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Abstract

The influence of hypoperfusion on cognition in patients with Moyamoya disease (MMD) is unclear. This study investi-
gated cognitive function changes in MMD patients without stroke and illustrated the relationship between cognitive
impairment and hypoperfusion. We prospectively performed a structured battery of seven neurocognitive tests on | 15
adult MMD patients without stroke and 82 healthy controls. Hemodynamic assessment was performed using dynamic
susceptibility contrast-enhanced MRI. The best subset regression (BSR) strategy was used to identify risk factors. Global
cognition (MoCA), speed of information processing (TMT-A), executive function (TMT-B), visuospatial function (CDT),
and verbal memory (CAVLT) were significantly poorer in MMD patients without stroke than in healthy controls. The
TMT-B score significantly correlated with cerebral blood flow (CBF) in the bilateral lateral frontal lobes, centrum
semiovale, and temporal lobes. The TMT-A and CAVLT scores significantly correlated with CBF in the left centrum
semiovale (L-CSO) and temporal lobes. According to the BSR results, age, education, white matter lesions, and
hypoperfusion of the L-CSO were risk factors for cognitive impairment. Hypoperfusion leads to multiple cognitive
impairments in MMD patients without stroke. The perfusion of particular areas may help evaluate the cognitive function
of MMD patients and guide therapeutic strategies.
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Introduction

Moyamoya disease is a cerebrovascular condition
involving stenosis changes of the distal carotid artery
and unusual reticular vessel development in the skull
base.!? Initial symptoms include transient ischemic

attacks (TTAs), cerebral infarction, hemorrhage, and
headache.® Revascularization is currently the primary
treatment for MMD. Surgical revascularization is gen-
erally recommended in children regardless of the sever-
ity of ischemia because their brain is still developing. In
adult MMD, revascularization is recommended in
patients with ischemic symptoms and hemodynamic
impairment. It is still controversial whether and when
surgical intervention should be performed in patients
with mild symptoms or hemodynamic stability.*
However, the influence of long-term hypoperfusion

General Hospital, Beijing, China

*Co-first authors.

Corresponding authors:

Lian Duan, Department of Neurosurgery, First Medical Center of
Chinese PLA General Hospital, 8 Dong-Da Street, Fengtai District,
Beijing 100071, China.

Email: duanlian307 @sina.com

Cong Han, Department of Neurosurgery, First Medical Center of
Chinese PLA General Hospital, 8 Dong-Da Street, Fengtai District,
Beijing 100071, China.

Email: hc82225@126.com


https://orcid.org/0000-0002-3651-4383
mailto:duanlian307@sina.com
mailto:hc82225@126.com
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0271678X221140349
journals.sagepub.com/home/jcbfm

Shen et al.

543

on cognitive function is an important yet often
neglected aspect concerning surgical indication.

Neuropsychological impairment has been recog-
nized in patients with MMD,>® but the current defini-
tion of ischemic symptoms and the hemodynamic
impairment effect do not consider cognitive function.
At present, how hypoperfusion affects cognitive func-
tion is still unknown. Few studies have examined the
correlation between cognitive dysfunction and long-
term hypoperfusion (excluding stroke), which is impor-
tant to elucidate the hemodynamic mechanism of
cognitive impairment in patients with MMD at an
early stage.” Hence, in this study, we applied dynamic
susceptibility contrast-enhanced MRI (DSC-MRI) and
a structured battery of seven neurocognitive tests to
comprehensively evaluate cognitive impairment in
MMD patients without stroke and investigate whether
hypoperfusion in specific regions is associated with
cognitive impairment.

Methods

Patients

This study was approved by the Ethics Committee of
our Hospital (Approval Number: KY-2018-6-60) and
guided by the Declaration of Helsinki. Written
informed consent was obtained from both patients
and healthy controls. A total of 115 patients with
MMD treated at our department between 2018 and
2021 were enrolled. All patients met the following
inclusion criteria: (1) diagnosis by digital subtraction
angiography (DSA) according to guidelines in 2012%;
(2) age >18 years; (3) right handedness; (4) no history
of surgery; (5) no recent stroke events in the cerebral
cortex, basal ganglia, brainstem, or cerebellum, as
observed through MRI screening, and small cerebral
infarctions with lesion diameter <8 mm in the white
matter.® Patients who met the following criteria were
excluded: (1) neurological deficits due to psychiatric
illness and severe systemic diseases; (2) severe dyskine-
sia or language disorder.

