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Abstract

Background White matter hyperintensities (WMHSs) are associated with long-term stroke
and cognitive decline in the elderly population but differ from the young and middle-aged
populations, especially for those with moyamoya disease (MMD). The aim of this study was
to modify the Fazekas grade and quantitatively analyze the effects of WMHs on multiple
cognitive domains and 2-year clinical ischemic events in adult MMD patients.

Methods Adult MMD patients and healthy controls were recruited for a comprehensive
cognitive assessment. Among 151 adult MMD patients, the average age was 41.78 + 10.59
years and the male-to-female ratio was 0.94. Adjusted quantitative whole-brain,
periventricular (PVWMHSs), and deep WMHs (DWMHSs) were included in the proportional
hazards model to explore their relationships with 2-year ischemic events. Linear regression
analysis was used to evaluate the correlation between the WMH burden in different brain
regions and various cognitive domains.

Results MMD patients present decreases in intelligence (P=0.000), spatial working
memory (P =0.011), verbal working memory 1 (P = 0.000) and 2 (P = 0.000), mental rotation
(P =0.008), and executive inhibition (P = 0.011). Quantitative whole-brain log;oWMHs
(adjusted HR =6.757, P =0.001) and log;,PVWMHs (adjusted HR = 8.824, P = 0.000) are
independently associated with future ischemic events. The area under curve (AUC) of the
quantitative PYWMH for the prediction of 2-year ischemic events is 0.701, which is better
than that of the Fazekas grade (AUC = 0.561) (P = 0.000).

Conclusions PVYWMHSs have greater potential effects on verbal working memory, attention,
and simple subtraction in adult MMD patients when compared with DWMHs. An increase in
PVWMHSs could be an indicator of future ischemic events in adults with MMD.

Clinical registration Clinical registration no. ChiCTR2200058251 URL: https://www.chictr.
org.cn/.

Plain language summary

The increase in white matter hyperintensities
(WMH), or lesions in the brain, is a common
factor leading to cognitive decline and
ischemic stroke events during the aging
process. The association between WMH in
moyamoya disease, a rare blood vessel
disorder, remains unclear. This study focuses
on the potential association between the
increased WMH in people with moyamoya
disease and their cognitive functions.
Through measurable analysis of WMH, the
authors found that an increase in a specific
type of WMH, the periventricular region of the
brain, was associated with certain cognitive
declines. An increase in periventricular WMH
beyond a certain threshold can therefore lead
to an increase in long-term ischemic events
such as transient neurological deficits and
strokes.
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White matter hyperintensities (WMHs), which are widespread in the
elderly population', have been shown to be associated with long-term stroke
and cognitive decline”’. The pathological mechanism is thought to be
related to the occlusion of small vessels. For young and middle-aged adults,
however, studies on whether increased WMHs are related to further stroke
and cognitive dysfunction are still lacking.

Most previous studies have distinguished WMHs according to
the Fazekas grade (1987)*. This classical grade can qualitatively
describe the range and distribution of WMHSs but cannot quantita-
tively localize the effects of WMHs on the prognosis of further
ischemic events and cognitive dysfunction’. Several studies have
shown that the strategic location of the lesion is a better predictor of
cognitive outcome than the general WMH volume is, and voxel-
based quantitative analysis is better able to investigate the effects of
local WMHs™. Therefore, we designed a more accurate method to
quantitatively study WMHs in moyamoya disease (MMD) patients,
and then, we applied a well-established quantitative WMH measure
to investigate its association with multiple cognitive domains and
predict future ischemic outcomes in MMD patients. MMD is a
vascular disease that spans childhood, youth, middle age, and old age
and is characterized by progressive transient ischemic attack (TIA),
stroke and cognitive dysfunction”®. Our previous study revealed that
white matter microdamage in MMD patients plays an important role
in cognitive decline™'’. For one thing, WMH volume can lead to
decreases in executive function, short-term memory and reactions; in
addition, there is a consistent positive correlation between WMHs
and further ischemic events''. WMHs in MMD patients are usually
found in the periventricular watershed'?, which is consistent with the
underlying mechanism of WMHs". However, whether different
degrees and locations of WMHs can affect cognitive domains in
young and middle-aged patients is still unknown, and further sur-
vival analyses on ischemic events need to be performed to identify a
WMH marker and its cutoff value to guide potential future treatment
strategies.

