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Abstract

Introduction Moyamoya angiopathy (MMA) is associated with a high risk of stroke, but it is also increasingly recognized
as leading to cognitive impairment. The aim of this study was to determine the prevalence, nature, and severity of vascular
cognitive impairment no dementia (VCIND) in adults with MMA and to identify clinical and imaging factors associated
with VCIND.

Methods We conducted a retrospective study of consecutive adult patients with MMA followed in two tertiary hospitals
(Toulouse and Paris Lariboisiere). All patients underwent neuropsychological assessment and brain magnetic resonance
imaging (MRI). VCIND was defined as at least two variables of the same cognitive process with z-scores of <2 standard
deviations, regardless of the cognitive domain, that do not interfere in everyday life. Baseline demographic, clinical, and
imaging data were compared between patients with and without VCIND.

Results A total of 102 patients (mean age 43 years; 65% women) were included. Thirty-four patients (33.3%) had VCIND.
VCIND was mild in 20/34 (59%), moderate in 8/34 (23%), and severe in 6/34 (18%) patients. Executive function was the
most widely affected (25.5%), followed by attention and processing speed (24.8%). In univariable analyses, VCIND was
associated with ischemic stroke at diagnosis and the presence of ischemic lesions on MRI.

Conclusions VCIND is highly prevalent in adults with MMA. Executive functions and processing speed are predominantly
affected. These findings may guide clinicians in their evaluation of patients with MMA. Further research should assess the
effect of revascularization therapies on cognitive functions.

Keywords Moyamoya - Stroke - Vascular cognitive disorders - Neuropsychology

Introduction complication of the disease [2], but other clinical manifesta-

tions such as cognitive impairment might distinctly affect

Moyamoya angiopathy (MMA) is a rare cerebrovascular
pathology characterized by a progressive narrowing and
occlusion of the terminal intracranial carotid artery and its
main branches, with the development of a basal collateral
network [1]. Ischemic and hemorrhagic strokes are the main
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patients’ quality of life [3, 4].

A high prevalence of vascular cognitive impairment
(VQI), estimated to affect 31% of MMA patients, has been
reported in a recent meta-analysis conducted by Kronenburg
et al. [4] But, according to the latest data provided by Chan
et al., it may be even more common: their findings report
that 75% of patients have VCI [5]. Cognitive data remain,
however, limited notably because of the small sample size,
and interpretation is still complicated in the absence of an
identified consensual neuropsychological pattern and a
quantitative definition of VCI. Few studies have suggested
a preferential impairment of executive function, especially
mental flexibility function [3, 5-11], followed by process-
ing speed [3, 5, 7]. Data on memory are even more scarce
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and feature conflicting results: some studies have reported
normal functioning [3] while others have found that memory
impairment affects one third of patients [5, 7]. Moreover,
the mechanisms underlying cognitive impairment remain
controversial. In addition to the impact of ischemic or hem-
orrhagic lesions on cognitive functioning [12, 13], chronic
cerebral hypoperfusion is thought to play a role. Some pre-
liminary results suggested an association between perfusion
and cognition in patients with MMA [6, 14-16].

In this study, we aimed to determine the frequency,
nature, and severity of vascular cognitive impairment no
dementia (VCIND) in a large bi-centric cohort of adult
patients with MMA. We also evaluated the clinical and
imaging factors associated with cognitive impairment in
patients MMA.

Methods

We conducted a retrospective, bi-centric study of consecu-
tive adult patients with MMA followed in two tertiary hos-
pitals (Paris Lariboisiere University Hospital and Toulouse
University Hospital). The study periods extended from
March 2008 to July 2021 in Toulouse and January 2015 to
December 2020 in Paris.

Standard protocol approvals, registrations,
and patient consents

According to French ethics and regulatory law, retrospective
studies based on the exploration of usual care data should
not be submitted to an ethics committee but they must be
declared or covered by the reference methodology of the
French National Commission for Informatics and Liber-
ties (CNIL). Patients were informed that their codified data
would be used for the study. After evaluation and validation
by the data protection officer and according to the General
Data Protection Regulation, this study met all the criteria. It
is registered in the retrospective studies registry of Toulouse
University Hospital (registration number: RnIPH 2021-65)
and covered by the MR-004 (CNIL number: 2121529 v1).

Participants

Patients were eligible for the study if they fulfilled the fol-
lowing criteria: ‘(1) they were adults (over 18 years of age)
diagnosed with MMA disease or syndrome according to
the established criteria of the Research Committee on the
Pathology and Treatment of Spontaneous Occlusion of the
Circle of Willis [17]; (2) they had an available neuropsy-
chological assessment (NPA) prior to any revascularization
surgery and at least 3 months after the onset of stroke in
patients with stroke presentation; (3) they had an available

brain MRI of adequate quality performed within 6 months
of NPA.