Additionally, we recruited 82 healthy volunteers
matched for age, sex, and educational level who had
not been diagnosed cerebrovascular discases as the
control cohort.

Neuropsychological assessment

A trained cognitive psychologist (Hou-Di Zhang) per-
formed all the tests. The Montreal Cognitive
Assessment (MoCA) was used to assess overall cogni-
tive impairment, with a cutoff of 26 and 1-point
correction for persons educated for <12 years.'®!?
Daily living ability was assessed using the Activity of

Daily Living Scale (ADL)."*'* The 17-item Hamilton
Rating Scale for Depression (HAMD-17) was used to
assess depression.'>'® Visuospatial praxis was evaluat-
ed using the clock drawing test (CDT).!” The Chinese
auditory verbal learning test (CAVLT) was used to
measure transient and delayed memory.'® Trail
Making Test A (TMTA) and B (TMTB) were used to
assess the speed of information processing'”?® and
executive function, ' respectively.

Radiological examination

All patients underwent MRI and DSA within 10 days
of neuropsychological assessment. Stroke was excluded
on MRI. The bilateral cerebral hemispheres of patients
were staged based on Suzuki staging. White matter
damage was estimated using fluid-attenuated inversion
recovery. The Fezakas scale was used to score deep
white matter hyperintensity and periventricular hyper-
intensity. *>?*

All static images were reviewed by two experienced
readers (Drs. Xu and Zhang) blinded to the clinical
information. Any differences in observations were
resolved by consensus.

Hemodynamic examination

We used DSC-MRI to assess the cerebral hemodynam-
ic status. The examination was performed using a
MAGNETOM Skyra 3 T MRI scanner (Siemens,
Germany) with a 20-channel head coil.*** The
acquired DSC-MRI images were processed using a
post-processing workstation (Syngo Via 20, Siemens)
and analyzed using the MR Neuro-Perfusion software.
All analyses were performed by the same neuroradiol-
ogist (Hong-Tao Zhang), who was blinded to the neu-
ropsychological findings.

Regional cerebral blood flow (rCBF) values were
evaluated in each patient by manually drawing a
series of regions of interest (ROIs) over the cerebral
cortex.”>?” The selected ROIs to assess rCBF were
the lateral frontal, medial frontal, centrum semiovale
(CS0O), parietal cortex, temporal cortex, and cerebel-
lum on both sides to assess rCBF (Figure 1).>”?° The
method of ROI mapping is described in our previous
research report.”

Statistical analysis

All statistical analyses were performed using the SPSS
software (version 25.0) and R statistical software (ver-
sion 4.1.2). Pearson’s y* test was used to compare cat-
egorical variables. The normality of the data was
investigated using the Kolmogorov—Smirnov test. The
Mann—Whitney U-test and independent-sample t-test
were used to compare continuous data from the
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Figure |. Regions of interest (ROls) included the left (L) and right (R) lateral frontal cortex (LFC), medial frontal cortex, centrum

semi-oval, parietal cortex, temporal cortex, and cerebellum.

skewness and normal distributions, respectively.
Multiple linear regression analysis was used to analyze
the relationship between cognitive scores, age, educa-
tional level, and rCBF. The variance inflation factor
(VIF) was calculated to determine multicollinearity.
Variables with a VIF >10, considered severely collin-
ear, were excluded from further analyses. The best
subset regression (BSR) strategy was used to construct
the logistic regression model, and the adjusted
R-square was used to select the optimal model from
all possible subsets. Continuous data are expressed as
mean +SD. The level of significance was set at
p <0.05.

Results

Patient characteristics

In this study, 115 adult MMD patients without stroke
and 82 healthy controls were enrolled. There were no
significant differences in sex, age, or years of education
between the groups (Table 1).