The hemisphere affected by MMD is generally considered hypo-
perfused, even in nonstroke patients. With the hypoperfusion model from
MMD'**, we study the quantitative burden of WMHs on cognitive function
and the long-term prognosis of ischemia in young and middle-aged MMD
patients. We hypothesize that quantitative WMH analysis can provide a
potential clinical WMH threshold, which can modify the traditional Fazekas
grade to improve treatment strategies and provide evidence for potential
further ischemic risk with increased WMHs in MMD patients. The sec-
ondary aim is to explore whether there is a correlation between WMHSs and
cognitive decline.

In this study, we find the effects of WMHs on cognitive function are
selective in MMD. Comparing PVWMHs with DWMHs, PVWMHs have
greater potential effects on verbal working memory, attention, and simple
subtraction. Therefore, PVWMHs could be a more sensitive indicator for
future ischemic events in adult MMD patients.

Methods

Study population

The clinical data of consecutive patients who attended Beijing Tiantan
Hospital, People’s Liberation Army (PLA) General Hospital and Peking
University International Hospital from 04/01/2018 to 06/01/2024 were
prospectively collected according to the following criteria. Among the
151 participants, the average age was 41.78 + 10.59 years, the average
education level was 11.95+4.19 years, and the male-to-female ratio
was 0.94.

Inclusion criteria

(1) Diagnosis based on digital subtraction angiography or magnetic reso-
nance angiography according to the guidelines'®. (2) Education age >3 years
and ability to use cognitive testing equipment. (3) Age >18 years and <60
years. (4) Modified Rankin scale (mRS) score <1. (5) Magnetic resonance

imaging (MRI) was performed with both 3D-T1 and fluid-attenuated
inversion recovery (FLAIR) sequences.

Exclusion criteria

(1) Severe movement disorders, language disorders, aphasia, hemianopsia
or hemiplegia. (2) Hamilton Anxiety Scale score >7 or Hamilton Depression
Scale score >8. (3) Inability to complete follow-up. (4) Neurological deficits
due to psychiatric disorders and severe systemic illness. (5) Poor quality of
MRI scans, which could affect subsequent registration and quantification.
(6) Structural lesions (lacunar cerebral infarction >8 mm in maximum
diameter, cerebral hemorrhage, or other substantial lesions, such as brain
tumors and metal bodies) that could affect the automatic segmentation
process on MRI scans.

Inclusion and exclusion criteria for the control group

Inclusion criteria for the control group. (1) Education age >3 years,
ability to use cognitive testing equipment. (2) Age >18 years old and <60
years old. (3) mRS score <I. (3) No history of stroke and no lacunar
cerebral infarction >8 mm in maximum diameter, cerebral hemorrhage,
or other substantial lesions, such as brain tumors or metal bodies on
MRI scans.

Exclusion criteria for the control group. (1) Severe movement dis-
orders, language disorders, aphasia, hemianopsia or hemiplegia. (2)
Hamilton Anxiety Scale score >7 or Hamilton Depression Scale score >8.
(3)Neurological deficits due to psychiatric disorders or severe systemic
illness.

Ethics approval and consent to participate

The study was performed according to the guidelines of the Declaration of
Helsinki and approved by the research ethics committee of Beijing Tiantan
Hospital affiliated with Capital Medical University (KYSQ 2019-058-01,
KY2022-032-03). Written informed consent for publication was obtained
from all participants.

Neuropsychological assessment
All the neuropsychological assessment tasks were web-based and are
available at www.dweipsy.com/lattice''*. The tests on this platform are
scored automatically, which avoids potential subjective bias. The partici-
pants completed the tests at a computer workstation under the guidance of
the same neuropsychologist at each center who was unaware of the clinical
information.

The interval between neuropsychological testing and MRI scans was
14 days or less. The cognitive tests included 16 cognitive domains. Details
about the cognitive assessments can be found in the Supplementary File
Supplementary Method 1.

