SMC-VD
remained significantly lower than HC in OS, IN, ON, S, I
and Inner regions (Table 2, 3 and Figure 2b, 2d, 3b, 3d).
The MRT did not return to normal in the IS, IN, ON, Outer,
and Full regions compared to HC (Table 4 and Figure 4b,



Advance in Medical Research80

4d). We speculate that the above results may be due to the
occurrence of ischemia-reperfusion injury. Ischemia-
reperfusion injury mainly refers to tissue damage caused by
the restoration of blood supply after ischemia or/and

hypoxia[45; 46]. This can manifest as endothelial damage,
increased permeability and leukocyte obstruction in
microvessels, especially small

Table 4. MRT (mean ± SD) in HC group, nOG and OG
Subregion HC nOG OG Bonferroni

HC vs. nOG
Bonferroni
HC vs. OG

ANOVA

Inner
Superior

332.44±14.70 312.94±15.15 320.69±17.94 <0.001 0.012 <0.001

Outer
Superior

298.59±20.72 277.81±16.06 287.91±18.23 <0.001 0.068 <0.001

Inner
Nasal

330.06±15.11 311.00±15.35 307.19±19.40 <0.001 <0.001 <0.001

Outer
Nasal

317.25±8.14 290.69±11.24 274.28±13.85 <0.001 <0.001 <0.001

Inner
Inferior

323.50±14.32 304.41±22.22 321.88±19.58 <0.001 1.000 <0.001

Outer
Inferior

279.19±5.38 262.50±13.37 282.00±14.87 <0.001# 0.578# <0.001

Inner
temporal

316.50±14.28 303.25±14.96 315.84±22.88 0.011 1.000 0.005

Outer
Temporal

275.69±7.12 261.13±9.17 295.34±22.38 <0.001# <0.001# <0.001

Center 238.75±22.85 243.91±21.78 241.78±16.40 0.954 1.000 0.603
Inner 325.75±12.83 308.03±14.30 316.47±18.74 <0.001 0.056 <0.001
Outer 292.75±7.44 273.19±11.27 285.00±10.94 <0.001 0.008 <0.001
Full 301.28±9.49 285.31±10.06 294.19±11.50 <0.001 0.023 <0.001

Statistical differences between the nGO, OG and HC groups were calculated by ANOVA and Bonferroni
post hoc analysis. # Games-Howell Post Hoc Analysis display the Statistical Differences of the values
with the heterogeneous variance.MRT, macular retinal thickness; HC, healthy controls; nOG, non-
operated group; OG, operated group; FAZ, fluorescein angiography zone.



Advance in Medical Research81

Fig.4 MRT analysis of HC group, nOG and OG. (a) Statistical analysis of MRT changes in the HC and nOG. All
subregions except subregion C displayed a marked reduction in MRT compared to HC (IT, p=0.011; p<0.001 for all
remaining regions). (b) Statistical analysis of MRT changes in the HC and OG. The MRT was markedly thinner in the IS
(p=0.012), IN (p<0.001), ON (p<0.001), OT (p<0.001), Outer (p=0.008) and Full (p=0.023) regions in comparison to the
HC group. (c) Mean values of MRT in each subregion of HC group and nOG. The red area indicates a significant decrease
in MRT in this region compared to HC. (d) Mean values of MRT in each subregion of HC group and OG. The red area
indicates a significant decrease in MRT in this region compared to HC * p<0.05; ** p<0.01; *** p<0.001.
MRT, macular retinal thickness; HC, healthy controls; nOG, non-operated group; OG, operated group; IS, inner superior;
OS, outer superior; IN, inner nasal; ON, outer nasal; II, inner inferior; OI, outer inferior; IT, inner temporal; OT, outer
temporal; C, center; FAZ, fluorescein angiography zone.

Fig.5 The correlation between MRT and SMC-VD. (a) Full SMC-VD of 6*6mm sizes in MMD patients (nOG) was
positively correlated with the corresponding MRT (Person r=0.590, p<0.001). (b) In patients with MMD (nOG), a
correlation was found between the full SMC-VD of 3 x 3 mm and the corresponding MRT values (Person r=0.434, p=0.013).
MRT, Macular retinal thickness; SMC-VD, superficial macular capillary vessel density; MMD, moyamoya disease; HC,
healthy controls; nOG, non-operated group.
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arteries and capillaries[47; 48]. A recent case report also
showed that a patient with MMD who underwent left
superficial temporal artery-middle cerebral artery
anastomosis for one month had a significantly reduced
superficial retinal vessels of the left eye which did not
return to normal until nine months postoperatively. This
vascular complex, however, did not show any significant
abnormality before surgery [49]. It has also been shown
that patients with MMD have cerebral hyperperfusion
and a range of complications after revascularization
treatment [50; 51]. On this basis, it seems feasible that in
the present study small arteries and capillaries in the
macula may have suffered reperfusion injury in addition
to ischemia. In future studies we may need more
specialized neurologists to evaluate the results of
cerebral revascularization, rather than assuming that the
cerebral vessels are back to normal just by the results of
DSA.