Patients were excluded from our analyses if they had any
comorbidities that could be responsible for cognitive impair-
ment and/or if their visual, auditory, and verbal or written
language skills were insufficient for performing the neu-
ropsychological tests correctly. Patients with major vascular
cognitive impairment (i.e., dementia) and/or total depend-
ence according to the DSM-5 criteria were not eligible for
this study due to the lack of available neuropsychological
data for an exhaustive description.

Baseline data collection

Baseline demographic, clinical, and radiological character-
istics were recorded for all patients. Demographic and clini-
cal characteristics were age at the first NPA, age at the first
symptom and diagnosis, delay between first symptom and
diagnosis, and Moyamoya disease or syndrome. Vascular
risks factors including diabetes, active smoking, high blood
pressure (define by the presence of an antihypertensive
medication), and hypercholesterolemia (presence of statin
treatment or LDL threshold above the target for secondary
prevention) were collected. Clinical manifestations leading
to the diagnosis of MMA were also recorded: presence of
ischemic stroke; transient ischemic attack (TIA); hemor-
rhagic stroke (subarachnoid hemorrhage, intracerebral hem-
orrhage); headache; epilepsy; and any other incident find-
ings. It is worth noting that we grouped TIA and ischemic
stroke as ischemic presentation and stroke (ischemic or
hemorrhagic) plus TIA as vascular manifestations. Finally,
radiological features on MRI (DWI, FLAIR, T2*, TOF
sequences) were independently assessed for the absence or
presence of uni- or bilateral vascular impairment, ischemic
or hemorrhagic lesions on MRI, unilateral or bilateral hemi-
spheric lesions on MRI, and the involvement of posterior
circulation. The presence of transdural collaterals was identi-
fied by digital subtraction angiography, if performed.

Neuropsychological assessment

All patients underwent a comprehensive neuropsycho-
logical assessment. The assessments were performed by
experienced neuropsychologists. The neuropsychological
test battery was standardized across the participating study
centers for patients evaluated after 2016. All tests and
assessment techniques are detailed in Lezak [18]. Table 1
shows the mean cognitive z-scores and the percentage of
patients who completed each test (with min—-max bounds
of 56 to 98%). Cognitive tests were grouped by cognitive
domains (executive functions, memory, attention and pro-
cessing speed). Executive domain included the initiation
function explored by the verbal fluency test (animals and
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Table 1 Mean cognitive

Cognitive variable % avail-  Mean z-score
z-scores and percentage of able data
patients completing each test.
*Normative data reference Executive
average performance to a Initiation Verbal fluency (animals) 93 —0.58
percentile above 50
Verbal fluency (P) 93 - 0.59
Flexibility TMT B time (sec) 96 —1.10
TMT B-A time 97 -0.77
TMT B-A errors 85 -0.71
Inhibition Stroop test interference score (IS), time 87 —1.24
Stroop test interference-denomination, time 84 -0.93
Stroop test IS, non-corrected errors 65 —0.45
Working memory Digit span forward 97 -0.50
Digit span backward 97 -0.51
Visual span forward 56 —1.51
Visual span backward 56 —1.26
Attention/processing speed
Selective attention D2GZ 59 —0.80
D2 F% 59 0.20
D2 Gz-F 59 -0.77
Processing speed WAIS code 69 —0.60
TMT A time (sec) 98 —0.46
Stroop denomination time (sec) 90 —-1.17
Stroop reading time (sec) 89 - 1.54
Anterograde memory
Encoding/retrieval processes ~ FCRST immediate recall (/16) 97 0.0%*
FCRST free delayed recall (/16) 97 -0.57
BVMTR total recall (/36) 65 0.66
Storage process BVMTR delayed recall (/12) 64 0.28
FCRST total delayed recall (/16) 97 -0.67

letter P), mental flexibility was tested by the Trail Making
Test, inhibition by the Stroop test, and verbal and visuo-
spatial working memory was tested using the digit spans
subtests of the Wechsler scales (WAIS-1V). The D2 task
was performed to assess selective attention. Processing
speed was explored with the subtest Code of the WAIS-IV,
the time of the TMTA and the times scores at the denomi-
nation and reading conditions of the Stroop test. Finally,
and because of reduced acquisition of anterograde memory
scores, we grouped visual and verbal data according to
the nature of the process involved but independently of
the stimuli modality. In this way, we used the immediate
recall score of the Free and Cued Selective Reminding
Test (FCSRT) for the encoding process, while we used
the free delayed recall of the FCSRT and the total recall
score of the BVMT-R test for retrieval process. The stor-
age process was explored using the total delayed scores of
the FCSRT and BVMT-R tests.

@ Springer

Definition and severity of vascular cognitive impairment

no dementia

VCIND was defined as impairment in at least one cogni-
tive function with at least two z-scores strictly below 2
standard deviations (SD) according to the clinical norms,
whatever the cognitive domain investigated without inter-
ference in the activities of daily life.