MRI acquisition and processing

The images were acquired using 3D-T1-weighted (magnetization-prepared
rapid gradient echo [MPRAGE], fast spoiled gradient echo [FSPGR]) and
T2-weighted fluid-attenuated inversion recovery (FLAIR) sequences using a
3 T scanner (Philips Medical Systems, Best, The Netherlands [N=112] or
Discovery MR750W, GE Medical Systems, USA [N = 39]). The scanning
parameters were set as follows:

FLAIR sequence. Repetition time (TR) = 4800 (8500) ms. Echo time
(TE) =256 (166) ms. Inversion time (TT) = 1650 (2100) ms. Flip angle = 90
(111)°, matrix size =220 (288) x 218 (224), field of view (FOV)=220
(288) x 218 (224), yielding 1 x 1x 1 mm® voxels. Slice thickness= 1 mm
without a gap.

3D-T1-weighted MPRAGE sequence. TR = 6.36 ms, TE = 3.04 ms, flip
angle = 15°, matrix size = 256 x 256, slice thickness = 1 mm without a gap,
and FOV =256 x 256, yielding 1 x1 x 1 mm’ voxels.

3D-T1-weighted FSPGR sequence. TR=7.0ms, TE =2.96 ms, flip
angle = 8°, matrix size = 220 x 218, slice thickness =1 mm without gap, and
FOV =220 x 218, yielding 1 x 1 x 1 mm’ voxels.
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The intracranial volume (ICV) and WMH volume were automatically
extracted from 3D-T1 and FLAIR images. In addition, individual 3D-T1
images were segmented into cerebrospinal fluid (CSF), white matter (WM)
and gray matter (GM) via Statistical Parametric Mapping 12 (SPM12). The
ICV estimate was obtained by multiplying the sum of the probabilities of
voxels belonging to each tissue class by the volume of the voxel in the 3D-T1
image (1 x1x1mm’). WMH volumes were calculated with the UBO
Detector (https://cheba.unsw.edu.au/group/neuroimagingpipeline), a fully
automated toolbox for extracting WMHs". First, the FLAIR image was
registered to the corresponding 3D-T1 image. The 3D-T1 images were then
warped to the diffeomorphic anatomical registration through exponentiated
lie (DARTEL) space™. Next, the resulting field maps were applied to warp
the FLAIR images that were registered to the 3D-T1 images to the same
DARTEL space'. After removing nonbrain and inhomogeneous tissues on
FLAIR in DARTEL space, WMH and nonWMH tissues were classified with
a k-nearest neighbor (k-NN)-based algorithm". DWMHs were defined as
WMH voxels in DARTEL space that were 12 mm away from the periven-
tricular mask, and the remaining WMH voxels were defined as PVWMHs".
Like the present study, many previous studies have used 12 mm as the
threshold to segment PVWMHs and DWMHs'**'. All volume calculations
were performed using standard Montreal Neurosciences Institute
(MNI152) 1 mm® brain templates to control the ICV effect on the WMH
volumes.

Statistics and reproducibility

All the statistical analyses were performed with Statistical Package for the
Social Sciences (20.0). Pearson’s chi-square test was used to compare cate-
gorical variables. The skewness, peakedness, histogram and quantile-quantile
plot were used to test the normality of the data distribution. All the data were
statistically analyzed for reliability, and a Guttman’s half coefficient >0.70
was considered reliable. A Cronbach’s alpha >0.70 was considered to indi-
cate good internal consistency. Multiple linear regression was used to adjust
for demographic factors, such as age, sex, and education level, that were
associated with each cognitive domain. Adjusted R* and regression coeffi-
cients (f8) were used to assess the contributions of different brain regions to
each cognitive domain. Independent sample t tests were used to compare
cognitive function between MMD patients and controls. One-way analysis of
variance (ANOVA) and post hoc tests were used to analyze the differences in
cognitive function between subgroups. Subgroup analyses were performed
based on the side of the moyamoya hemisphere (left, right, and bilateral) to
explore the effects of different moyamoya hemisphere sides on multiple
cognitive domains. Linear regression models with the covariates were used to
examine the associations of different lobe regions in the left or right hemi-
sphere with multiple cognitive domains. The Bonferroni correction method
was used for post hoc tests. Adjusted P (Bonferroni correction)=P
values x compared times Or (corrected = Cuncorrected + COMpared times. Recei-
ver operating characteristic (ROC) curves were used to measure the ability of
quantitative WMH or Fazekas grade’ to distinguish future ischemic events.
The Delong test was used to detect differences between quantitative and
qualitative WMH assessments, and then the maximum Youden index was
calculated to determine the optimal cutoff values. According to the cutoff
values of quantitative WMHs, MMD patients were divided into 2 groups
(Q1, volume <cutoff value; Q2, volume >cutoff value) to examine whether
whole-brain WMHs, PVWMHs and DWMH:s had different clinical prog-
nostic effects on the occurrence of ischemic events with increasing WMHs.
The proportional hazards (PH) assumption was tested to guarantee the
precondition of Cox regression.