Table I. Characteristics and clinical information of participants.

MMD (n=115) HC (n=82)
Mean + SD Mean + SD P
Sex (F:M) 58:57 39:43 0.691
Age, y 39.294+11.82 4044+ 11.63 0.701
Education, y 12.94 +£2.80 12.67 £3.67  0.165
Medical history, n(%)
Diabetes mellitus 12 (10.4) 7 (8.5) 0.656
Hypertension 47 (40.9) 23 (28.0) 0.064
Hyperlipidemia 20 (17.4) 10 (12.2) 0317

F: female; M: male; SD: standard deviation; MMD: Moyamoya disease.

Among the enrolled MMD patients, 47 had a histo-
ry of hypertension, and other vascular risk factors
included diabetes, hyperlipidemia, and hyperhomocys-
teinemia in 12, 20, and 26 patients, respectively. TIA
was the most common initial symptom (79 cases,
68.7%); other patients had headache (9 cases, 7.8%)
or were asymptomatic (27 cases, 23.4%). The neuro-
logical status at admission was graded according to the
mRS score: 4 patients were grade 0, and 111 patients



Shen et al.

545

Table 2. Subgroup risk factor and rCBF analysis.

MMD (MOCA > 26) MMD (MOCA < 26) P
Sex (F:M) 21:17 37:40 0.467
Age, y 3442+10.59 41.69£11.71 0.003
Education, y 13.89 £2.56 12.47 +£2.80 0.013
Clinical presentations 0.614
TIA 24 55
Headache 4 5
Asymptomatic 10 17
Medical history, n(%)
Diabetes mellitus 4 8 1.000
Hypertension 12 35 0.155
Hyperlipidemia 5 15 0.400
Hyperhomocysteinemia 8 18 0.779
Fazekas classification 0.02
0 27 37
| I 40
Time from first onset to admission(months) 11.92+16.59 2201 +=41.19 0.174
Suzuki stage
Left 0.296
1-2 9 29
34 17 31
5-6 12 17
Right 0.835
1-2 13 22
34 18 41
5-6 7 14
mRs 0.202
0 3 |
| 35 76
rCBF of ROI
L-LFC 1.4440.25 1.3440.30 0.026
L-MFC 1.58£0.36 1.56 £0.36 0.369
L-CSO 0.60+0.15 0.51+0.13 0.002
L-PC 1.41 +£0.40 1.334+0.33 0.277
L-TC 1.27 £0.43 1.13+0.32 0.216
R-LFC 1.48+0.34 1.41+£0.32 0.234
R-MFC 1.58+0.32 1.57+£0.29 0.909
R-CSO 0.56 +0.12 0.50+0.13 0.019
R-PC 1.38£0.30 1.33+£0.33 0.166
R-TC 1.34£042 121 £0.33 0.108

rCBF: relative cerebral blood flow: CBF values of the associated cortex/ipsilateral cerebellum; L: left; r: right, LFC: lateral frontal
cortex; MFC: medial frontal cortex; CSO: centrum semi-oval; PC: parietal cortex; TC temporal cortex.

were grade 1. According to the Fazekas grading crite-
ria, 64 patients were classified as grade 0, and the rest
(51 cases) were classified as grade 1. The details of the
Suzuki stage are presented in Table 2.

Neuropsychological assessment of MMD patients
and healthy controls

The test performances of the participants are summa-
rized in Table 3 and Figure 2. The ADL scores were not
abnormal in MMD patients compared with the healthy
controls. The HAMD test showed that 28 patients

(24.3%) were possibly depressed, but none were diag-
nosed with depression. The mean HAMD scores were
significantly higher in patients (4.754+3.66) than in
controls (3.28 +1.32).

The MoCA scores were significantly lower
(p<0.001) in MMD patients than in healthy controls
(23.88 3.55 vs. 27.12 £ 1.08). Of the 115 patients, 77
(67.0%) were considered to have cognitive impairment.

In addition, the scores of TMTA (p =0.025), reflect-
ing information processing speed, and TMTB
(p <0.001), reflecting executive function, were both sig-
nificantly higher in the MMD group than in the control
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Table 3. Neuropsychological assessments.