The severity of cognitive impairment was determined
by calculating the percentage of pathological variables
that were individually weighted based on the total num-
ber of cognitive variables assessed. Specifically, VCIND
was subclassified as mild if less than 30% of the cognitive
scores were altered, moderate if between 30 and 50% of
the scores were altered, and severe if more than 50% of
the scores were altered.
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Statistical analysis

Demographic, clinical, and neuropsychological data were
described as means and standard deviations (SD) or medi-
ans and interquartile ranges (IQR) for quantitative vari-
ables and as numbers and percentages for qualitative vari-
ables, when appropriate.

As detailed, the prevalence of VCIND was calculated
as the proportion of patients who fulfilled the definition.
To explore the impact of strokes on cognition, consid-
ering our hypothesis that stroke events negatively affect
cognitive performance, we plotted cognitive z-scores of
patients with Moyamoya angiopathy, stratified by the
presence or absence of a history of stroke. In addition, to
investigate which demographic, clinical, and radiological
factors might play a significant role in determining the
presence or absence of VCIND in patients with MMA,
we performed 2-sided tests with the presence of signifi-
cant cognitive impairment as the dependent variable. The
same comparisons were then repeated for each cognitive
domain investigated (presence or absence of executive/
attention-speed domains), except for the memory domain,
as the distribution of patients between the groups did not
meet the assumptions for statistical comparison. For the
latter analyses, we used the X2 test for categorical vari-
ables and the Mann—Whitney U test for continuous vari-
ables, as appropriate.

Results were considered statistically significant at an o
level of 0.05. All statistical analyses were performed with
SPSS 14.0 software (IBM corporation, 2016).

Results
Population characteristics

A total of 102 patients were included during the study
period. Forty-four were included from Paris University Hos-
pital and 58 from Toulouse University Hospital.

Sixty-six patients were women (65%) and the majority
were Caucasian (71%) (Table 2). The mean age at diagnosis
and at neuropsychological assessment were 39.4 (+18.5)
and 43 (+ 13) years, respectively. Sixty-four patients had
Moyamoya disease (63%) and 38 (37%) had Moyamoya
syndrome (atherosclerosis (n=9); vasculitis (n=15); neu-
rofibromatosis type 1 (n=2); sickle cell disease (n=2); beta
thalassemia (n=2); other (n=18)). The arterial lesions were
considered as bilateral in 63 patients (62%).

Clinical presentations at diagnosis included stroke in 63
out of the 102 (62%) patients (n=48 (47%) ischemic stroke,
n=15 (15%) hemorrhagic stroke) and non-stroke presenta-
tion in 38 out of the 102 (38%) patients.

Table2 Clinical and radiological characteristics of patients with
MMA

Clinical characteristics

Number of patients 102
Paris hospital 44
Toulouse hospital 58
Men, n (%) 36 (35)
Age at first symptom, mean (SD) 359+23.8
Age at diagnosis, mean (SD) 394+18.5
Age at first neuropsychological assessment, mean (SD) 43 +13
Years of study, median (IQ) 11 (11-14)
Delay first symptom/diagnosis (day), median (IQ) 68 (0—497)
Ethnicity, n (%)
Caucasian 72 (70)
North African 12 (12)
Asian 10 (10)
Other 8 (8)
Moyamoya angiopathy subtype, n (%)
MMA disease 64 (63)
MMA syndrome 38 (37)
Bilateral MMA 63 (62)
Family history, n (%) 2(2)
Clinical presentation, n (%)
All strokes 63 (62)
Ischemic stroke 48 (47)
Hemorrhagic stroke 15 (14)
TIA 11(10)
Headache 10 (9)
Incidental 17 (16)
Epilepsy 1(1)
Vascular risk factors, n (%)
Hypertension 30 (29)
Smoking 37 (36)
Dyslipidemia 22 (22)
Imaging characteristics, n (%)
Presence of transdural anastomosis 21 (21)
Vertebro-basilar involvement 16 (16)
Presence of one or more ischemic lesions 75 (74)
Presence of one or more hemorrhagic lesions 16 (16)

Prevalence and pattern of vascular cognitive
impairment no dementia

Thirty-four patients out of the 102 patients (33.3%) were
diagnosed as having VCIND. Executive domain was most
commonly impaired (n=26 (25.5%)) followed by attention
and processing speed (n=25 (24.8%)). Based on cognitive
function, the most impaired functions were processing speed
(21.2%), followed by inhibition (16.3%), and mental flex-
ibility (16.3%). Alterations in other cognitive functions were
10.1% for selective attention, 3.2% for initiation, 1.5% for
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storage memory, and 1% for working memory and encoding/
retrieval memory processes. Details of mean z-scores are
given in Table 1.

Severity of vascular cognitive impairment
no dementia

According to our criteria, VCIND was classified as mild in
20 out of 34 patients (59%), moderate in 8 patients (23%),
and severe in 6 patients (18%). Among patients with VCIND,
the most impaired cognitive functions were processing speed
(53%), inhibition (33%), and flexibility (30%). In patients
with moderate-to-severe impairment, as in mild impairment,
the most impaired cognitive functions were processing speed
(85%), flexibility (83%), and inhibition (82%).