The Cox proportional hazards model was used for survival analysis
after MRI to evaluate the hazard ratios (HRs) of ischemic event occurrence
on the basis of the WMH distribution. Age, sex, education, smoking history,
long-term alcohol use and medical comorbidities were included in the
model as covariables to adjust for different patterns of WHMs.

Continuous data are presented as the means + standard deviations.
The level of significance was set at a two-sided P value <0.05. Power analysis
was used to calculate power according to effect size, sample size and two-

sided & (a = 0.05) in Power Analysis and Sample Size Software (2017; NCSS,
LLC, Kaysville, Utah, USA, https://ncss.com/software/pass). The power
<0.80 may lead to an increased probability of making a type Il error and were
considered to be unreliable.

Results

Participant demographic information

A total of 154 patients from 3 medical centers were initially enrolled in the
study. Among them, one patient had poor image quality, and 2 patients had
a Hamilton Depression Scale score >8. Ultimately, a total of 151 individuals
were included in the analysis after exclusion. Seventy-seven healthy controls
matched for age, sex, and education level were also included to compare
cognitive function.

Among the 151 participants, the average age was 41.78 + 10.59 years,
the average education level was 11.95 + 4.19 years, and the male-to-female
ratio was 0.94. A total of 100 patients were diagnosed with bilateral MMD,
25 with right MMD, and 26 with left MMD. The mean follow-up period was
24.74 + 15.84 months. No patients were lost to follow-up.

Details of the patients in the MMD group and the control group are
shown in Table 1.

Cognitive function domain comparison

Compared with the control group, the MMD group exhibited decreased
function in the intelligence (P = 0.000), spatial working memory (P = 0.011),
verbal working memory 1 (P =0.000) and 2 (P =0.000), mental rotation
(P=0.008), and executive inhibition (P =0.011) domains. No significant
differences were found in the other 10 cognitive function domains. Table 1
displays the details of the cognitive data.

One-way ANOVA revealed that cognitive impairment was more sig-
nificant in MMD patients with left hemisphere involvement, especially
impairments in intelligence and verbal working memory. There was no
significant difference in cognitive function between the MMD patients with
right hemisphere involvement alone and the control group. Figure 1A-P
shows the details of the cognitive data.

Correlation analysis between WMHSs and cognitive domains
With linear regression after adjusting for age and education, we found that
whole-brain WMHs were significantly associated with executive control
(B=—0.232, P=0.041; f=—0.256, P=0.024) and executive inhibition
(8=—0.200, P=0.032), while PVWMHs were associated with verbal
working memory (f=-0.185 P=0.031; f=-0206, P=0.017) and
executive control (= —0.280, P=0.015). DWMHSs were associated only
with word memory (8=-—0.172, P=0.036) and executive inhibition
(B =—0.226, P=0.015). However, after adjusting for multiple comparisons,
no cognitive function was significantly. Additional information from this
analysis is presented in Table 2.

After further partitioning, word memory was significantly correlated
with the left occipital lobe (8 = —0.300, P = 0.000). Verbal working memory
in order (8 = —0.199, P = 0.021), simple subtraction (8 = —0.251, P = 0.025),
executive function in the same direction (f=—0.252, P=0.026) and
executive inhibition (= —0.260, P=0.008) were significantly correlated
with the left frontal lobe. Executive inhibition was significantly correlated
with the left parietal lobe (= —0.222, P =0.016). Word memory was sig-
nificantly correlated with the left occipital lobe (8 = —0.300, P = 0.000).