MMD (n=115) HC (n=82)

Mean £ SD Mean £ SD P
MOCA 23.88+3.55 27.12+1.08 <0.001
ADL 14.00+0 14.00+0 |
HAMD 475+ 3.66 3.28+1.32 0.019
TMTA 39.71 +18.06 33.11 +£9.03 0.025
TMTB 134.01 +69.85 79.73 £23.11 <0.001
CDT 3.84+0.52 440 0.003
CAVLTI 475+ 1.74 5.68+1.78 0.001
CAVLT2 7.57 +1.98 8.51 +1.93 0.002
CAVLT3 9.83 £2.4l1 10.49 £ 1.86 0.147
CAVLTIO 8.03 +2.93 8.76 +2.33 0.1

MOCA: Montreal Cognitive Assessment, ADL: The activity of Daily
Living Scale; HAMD: The |7-item HamiltonRating Scale for Depression;
TMTA: Trail Making Test A; TMTB: Trail Making Test B; CDT: clock drawn
test; CAVLT |-3: Chinese Auditory Verbal Learning Test (transient
memory); CAVLT10: Chinese Auditory Verbal Learning Test (delayed
memory).

group. Scores of transient memory (CAVLTI1 and
CAVLT2, both p<0.01) and visuospatial praxis
(CDT, p=0.019) were lower in the MMD group than
in the control group. CAVLT3 and CAVLTI10 scores
were lower in the MMD group than in the control
group, although not significantly.

Multiple linear regression analysis of cognitive score
and cerebral blood flow

Multiple linear regression was used to analyze the rela-
tionship between cognitive scores and rCBF in different
regions to avoid confounding factors. The B value rep-
resents the regression coefficient of rCBF after adjust-
ing for age and educational level. The TMTB score
negatively correlated with rCBF in the bilateral lateral
frontal lobes, CSO, and temporal cortex. The TMTA
score negatively correlated with rCBF in the bilateral
CSO and left temporal cortex. CAVLT1, CAVLT?2,

(@)
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. I ¥ MMD
I Healthy Control
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Figure 2. (a,b,c,d) Comparison of cognitive function between MMD and healthy controls. Compared with the healthy controls
matched by gender, age and education years, the adult MMD without stroke had a wide range of cognitive impairment, including
MOCA, HAMD, CDT, TMTA, TMTB, CAVLTI, CAVLT2. Ns: no significant difference; *:0.01 <p < 0.05: #p < 0.01.
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CAVLT3, and CAVLTI10 scores positively correlated
with rCBF in the left CSO (L-CSO) and temporal
cortex. Additionally, CAVLT3 score positively
correlated with the left lateral frontal lobe, and
CAVLTI0 score positively correlated with the right
CSO (R-CSO). However, no correlation was observed
between CDT scores and ROIs (Table 4).

Association between cognitive impairment and
hypoperfusion

To assess the overall cognitive function, we further
divided the patients with MMD into the normal
(MoCA score >26) and cognitive impairment groups
(MoCA score < 26). A comparison of clinical informa-
tion and perfusion data is shown in Table 2. We sub-
sequently incorporated variables with p <0.1 into the
BSR. None of the variables met the multicollinearity
criterion (VIF > 10). The optimal subset was deter-
mined according to the adjusted maximum value of
R-squared. Four variables, namely age, education,
white matter lesions (Fazekas scale), and rCBF of the
L-CSO, were finally included as predictors. A column
chart was then constructed (Figure 3(a)). A nomogram
was established based on the BSR. Age had the greatest

Table 4. Correlation coefficient between rCBF and scores/
times of cognitive scale.