Determinant of vascular cognitive impairment
no dementia

Stroke at diagnosis (X2 =9.15, p=0.002), including
ischemic stroke (XZ =6.38, p=0.012) and ischemic lesions
on MRI at baseline (X2= 5.67, p=0.017) were associated
with VCIND (Table 3).

When factors were analyzed according to a specific cog-
nitive domain of interest, we observed that symptomatic
stroke at diagnosis (p =0.007) including ischemic stroke
(p=0.018) as clinical features were associated with impair-
ment of the attention and processing speed domain. Impair-
ment in the executive domain was related to the presence of

chronic ischemic lesions on MRI at baseline (p =0.046). For
details, see supplementary tables S1 and S2.

In addition, we observed a similar distribution of cogni-
tive scores between MMA patients with and without a medi-
cal history of symptomatic stroke (Fig. 1).

Discussion

To our knowledge, this study includes the largest cohort to
date of adult patients with MMA explored with detailed neu-
ropsychological assessment. Our findings further support a
high prevalence of vascular cognitive impairment no demen-
tia, affecting approximately one third of adult patients with
MMA. In addition, our results provide additional insights
into the neuropsychological profile of MMA, demonstrating
a predominant impairment in mental flexibility, inhibition,
and processing speed functions.

In this large cohort of adult patients with MMA, we
found that about 33% of them experienced VCIND. This
finding aligns with the results of previous investigations.
For instance, in a smaller study of 36 patients, Karzmark
et al. reported a similar rate of cognitive impairment of 31%
[3]. Furthermore, a recent meta-analysis conducted by Kro-
nenburg et al. also estimated an average rate of cognitive
impairment of 31%. In this latter study, however, there was
substantial variation between the five included studies, with
rates ranging from 0 to 69% [3, 6, 7, 19, 20]. These rates
are considerably lower than the results reported by Chan

Table 3 Univariate analysis
of patients with MMA with
cognitive impairment

No VCIND VCIND P value

Number of patients 68 34

Clinical characteristics
Men, n (%) 25 (37) 11 (32) 0.66
Age at diagnosis, mean (SD) 39.4+20.4 39.5+14 0.92
Age at first neuropsychological assessment, mean (SD) 42.8+13.5 43.3+12.2 0.77
Delay first symptom/diagnosis (day), median (IQ) 45 (1-653) 85.5 (0-431) 0.79
MMA disease, n (%) 41 (60) 23 (68) 0.47
Vascular event at diagnosis, n (%) 45 (66) 29 (85) 0.041*
TIA and ischemic strokes 36 (53) 23 (68) 0.57
Ischemic stroke 26 (38) 22 (65) 0.012*
All strokes 35(51) 28 (82) 0.002%*
Hypertension, n (%) 20 (29) 10 (29) 1.00
Smoking, n (%) 24 (35) 13 (38) 0.77
Dyslipidemia, n (%) 12 (18) 10 (29) 0.19

Radiological characteristics
Bilateral involvement, n (%) 41 (60) 22 (65) 0.67
Transdural involvement, n (%) 15(22) 6 (18) 0.60
Vertebro-basilar involvement, n (%) 8 (12) 8 (24) 0.12
Presence of ischemic lesions on MRI, n (%) 45 (66) 30 (88) 0.017*
Presence of hemorrhagic lesions on MRI, n (%) 10 (15) 6 (18) 0.70
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Fig. 1 Distribution of cognitive z-scores taking into account the pres-
ence of stroke at diagnosis (MMA patients with stroke in red, without
stroke in blue). The dotted line represents the pathological threshold
of —2SD. The dot plot represents the mean, the median, the first and
third interquartile range, and the standard error of the whole popula-
tion. The cross represents the mean of each group. None of the cog-
nitive processes examined fell below the threshold of -2SD. When
considering the group as a whole, the cognitive domains of speed,
inhibition, and working memory exhibited the lowest mean z-scores,

suggesting potential areas of impairment. The distributions of scores
on the cognitive functions of speed, inhibition, mental flexibility, and
anterograde memory were highly variable in MMA patients, indicat-
ing a wide range of performance levels within these areas. Interest-
ingly, the presence of a stroke did not lead to more severe cognitive
impairment at the group level. This highlights the influence of other
factors on cognitive impairment and emphasizes the importance of
considering a range of factors beyond stroke history when under-
standing cognitive outcomes in patients with MMA
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et al., which suggests a much higher prevalence of cognitive
impairment (75%) [5]. Several factors may account for the
divergent VCI rates observed between trials. Variations in
patient selection, including factors such as the presence or
absence of stroke, the specific type of stroke, or patients with
previous surgical revascularization, may contribute to these
discrepancies. Additionally, differences in the definition of
VCIND used by the authors may also influence the reported
rates. When we used a less restrictive definition of VCIND,
in which only one pathological variable was required, we
found a rate of 70%. However, we are aware that in this study
we underestimated VCI by selecting only a proportion of the
MMA population, in particular those eligible for neuropsy-
chological assessment. The inclusion of patients with severe
aphasia and/or patients with dementia would have increased
our prevalence. The retrospective design of this study does
not allow us to analyze these data in detail, but our findings
certainly call for replication.