Although the cerebral vascular system has a complex
structure, Goto et al. suggested that retinal vasculopathy
may in part reflect cerebral microvascular lesions[52; 53;
54]. In embryology, the retina was considered to be the
central nervous system’s extension with a common
origin in the embryonic neural tube. The anterior part of
the neural tube differentiates into brain tissue and forms
a pair of optic vesicles which develop into the right and
left retinas[35; 55; 56]. Moreover, anatomically, blood
of the retina, the anterior two-thirds of the telencephalon,
and part of the mesencephalon are supplied by the
ICA[35; 36; 57] and alterations in the retinal arteries are
related to vascular disease in the brain [58; 59]. Strokes

have been linked to retinal vessel changes even since the
early studies using fundus photography[60; 61] and
changes in cognitive abilities[62; 63]. We therefore
hypothesized that OCTA measurement of retinal
vascular structure and perfusion may also reflect in part
the cerebral blood flow in patients with MMD. We
evaluated the diagnostic accuracy of MRT and SMC-VD
for MMD using ROC curves. The results showed high
AUC values for MRT in all sub-regions except for
region C. The AUC values of ON, OI, OT and Outer
were all over 0.9, and approaching this value (at 0.87) in
the Full region (Table 5 and Figure 6a). It is suggested
that MRT has strong potential to discriminate between
MMD and HC. However, for SMC-VD only ON had an
AUC greater than 0.9, values of the remaining
subregions being mostly in the range of 0.6-0.7 (Table 6
and Figure 6b). The diagnostic accuracy of SMC-VD for
MMD was therefore inferior to that of MRT. In our
analysis, this may reflect the fact that vascular lesions in
MMD affect not only the superficial retinal vessels, but
also the deeper vascular layers, such as those of the
choroid.

However, the limitations of our study need to be
considered. For example, our sample size was so small
that it limited the accuracy of the study. In the study, we
only focused on the capillaries in the superficial layers
of the retina. Other vessels of the retina, such as the DCP
and choroidal capillaries, may also altered. And, we
should assess the correspondence between cerebral and
retinal vascular alterations by long-term, relatively
frequent DSA and OCTA in future studies.

Table 5. ROC Curve Analysis of MRT
MRT AUC SE 95% CI P value
Inner

Superior
0.815 0.052 0.714 to 0.917 <0.001

Outer
Superior

0.839 0.050 0.741 to 0.937
<0.001

Inner Nasal 0.796 0.054 0.690 to 0.902 <0.001
Outer Nasal 0.989 0.009 0.972 to 1.000 <0.001
Inner Inferior 0.804 0.056 0.695 to 0.913 <0.001
Outer Inferior 0.909 0.039 0.832 to 0.986 <0.001

Inner
Temporal

0.735 0.062 0.614 to 0.856 0.001

Outer
Temporal

0.912 0.034 0.845 to 0.979
<0.001

Center 0.574 0.072 0.432 to 0.716 0.308
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Inner 0.818 0.051 0.718 to 0.919 <0.001
Outer 0.969 0.018 0.933 to 1.000 <0.001
Full 0.872 0.042 0.790 to 0.955 <0.001

AUC values, SE, 95% CI and P-values for each subregion.
ROC, receiver operating characteristic; MRT, Macular retinal thickness; AUC, area
under ROC curve; SE, standard errors; 95% CI, 95% confidence intervals.

Table 6. ROC Curve Analysis of SMC-VD(6*6mm)
SMC-VD(6*6mm) AUC SE 95% CI P value
Inner Superior 0.672 0.067 0.540 to 0.804 0.018
Outer Superior 0.731 0.062 0.609 to 0.852 0.002
Inner Nasal 0.648 0.069 0.513 to 0.784 0.041
Outer Nasal 0.907 0.038 0.832 to 0.981 <0.001
Inner Inferior 0.560 0.075 0.413 to 0.706 0.413
Outer Inferior 0.698 0.067 0.567 to 0.829 0.007
Inner Temporal 0.598 0.073 0.454 to 0.742 0.177
Outer Temporal 0.607 0.072 0.466 to 0.748 0.142

Center 0.600 0.072 0.459 to 0.741 0.171
Inner 0.648 0.069 0.513 to 0.783 0.042
Outer 0.651 0.069 0.516 to 0.786 0.038
Full 0.673 0.067 0.543 to 0.804 0.017

AUC values, SE, 95% CI and P-values for each subregion.
ROC, receiver operating characteristic; SMC-VD, superficial macular capillary vessel density;
AUC, area under ROC curve; SE, standard errors; 95% CI, 95% confidence intervals.

Fig.6 ROC curves of MRT and SMC-VD. (a) The AUC suggests the accuracy of MRT for the diagnosis of MMD. The
AUC in the ON (AUC=0.989), OI(AUC=0.909), OT(AUC=0.912) and Outer (AUC=0.969) subregions was greater than 0.9.
(b) The AUC suggests accuracy of SMC-VD for MMD diagnosis. The AUC in the ON (AUC= 0.907) subregion was greater
than 0.9.
ROC, receiver operating characteristic; MRT, Macular retinal thickness; SMC-VD, superficial macular capillary vessel
density; AUC, area under ROC curve; MMD, moyamoya disease; ON, outer nasal; OI, outer inferior; OT, outer temporal.
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Fig.7 Anatomical localization of retinal vessels and anatomical stratification of the retina. (a) The area circled by the
red square is the approximate location of the macula as described in the study. (b)The SMC-VD we focused on in the study
was mainly from superficial capillary plexus.
SMC-VD, superficial macular capillary vessel density.

CONCLUSION

In summary, we conclude that patients with MMD still
have significant SMC-VD and MRT reduction even in the
absence of ocular clinical manifestations. And MRT
reduction is closely associated with SMC-VD reduction.
These reductions are not immediately restored with the re-
establishment of cerebral blood flow. This may be related
to ischemia-reperfusion damage to the retinal arteries.
Importantly, the SMC-VD and MRT have a strong ability
to distinguish MMD from HC, suggesting that alterations
in retinal microvasculature and structure may be a cheaper
non-invasive marker for assessing vascular changes in the
brain in patients with MMD. The OCTA may serve as a
more convenient way to monitor changes in MMD.
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