ROI Cognitive scale B P
L-LFC TMTB —45.78 0.009
CAVLT3 1.6l 0.04
L-CSO TMTA —31.58 0.008
TMTB —114.92 0.001
CAVLTI 3.7 0.001
CAVLT2 4.23 0.001
CAVLT3 4.40 0.005
CAVLTI10 4.06 0.022
L-TC TMTA —10.26 0.02
TMTB —33.00 0.011
CAVLTI 37 0.001
CAVLT2 1.36 0.005
CAVLT3 1.34 0.021
CAVLTI10 1.31 0.046
R-LFC TMTB —38.29 0.011
R-CSO TMTA —39.37 0.003
TMTB —125.43 0.001
CAVLTI10 3.93 0.046
R-TC TMTB —38.02 0.003

Multiple linear regression analysis was used to analyze the relationship
between cognitive score and rCBF in different region. The B value rep-
resents the regression coefficient of the rCBF after adjusting age and
education level.

rCBF: relative cerebral blood flow: CBF values of the associated cortex/
ipsilateral cerebellum; L: left; R: right; LFC: lateral frontal cortex; MFC:
medial frontal cortex; CSO: centrum semi-oval; PC: parietal cortex; TC:
temporal cortex.

influence on cognitive impairment, followed by rCBF
of L-CSO, education, and white matter damage. The
risk of cognitive decline in patients with MMD posi-
tively correlated with the sum of the scores for the four
predictive variables in the prediction model (Figure 3
(b)). As shown in the calibration plot, internal valida-
tion of the model revealed a good predictive perfor-
mance for MMD patients with cognitive impairment,
with a mean absolute error of 0.025 (Figure 3C).
Moreover, the areca under the ROC curve was 0.759
(95% CI, 0.66-0.85; Figure 3(d)). The clinical decision
curve suggests that the prediction model has a highnet
clinical benefit (Figure 3(¢)).

Discussion

The present study, which has the largest sample size
compared to previous studies, analyzed the correlation
between cognitive function and hypoperfusion in 115
non-stroke adult patients with MMD. The results show
that long-term hypoperfusion leads to multiple cogni-
tive domain impairments in MMD patients, such as
information processing speed, executive function,
visual-spatial function, and memory. Cerebral hypo-
perfusion in specific brain regions (the lateral frontal
lobes, CSO, and temporal cortex) is closely associated
with cognitive impairment. Moreover, using the BSR
strategy, age, education, white matter damage, and
rCBF of the L-CSO were identified as potential risk
factors for cognitive impairment in MMD.

Previous studies have documented cognitive decline
in some adult patients with MMD, with incidence of
23%-71.4%.7 %23 The cognitive impairment is
mainly manifested in intelligence, memory, and execu-
tive function.®®*!"33 Different results may be related
toethnicity, age, and grouping or evaluation criteria.
However, a core question is whether cognitive impair-
ment in MMD can be attributed to progressive cerebral
hypoperfusion or irreversible cerebrovascular events,
such as cerebral infarction. This difference is of great
therapeutic value because low cerebral perfusion may
be ameliorated by cerebral revascularization, unlike
severe cerebral infarction. Previous studies have
shown that revascularization can prevent further
decline in cognitive function in adults** and children®
and even improve it in some patients.>® Our findings
suggest that patients with MMD have cognitive impair-
ment in different domains under long-term hypoperfu-
sion conditions, especially in terms of information
processing speed, executive function, visual-spatial
function, and immediate memory.

Furthermore, our results reveal that the long-term
hypoperfusion state affects the cognitive function of
patients with MMD earlier than the occurrence of
stroke events and traditional ischemic symptoms.
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Figure 3. Risk factors analysis of cognitive function. (a) The optimal subset is determined according to the adjusted maximum value
of R-squared. Age, education, white matter (Fezakas scale) and rCBF of left centrum semi-oval (LCSO) were selected as potential risk
factors of cognitive impairment. (b) Characteristics in the nomogram to predict probability of cognitive function in MMD patients
without stroke. (c) Calibration curve of the predictive nomogram for probability of cognitive function in MMD patients without
stroke. (d) The area under the curve (AUC) of a receiver operating curve (ROC) and (e) Decision curve analysis (DCA) was used to

assess net clinical benefit of the model.