One of the major challenges in cognitive studies of MMA
is the lack of a consensual definition of cognitive impair-
ment. While the definition of VCIND can be applied, there is
still a lack of clarity regarding the specific quantitative crite-
ria for impairment in each cognitive function and/or domain.
In our study, we aimed to propose a definition that was sen-
sitive enough to detect VCIND but not overly permissive.
Considering the potential impact of fatigue resulting from
the long duration of neuropsychological assessment and the
possibility of impairment after stroke, we chose a threshold
of -2 standard deviations, which is more stringent than many
studies in this field. We also based our criteria on the pres-
ence of at least two variables below this threshold to define
impairment, drawing from previous studies conducted by
our group in VCI [21], which demonstrated robust external
validity. Notably, when we apply the criteria for cognitive
impairment used by Karzmark et al. (which require at least
50% of variables with DS <1 DS), we observe a similar rate
of VCIND of 31%, suggesting that our definition may be
appropriate and reproducible. These findings are also con-
sistent with the reported prevalence of cognitive impair-
ment in young adults who have experienced strokes, which
is approximately 35%, as reported by Schaapsmeerders et al.
[22].

Several studies have found a strong relationship between
frontal areas and executive function [23-32], supporting
the hypothesis that executive impairment is predominant
in MMA. The Trail Making Test Part B (TMT-B), which
assesses mental flexibility, has been consistently impaired in
MMA studies [3, 6, 7], as has processing speed in approxi-
mately 30% of patients. Our results confirmed this pattern of
executive dysfunction, particularly in flexibility, inhibition,
and processing speed functions. This is consistent with the
known localization of lesions and hypoperfusion in MMA,
with frontal areas being particularly affected by stenosis in

@ Springer

the anterior vascular network. In our study, we observed that
memory functioning seemed to be spared. Due to methodo-
logical constraints and given the involvement of the frontal
lobes in the quality of encoding and their contribution to
retrieval mechanisms, we chose to group our memory scores
according to the processes involved rather than the modality
of item presentation (e.g., verbal vs non-verbal). Despite
this classification, we found no evidence of memory impair-
ment in adults with MMA. These findings are consistent
with previous studies conducted by Karzmark et al. in 2008
and 2012. However, they contradict the findings reported
by Festa et al. in 2010 and Kazumata et al. in 2015, where
an altered memory process was observed in approximately
one third of the patients. It is worth noting that the results
of the latter study are in line with Kronenburg's recent
research, which also found a high rate of impairment in 37%
of patients. Despite this rate, the mean standard deviation
values at group level were estimated to be within the strict
normal range. Given these discrepancies, it is important to
emphasize that this research needs to continue to be repli-
cated [33, 34].

The relationship between cognitive impairment and
stroke has been well documented in the literature [12, 35],
particularly in the context of strategic lesions [32, 36] and
extensive white matter damage [32]. However, few studies
have specifically investigated this relationship in MMA [4].
Although our qualitative analysis, focusing on the distri-
bution of z-score values, did not reveal clear differences
between patients with and patients without stroke, it is
essential to acknowledge that strokes are not the only factor
contributing to cognitive impairment in MMA. Other fac-
tors, such as the burden of asymptomatic lesions observed
through MRI and the involvement of chronic cerebral hypop-
erfusion, are also believed to play a significant role [6, 10,
14, 37-39]. The degree of hypoperfusion in the frontal area
may account for some of the impairments in executive func-
tions and processing speed by disrupting cerebral networks
through the presence of microstructural white matter lesions
[6, 19, 40-42].

There are several limitations to this study. Firstly, because
of its retrospective design, our prevalence may be misesti-
mated, although given that our results are in agreement with
the literature, our estimate may not be too far off at all. Sec-
ondly, the NPA protocols were not standardized between
the two participating centers until 2016. Despite this, we
attempted to control for heterogeneity by using z-scores and
grouping variables by cognitive function. Thirdly, there was
often a significant delay (median 262 days [113-709]) between
diagnosis and the first NPA, which may have potentially influ-
enced the results. Patients were typically diagnosed in a stroke
unit and subsequently referred to our reference center for NPA,
resulting in varying time intervals. Finally, in a clinical setting,
imaging protocols were not standardized across study centers.
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We were, therefore, unable to evaluate the effects of MRI brain
lesions and hypoperfusion on cognitive functions.