Additional information from this analysis is presented in Supple-
mentary Data 1, Supplementary Table 1, and Supplementary Fig. 1.

Fazekas grade and quantitative WMH

The primary outcome was defined as ischemic event (ischemic stroke +
TTA). The area under the curve (AUC) of the Fazekas grade (PVWMH) was
0.561, whereas the AUC of the quantitative PVWMH was 0.701. The AUC
of the Fazekas grade (DWMH) was 0.542, whereas the AUC of the quan-
titative DWMH was 0.604 (P=0.035). The AUC of the Fazekas grade
(WMH) was 0.567, whereas the AUC of the quantitative whole-brain WMH
score was 0.666. The Delong test revealed significant differences between the
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Table 1 | Demographic characteristics and cognitive function

Variables N (MMD/HC) MMD-G HC-G P values Adjusted P values
Age (years) 151/77 41.78 £10.59 39.46 + 13.59 0.190 NA
Sex (M:F) 151/77 0.94 0.88 0.820 NA
Education (years) 151/77 11.95+4.19 12.83+3.61 0.100 NA
Comorbidities 151/77 NA NA NA NA
Hypertension 151/77 26 (17.2%) 11 (14.3%) 0.570 NA
Diabetes 151/77 11 (7.3%) 0 (0%) 0.018 NA
Hyperlipidemia 151/77 22 (14.6%) 10 (13%) 0.745 NA
Thyroid disorder 151/77 7 (4.6%) 0 (0%) 0.098 NA
Coronary heart disease 151/77 1(0.7%) 0 (0%) 1.000 NA
Immune disease 151/77 2 (1.3%) 1(1.3%) 1.000 NA
Smoke history 151/77 12 (7.9%) 4 (5.2%) 0.442 NA
Long-term alcohol use 151/77 3(2.0%) 3 (3.9%) 0.408 NA
CRT? 148/77 470.56 +142.28 477.00 +161.01 0.759 12.144
RAVEN 87/68 17.55+5.33 21.50+7.67 0.000* 0.004*
ROTATION 43/48 16.07 +8.38 21.29+9.93 0.008* 0.128
SWM 63/24 80.49 £5.35 83.63 +3.90 0.011* 0.176
VWM1 148/72 7.84+1.57 8.25+2.44 0.000* 0.000*
VWM2 147/70 5.96+1.78 7.37+2.52 0.000* 0.001*
SUBTRACT 83/72 43.8+8.86 45.06 +10.04 0.408 6.528
COMSUB 84/69 21.83+7.87 23.22 +8.22 0.290 4.640
WORDM 146/76 61.92 +13.69 64.34 +12.74 0.203 3.248
PICTM? 44/72 72.91+11.97 72.83+8.73 0.969 15.504
EXCUT1® 84/36 43.62 +22.86 43.42 +24.00 0.965 15.440
EXCuUT2® 84/36 43.76 +22.42 42.64 +23.21 0.804 12.864
Number comparison 105/25 78.34 +6.43 80.40 + 3.56 0.126 2.016
Visual tracing 103/26 15.48 +8.85 13.54 +6.85 0.301 4.816
Figure matching 105/25 63.48 +25.77 71.80+20.07 0.134 2.144
GO/NO GO 106/26 83.82 +19.98 94.04 +6.89 0.011* 0.176

Adjusted P values (Bonferroni correction) = P values x compared times (16). dcorrected = 0.05 + compared times (16) = 0.003125.

CRT choice reaction time, RAVEN Raven’s standard progressive matrices, ROTATION mental rotation, SWM spatial working memory, VIWM1 verbal working memory, recite in order, VWM2 verbal working
memory, recite in reverse order, SUB simple subtraction, COMSUB complex subtraction, WORDM word memory, PICTM picture memory, EXCUT1 executive function, same direction, EXCUT2 executive
function, opposite direction, MMD-G moyamoya disease group, HC-G healthy control group, N number.

*P values <0.05.
“The power was <0.8.

quantitative PVWMH grade and periventricular Fazekas grade (P = 0.000,
adjusted P =0.001). The maximum Youden index was 0.359 (specificity =
0.667 and sensitivity = 0.692) when the cutoff of PVWMHs was 4280 mm’
according to MNI152 standard brain mapping.