Few studies have been conducted on cognitive impair-
ment in MMD caused by hypoperfusion. Karzmark’s
research showed that 23% of stroke-free MMD
patients had significant cognitive impairment.®
Executive function, mental efficiency, and word finding
were most frequently impaired, whereas memory was
relatively intact, and 37% of patients showed emotion-
al distress. Our study showed a 67% incidence of cog-
nitive impairment according to MoCA. The main
cognitive impairments were related to information
processing speed, executive ability, transient memory,
visuospatial ability, and emotional distress. These
results revealed early manifestations of cognitive
impairment in MMD that could be used as evidence
of brain function damage caused by long-term hypo-
perfusion. Different memory results may be related to
different criteria and research methods used for assess-
ing cognitive impairment.®®3%3 Regardless of the out-
come differences, these studies suggest that cognitive
impairment occurs in a high proportion of MMD
patients without stroke.

In our study, 7.8% had a headache, and 23.5% were
asymptomatic. One-third of patients without typical
ischemic symptoms had stable hemodynamics. There
has been controversy over whether surgery should be
performed in these patients, but the need of cognitive
assessment has been overlooked. The introduction of
cognitive impairment into surgical indications may lead
to significant changes in the indications for treatment
of these patients. However, the unification of criteria
and assessment methods for cognitive impairment may
be the next important step.

Recent investigations have shown an association
between the frontal lobe and executive function,?’
and between the temporal lobe and memory function.*’
This study focused on the relationship between brain
regions and cognitive function. The application of per-
fusion technology in MMD is well documented. The
results indicate that the decrease in perfusion in the
bilateral centrum semiovale and left temporal cortex
is related to executive function, speed of information
processing, and auditory-verbal memory. The
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decreased perfusion in the bilateral lateral frontal
cortex and the right temporal cortex is also related
to executive function. We found that perfusion in
the left hemisphere had a greater effect on cognitive
function than did perfusion in the right hemisphere,
consistent with previous research.*® Notably, previ-
ous studies have suggested that cognitive impairment
in these areas may be caused by stroke. Our findings
indicate that long-term hypoperfusion can induce
cognitive impairment. Cognitive function changes in
MMD occur gradually with a decrease in intracranial
perfusion and not immediately after a stroke. It also
is a certain reference value for other types of chronic
ischemic disease, such as intracranial atherosclerotic
stenosis (ICAS), for which there is no definite indica-
tion for surgery or intervention in patients with
ICAS,* especially in mild ICAS. However, different
conclusions may be drawn if cognitive improvement
is considered as the clinical trial endpoint. We
can provide necessary references for surgical indica-
tions in patients with no-stroke MMD and other
chronic  hypoperfusion cerebrovascular disease
through cognitive evaluations, because cerebral hypo-
perfusion is potentially reversible through surgical
intervention before more serious cerebrovascular
events take place.

According to the comparison between the abnormal
(MoCA score <26) and normal (MoCA score >26)
groups, the nomogram showed that age, rCBF in the
L-CSO, education, and white matter damage were risk
factors for cognitive impairment. Age had the greatest
influence, followed by rCBF of the L-CSO, education,
and white matter lesions. Previous studies have shown
that cognitive impairment is closely related to age and
white matter lesions.”>** Higher education can also
provide experiential knowledge, which may partly com-
pensate for the cognitive impact of MMD.*' However,
the influence of L-CSO hypoperfusion on cognition has
not drawn sufficient attention. As the communication
center of fibers and the dominant hemisphere, the CSO
significantly impacts executive function, information
processing speed, and memory, thus having the greatest
effect on cognition.

Limitations

Our study had some limitations. First, obtaining a demo-
graphically adjusted standard for part of the cognitive
scale is difficult. Second, ethnic and population biases
may have been introduced. Third, follow-up data on cog-
nitive function after surgery were not included.

Conclusion

Cognitive impairment caused by hypoperfusion occurs
earlier than that caused by stroke in patients with
MMD. Our study provides evidence of cognitive
impairment in non-stroke patients with MMD, in
terms of information processing speed, executive func-
tion, visual-spatial function, and memory. Cerebral
hypoperfusion in specific brain regions is closely asso-
ciated with cognitive impairment, especially CSO.
Older Age, lower education, white matter damage,
and hypoperfusion of the L-CSO are potential risk
factors for cognitive impairment in non-stroke patients
with MMD.
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