Conclusion

Our study, conducted in a large cohort, confirms the high prev-
alence of cognitive impairment in adults with MMA, estimated
to affect around one third of all patients. We have identified a
specific pattern of cognitive deficits that predominantly impact
executive functions and processing speed. Stroke and MRI
lesions are significant determinants of cognitive impairment in
MMA, consistent with the pathophysiology of the disease and
the primary involvement of frontal areas. Harmonizing defini-
tions and test batteries in MMA is essential in improving both
how young patients can be cared for and how their daily life
can be adapted in the light of their condition. Further research
is needed in order to explore the underlying mechanisms, the
effect of hypoperfusion, and the impact of revascularization
surgery on cognitive impairment in MMA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-024-12555-2.

Acknowledgements We thank Christina Rogan, Paris, and Michele
Pierre, Toulouse, neuropsychologists who took part in the neuropsy-
chological assessments of patients with MMA.

Author contribution Marine Giroud, Lionel Calviere, Dominique
Hervé and Mélanie Planton contributed to the study conception and
design. Material preparation, data collection and analysis were per-
formed by Marine Giroud, Lionel Calviere, Carla Machado, Sonia
Reyes, Hélene Mirabel, Nicolas Raposo, Dominique Hervé and Méla-
nie Planton. The first draft of the manuscript was written by Marine
Giroud, Lionel Calviere, Dominique Hervé and Mélanie Planton and
all authors commented on previous versions of the manuscript. All
authors read and approved the final manuscript.

Funding Open access funding provided by Université Toulouse III -
Paul Sabatier.

Data availability Data are available upon request.

Declarations

Conflicts of interest The authors declare that they have no conflict of
interest. The authors have no competing interests to declare that are
relevant to the content of this article.

Ethical approval According to French ethics and regulatory law, retro-
spective studies based on the exploration of usual care data should not
be submitted to an ethics committee.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Suzuki J (1969) Cerebrovascular, “Moyamoya” disease: disease
showing abnormal net-like vessels in base of brain. Arch Neurol
20:288. https://doi.org/10.1001/archneur.1969.00480090076012

2. Scott RM (2009) Moyamoya disease and Moyamoya syndrome.
N Engl j Med. https://doi.org/10.1056/NEJMra0804622

3. Karzmark P et al (2008) Effect of Moyamoya disease on neuropsy-
chological functioning in adults. Neurosurgery. https://doi.org/10.
1227/01.NEU.0000312712.55567.E6

4. Kronenburg A, van den Berg E, van Schooneveld MM, Braun KPJ,
Calviere L, van der Zwan A et al (2018) Cognitive functions in
children and adults with Moyamoya vasculopathy: a systematic
review and meta-analysis. J Strok 20:332-341. https://doi.org/10.
5853/j0s.2018.01550

5. Chan E, Gal A-M, Van Harskamp N, Adams ME, Brown MM,
Werring DJ et al (2023) Long-term study of the cognitive pro-
file of Moyamoya disease in adults. J Stroke Cerebrovasc Dis
32:107064. https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.
107064

6. Calviere L, Ssi Yan Kai G, Catalaa I, Marlats F, Bonneville F,
Larrue V (2012) Executive dysfunction in adults with Moyamoya
disease is associated with increased diffusion in frontal white mat-
ter. J Neurol Neurosurg Psychiatr 83:591-3. https://doi.org/10.
1136/jnnp-2011-301388

7. Festa JR, Schwarz LR, Pliskin N, Cullum CM, Lacritz L, Char-
bel FT et al (2010) Neurocognitive dysfunction in adult Moy-
amoya disease. J Neurol 257:806-815. https://doi.org/10.1007/
s00415-009-5424-8

8. Karzmark P, Zeifert PD, Bell-Stephens TE, Steinberg GK, Dorf-
man LJ (2012) Neurocognitive impairment in adults with Moy-
amoya disease without stroke. Neurosurgery 70:634—638. https://
doi.org/10.1227/NEU.0b013e3182320d1a

9. Calviere L, Loubiere P, Planton M, Cazzola V, Catalaa I, Mira-
bel H et al (2020) Decreased frontal white-matter diffusion and
improved cognitive flexibility after burr-hole surgery in Moy-
amoya angiopathy. BMC Neurol 20:30. https://doi.org/10.1186/
$12883-020-1614-x

10. Fang L, Huang J, Zhang Q, Chan RCK, Wang R, Wan W (2016)
Different aspects of dysexecutive syndrome in patients with moy-
amoya disease and its clinical subtypes. J Neurosurg 125:299—
307. https://doi.org/10.3171/2015.7.JNS 142666

11. Araki Y, Takagi Y, Ueda K, Ubukata S, Ishida J, Funaki T et al
(2014) Cognitive function of patients with adult Moyamoya dis-
ease. J Strok Cerebrovasc Dis 23:1789-1794. https://doi.org/10.
1016/j.jstrokecerebrovasdis.2014.04.032

12. Pendlebury ST, Rothwell PM (2009) Prevalence, incidence, and
factors associated with pre-stroke and post-stroke dementia: a sys-
tematic review and meta-analysis. The Lancet Neurol 8:1006—
1018. https://doi.org/10.1016/S1474-4422(09)70236-4