Additional information from this analysis is presented in Fig. 2 and
Supplementary Tables 2 and 3.

Cox regression and Kaplan—Meier curve analyses of WMHs and
ischemic events

Among the 151 MMD patients with medical follow-up data, 2 ischemic
strokes and 50 TIAs occurred during the follow-up period.

Based on the cutoff value, the patients were divided into Q1 (<cutoff
value) and Q2 (>cutoff value) groups for Cox regression after adjustment.
PVWMHs >4280 mm® (HR = 3.737 [95% CI, 1.959-7.127], P = 0.000) were
independently associated with long-term ischemic events. Similar results
were also observed for whole-brain WMHs and DWMHs. Additional
information from this analysis is presented in Fig. 2.

Quantitative WMHs after log transformation showed similar results.
Log;oWhole-brain WMHs (adjusted HR = 6.757 [95% CI, 2.274-20.075];
P=0.001) and log;,PVWMHs (adjusted HR=8.824 [95% CI,
3.039-25.620]; P=0.000) remained an independent risk factor for future

ischemic events, while log;,o)DWMHs (adjusted HR =2.605 [95% CI,
1.144-5.929]; P = 0.023) had potential predictive value, but its effect needs to
be further clarified.

Additional information from this analysis is presented in Fig. 2 and
Table 3.

Discussion
In this study, by investigating the outcome of 2-year ischemic events with
quantitative WMHs, a sequential increase in PVWMHs was found to be an
independent risk factor for future ischemic events. A PVWMH exceeding
4280 mm”® was the optimal threshold. Moreover, we found that a decrease in
multiple cognitive functions was associated with an increase of WMHs,
especially PVWMHys, in young and middle-aged MMD patients. In addi-
tion, MMD with left hemisphere involvement was more likely to lead to a
decline in intelligence, working memory and executive function.
Compared with the qualitative Fazekas grade, the quantitative WMH
had a greater ability to predict the prognosis of MMD patients. In a previous
study, quantitative and qualitative WMH assessments were highly corre-
lated and comparable in older patients”. WMH burden is associated with
short-term outcomes in patients with good prestroke function in the pre-
sence of intracranial stenosis/occlusion.
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Fig. 1 | One-way ANOVA results of cognitive function for healthy controls (C)
and patients with left (L), right (R), and bilateral (B) MMD with Bonferroni
correction. A RAVEN = Raven’s Standard Progressive Matrices, N = 68 (C)/15 (L)/
17 (R)/55 (B); B VWML = verbal working memory, recite in order, N =72 (C)/25
(L)/25 (R)/98 (B); C VWM2 = verbal working memory, recite in reverse order,
N=70(C)/25 (L)/25 (R)/97 (B); D GO/NO GO, N =26 (C)/20 (L)/14 (R)/72 (B);
E CRT = choice reaction time, N = 77(C)/24 (L)/25 (R)/99 (B); F ROT = mental
rotation, N = 48 (C)/5 (L)/11 (R)/27 (B); G SWM = spatial working memory, N = 24
(C)/11 (L)/7 (R)/45 (B); H SUB = simple subtraction, N =72 (C)/14 (L)/17 (R)/52
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(B); I COMSUB= complex subtraction, N = 69 (C)/14 (L)/17 (R)/53 (B);

J WORDM = word memory, N =76 (C)/25 (L)/25 (R)/96 (B); K PICTM = picture
memory, N=72 (C)/5 (L)/11 (R)/28 (B); L EXCUT1 = executive function, same
direction, N =36 (C)/14 (L)/18 (R)/52 (B); M EXCUT2 = executive function,
opposite direction, N = 36 (C)/14 (L)/18 (R)/52 (B). N Number comparison, N = 25
(C)/19 (L)/14 (R)/72 (B); O Visual tracing, N = 26 (C)/19 (L)/13 (R)/71 (B); P Figure
matching, N =25 (C)/20 (L)/13 (R)/72 (B). Error bars are mean + SD.

A previous study reported that among patients with MMD who had
PVWMH, 2.12% (2/94) experienced stroke during a 3-year follow-up,
with a mean annual risk of ischemic stroke of 0.69%'". This risk is
much lower than the risk of natural stroke onset among asymptomatic
patients (average annual ischemic stroke risk 0.19-1.09%)”**. Two
strokes (2/151) and 50 TIAs (50/151) were observed in this study during
the 2-year follow-up period (average annual ischemic stroke risk 0.66%),
which is consistent with the results of previous studies. PVWMHs may
be an independent risk factor for TIA and stroke in MMD patients.
However, further controlled experiments are needed to confirm these
results.

MMD patients without stroke retain most of their normal cognitive
function. However, intelligence, mental rotation, spatial working memory,
verbal working memory and executive inhibition are still impaired. Previous
studies have shown that cognitive impairment in MMD patients is selective,
especially in intelligence, mental rotation, and short-term memory,
regardless of ischemic stroke status™'’. White matter damage may play an
important role in impairments in executive function, attention, and working
memory'. Previous studies of MMD patients without stroke have also
identified executive function, mental efficiency, and word finding as the
most commonly impaired domains, whereas memory is relatively intact™.
However, some studies have argued that global cognition (MoCA),
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Fig. 2 | Cumulative incidence plots for ischemic events according to whole-brain,
periventricular and deep WMHs in MMD patients. N = 151. A Ischemic events
rate according to whole-brain WMHs. Black line (Q1): WMHs <6217 mm’; red line
(Q2): WMHs 26217 mm®, B ischemic events rate according to the PWMHs. Black
line (Q1): WMHs <4280 mm?; red line (Q2): WMHSs >4280 mm’, C ischemic events
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WMHs >2570 mm®, D receiver operating characteristic (ROC) curves of
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quantitative analysis compared with the Fazekas grade to distinguish ischemic
events. The maximum Youden index occurred when the cutoff of the PVWMHs was
4280 mm’. MMD moyamoya disease, Q1 quartile 1, Q2 quartile 2, TIA transient
ischemic attack, WMH white matter hyperintensity, q quantitative, PVWMH
periventricular white matter hyperintensity, DWMH deep white matter
hyperintensity.

information processing speed, executive function, visuospatial function, and
verbal memory are lower in stroke-free patients with MMD than in normal
controls®’. Compared with general artificial cognitive evaluation methods
such as the MOCA™, our cognitive evaluation could be more objective with
automatic grading, which reduces the subjective bias of experimenter arti-
ficial scoring. In addition, our study evaluated multiple cognitive domains
with broad coverage in MMD patients.

Progressive stenosis or occlusion of the terminal internal carotid artery
can lead to prolonged dilation of vessels such as the lenticulostriate artery
and choroidal artery in MMD patients”*". These vessels can compensate for
blood flow to a certain extent”. However, owing to the fragility of these
proliferative vessels, this compensatory mechanism may not be sufficient to
prevent sustained silent ischemic injury™. This “asymptomatic” ischemic
injury most likely occurs first in the watershed region, which leads to cog-
nitive decline. As the disease progresses, the number of collateral vessels
gradually decreases, which may result in damage to the periventricular white
matter microstructure” and may account for the increased volume of
PVWMHs in MMD patients. With the increase in WMHs in the whole
brain, especially PVWMHs, simple calculation, verbal working memory,
verbal memory, executive inhibition, and attention decreased linearly,
whereas the effect of DWMHs was smaller. The periventricular white matter
region may be an important region affecting specific cognitive domains.