13. Makin SDJ, Turpin S, Dennis MS, Wardlaw JM (2013) Cognitive
impairment after lacunar stroke: systematic review and meta-anal-
ysis of incidence, prevalence and comparison with other stroke
subtypes. J Neurol Neurosurg Psychiatr 84:893-900. https://doi.
org/10.1136/jnnp-2012-303645

14. Calviere L, Catalaa I, Marlats F, Viguier A, Bonneville F, Cog-
nard C et al (2010) Correlation between cognitive impairment
and cerebral hemodynamic disturbances on perfusion magnetic

@ Springer


https://doi.org/10.1007/s00415-024-12555-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/archneur.1969.00480090076012
https://doi.org/10.1056/NEJMra0804622
https://doi.org/10.1227/01.NEU.0000312712.55567.E6
https://doi.org/10.1227/01.NEU.0000312712.55567.E6
https://doi.org/10.5853/jos.2018.01550
https://doi.org/10.5853/jos.2018.01550
https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.107064
https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.107064
https://doi.org/10.1136/jnnp-2011-301388
https://doi.org/10.1136/jnnp-2011-301388
https://doi.org/10.1007/s00415-009-5424-8
https://doi.org/10.1007/s00415-009-5424-8
https://doi.org/10.1227/NEU.0b013e3182320d1a
https://doi.org/10.1227/NEU.0b013e3182320d1a
https://doi.org/10.1186/s12883-020-1614-x
https://doi.org/10.1186/s12883-020-1614-x
https://doi.org/10.3171/2015.7.JNS142666
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.04.032
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.04.032
https://doi.org/10.1016/S1474-4422(09)70236-4
https://doi.org/10.1136/jnnp-2012-303645
https://doi.org/10.1136/jnnp-2012-303645

5984

Journal of Neurology (2024) 271:5976-5984

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

AQs

resonance imaging in European adults with Moyamoya disease.
JNS 113:753-759. https://doi.org/10.3171/2010.4.JNS091808

. Hosoda C, Nariai T, Ishiwata K, Ishii K, Matsushima Y, Ohno K

(2010) Correlation between focal brain metabolism and higher
brain function in patients with Moyamoya disease. Int J Strok
5:367-373. https://doi.org/10.1111/j.1747-4949.2010.00461.x
Roder C, Haas P, Fudali M, Milian M, Ernemann U, Meyer PT
et al (2019) Neuropsychological impairment in adults with Moy-
amoya angiopathy: preoperative assessment and correlation to
MRI and H2150 PET. Neurosurg Rev. https://doi.org/10.1007/
$10143-019-01192-3

Research Committee on the Pathology and Treatment of Sponta-
neous Occlusion of the Circle of Willis, Health Labour Sciences
Research Grant for Research on Measures for Intractable Diseases
(2012) Guidelines for diagnosis and treatment of moyamoya dis-
ease (spontaneous occlusion of the circle of willis). Neurol Med
Chir 52:245-66. https://doi.org/10.2176/nmc.52.245

Lezak M, Howieson D, Loring D (2012) Neuropsychological
assessment, Sth edn. Oxford University Press. ISBN, New York
Kazumata K, Tha KK, Narita H, Kusumi I, Shichinohe H, Ito M
et al (2015) Chronic ischemia alters brain microstructural integrity
and cognitive performance in adult Moyamoya disease. Stroke
46:354-360. https://doi.org/10.1161/STROKEAHA.114.007407
Su S-H, Hai J, Zhang L, Yu F, Wu Y-F (2013) Assessment of
cognitive function in adult patients with hemorrhagic Moyamoya
disease who received no surgical revascularization. Eur J Neurol
20:1081-1087. https://doi.org/10.1111/ene.12138

Planton M, Peiffer S, Albucher JF, Barbeau EJ, Tardy J, Pastor J
et al (2012) Neuropsychological outcome after a first symptomatic
ischaemic stroke with ‘good recovery’: assessment of 60 consecu-
tive patients. Eur J Neurol 19:212-219. https://doi.org/10.1111/j.
1468-1331.2011.03450.x

Schaapsmeerders P, Maaijwee NAM, van Dijk EJ, Rutten-Jacobs
LCA, Arntz RM, Schoonderwaldt HC et al (2013) Long-term cog-
nitive impairment after first-ever ischemic stroke in young adults.
Stroke 44:1621-1628. https://doi.org/10.1161/STROKEAHA.111.
000792

Diamond A (2013) Executive functions. Annu Rev
Psychol 64:135-168. https://doi.org/10.1146/annur
ev-psych-113011-143750

Wang Z (2021) The neurocognitive correlates of brain entropy
estimated by resting state fMRI. Neuroimage 232:117893. https://
doi.org/10.1016/j.neuroimage.2021.117893