Reduced blood perfusion due to left hemisphere involvement may be
an important mechanism underlying intelligence and verbal working
memory decline, and a decrease in executive inhibition is associated with
bilateral hypoperfusion. A recent study revealed that executive function was
associated with cerebral blood flow in the bilateral lateral frontal, centrum
semiovale, and temporal lobes’. Low cerebral blood flow in the left centrum
semiovale and temporal lobe is associated with decreased processing speed
and verbal memory. Moreover, white matter microstructural damage was
ameliorated to a certain extent after hypoperfusion was treated with
revascularization. There were postoperative improvements in intelligence,
organization, processing speed, and executive inhibition’. This result is
consistent with the findings of our study. In patients with attention-deficit/
hyperactivity disorder, the decreased efficiency of the right occipital node,
together with abnormal connectivity to regions such as the anterior cin-
gulate gyrus, may explain the attentional maintenance impairment™. Aftera
right-hemisphere stroke, an abnormal pattern of functional connectivity
between the right occipital lobe and the temporoparietal and inferior par-
ietal lobes can lead to deficits in figure matching”. Then, diminished con-
nectivity between the right fusiform gyrus and the left superior occipital lobe
leads to decreased performance on visuospatial tasks such as line bisection,
reflecting the necessity of the occipital-parietal pathway in spatial working
memory". In addition, decreased activation in the right occipitotemporal
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Table 3 | Risk of ischemic events according to quantitative
WMH volumes in MMD patients

Unadjusted P value Adjusted HR Adjusted

HR (95% ClI) (95% ClI) P value*
Whole-brain 6.570 0.000316  6.757 0.000585
WMHSs (mm?)? (2.359-18.301) (2.274-20.075)
Periventricular 8.911 0.000024 8.824 0.000062
WMHSs (mm?®)? (8.227-24.610) (3.039-25.620)
Deep 2.578 0.015748 2.605 0.022529
WMHSs (mm?)? (1.195-5.561) (1.144-5.929)

HR hazard ratio, MMD moyamoya disease, WMH white matter hyperintensity.
*Adjusted for sex, education years, age, smoking, alcohol use, and comorbidities.
“Log-transformed results.

region is associated with changes in visuospatial attention (N2pc compo-
nent) in older individuals, suggesting the critical role of this region in age-
related visual attention and working memory decline’. Although the ana-
tomical location is not very specific, the left frontal lobe plays an important
role in executive control, executive inhibition, and simple calculation,
whereas the left occipital lobe is involved in attention, executive inhibition
and memory, and the right occipital lobe is associated with working memory
and attention.

This study also has several limitations that must be acknowledged.
First, long-term longitudinal cognitive data are lacking to further determine
the causal relationship between cognitive dysfunction and WMH. Second,
due to limited resources and time constraints, the number of healthy con-
trols was smaller than that in the MMD group, and some factors (e.g.,
diabetes) were not exactly matched with those in the patient group, which
may lead to heterogeneity between the two groups. Third, this study
involved only the Chinese population, and as MMD is a relatively rare
disease, the sample size was not very large. While the results are remarkable,
itis important to note that good performance in a particular dataset does not
guarantee generalizability. Further validation is needed in different datasets,
multi-center and even transnational datasets. In addition, although the
automatic WMH segmentation library UBO has been shown to be highly
accurate in predicting WMH volumes, this study did not actually check the
Dice scores or Hausdorff distances. In addition, modest HR values may have
potential confounding factors, and this result needs to be viewed with
caution. Finally, the brain MRI scans used in this study were high-resolution
for research purposes. However, in the clinic, obtaining high-resolution
MRI scans requires additional time and cost, making it relatively difficult to
use quantitative measurements for risk assessment.

Conclusion

MMD patients without stroke retain most of their normal cognitive func-
tions except for intelligence, mental rotation, spatial working memory,
verbal working memory, and executive inhibition. With an increase in
WMHs in the whole brain, especially PVWMHs, simple calculation, verbal
working memory, verbal memory and attention functions decreased,
whereas the effect of the DWMH increase was relatively limited. Increased
WMHs in the left hemisphere were associated with decreases in intelligence
and verbal working memory. An increase in PVWMHs, rather than
DWMH, could be an indicator of future ischemic events in MMD patients.
Quantitative measurements of WMHs may be more accurate than quali-
tative measurements for predicting long-term ischemic events, and
PVWMHs >4280 mm’ in MNI152 1 mm® could be a potential cutoff value
for further clinical decisions.

Data availability

The data that support the findings of this study are available from the
authors, but restrictions apply to the availability of these data, which were
used under license from Beijing Tiantan Hospital affiliated to Capital
Medical University (Beijing) for the current study, and so are not publicly

available. However, the datasets generated during the current study are
available from the corresponding author upon reasonable request. The
source data for all figures and tables are available in Supplementary Data 1.
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