Jung RE, Haier RJ (2007) The parieto-frontal integration theory
(P-FIT) of intelligence: converging neuroimaging evidence. Behav
Brain Sci 30:135-154. https://doi.org/10.1017/S0140525X070011
85

Dajani DR, Uddin LQ (2015) Demystifying cognitive flexibility:
Implications for clinical and developmental neuroscience. Trends
Neurosci 38:571-578. https://doi.org/10.1016/j.tins.2015.07.003
Rubia K, Smith AB, Woolley J, Nosarti C, Heyman I, Taylor E
et al (2006) Progressive increase of frontostriatal brain activation
from childhood to adulthood during event-related tasks of cog-
nitive control. Hum Brain Mapp 27:973-993. https://doi.org/10.
1002/hbm.20237

Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW
(2003) Stop-signal inhibition disrupted by damage to right inferior
frontal gyrus in humans. Nat Neurosci 6:115-116. https://doi.org/
10.1038/nn1003

Ridderinkhof KR, van den Wildenberg WPM, Segalowitz SJ,
Carter CS (2004) Neurocognitive mechanisms of cognitive con-
trol: the role of prefrontal cortex in action selection, response

pringer

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

inhibition, performance monitoring, and reward-based learning.
Brain Cogn 56:129-140. https://doi.org/10.1016/j.bandc.2004.09.
016

Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli
JDE (2015) Immature frontal lobe contributions to cognitive con-
trol in children: evidence from fMRI. Neuron 33:301-11
Camerino I, Sierpowska J, Reid A, Meyer NH, Tuladhar AM,
Kessels RPC et al (2021) White matter hyperintensities at criti-
cal crossroads for executive function and verbal abilities in small
vessel disease. Hum Brain Mapp 42:993-1002. https://doi.org/10.
1002/hbm.25273

Biesbroek JM, Weaver NA, Hilal S, Kuijf HJ, Ikram MK, Xu X
et al (2016) Impact of strategically located white matter hyperin-
tensities on cognition in memory clinic patients with small vessel
disease. PLoS One. https://doi.org/10.1371/journal.pone.0166261
Isingrini M, Taconnat L (2008) Mémoire épisodique, fonctionne-
ment frontal et vieillissement episodic memory, frontal function-
ing, and aging. Revue Neurologique. https://doi.org/10.1016/
S0035-3787(08)73297-1

Moscovitch M (1992) Memory and working-with-memory: a
component process model based on modules and central systems.
J Cogn Neurosci 4:257-267. https://doi.org/10.1162/jocn.1992.4.
3.257

Gorelick PB, Scuteri A, Black SE, DeCarli C, Greenberg SM,
Tadecola C et al (2011) Vascular contributions to cognitive impair-
ment and dementia: a statement for healthcare professionals from
the American heart association/American stroke association.
Stroke 42:2672-2713. https://doi.org/10.1161/STR.0b013e3182
299496

Zhao L, Biesbroek JM, Shi L, Liu W, Kuijf HJ, Chu WW et al
(2018) Strategic infarct location for post-stroke cognitive impair-
ment: a multivariate lesion-symptom mapping study. J Cereb
Blood Flow Metab 38:1299-1311. https://doi.org/10.1177/02716
78X17728162

Nakamizo A, Kikkawa Y, Hiwatashi A, Matsushima T, Sasaki
T (2014) Executive function and diffusion in frontal white mat-
ter of adults with Moyamoya disease. J Strok Cerebrovasc Dis
23:457-461. https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.
03.022

Nakamizo A, Amano T, Michiwaki Y, Kawano Y, Kuwashiro
T, Yasaka M et al (2018) Long-term neurocognitive outcomes
in patients with adult Moyamoya disease. World Neurosurg
119:e441-e448. https://doi.org/10.1016/j.wneu.2018.07.179
Shen X-X, Zhang H-D, Fu H-G, Xu J-L, Zhang H-T, Hou L et al
(2023) Association of cognitive function and hypoperfusion in
Moyamoya disease patients without stroke. J Cereb Blood Flow
Metab 43:542-551. https://doi.org/10.1177/0271678X221140349
Conklin J, Fierstra J, Crawley AP, Han JS, Poublanc J, Silver FL
et al (2011) Mapping white matter diffusion and cerebrovascular
reactivity in carotid occlusive disease. Neurology 77:431-438.
https://doi.org/10.1212/WNL.0b013e318227b1e7

Quon JL, Kim LH, MacEachern SJ, Maleki M, Steinberg GK,
Madhugiri V et al (2019) Early diffusion magnetic resonance
imaging changes in normal-appearing brain in pediatric Moy-
amoya disease. Neurosurgery. https://doi.org/10.1093/neuros/
nyz230

Lei Y, Li Y, Ni W, Jiang H, Yang Z, Guo Q et al (2014) Sponta-
neous brain activity in adult patients with Moyamoya disease: a
resting-state fMRI study. Brain Res 1546:27-33. https://doi.org/
10.1016/j.brainres.2013.12.022


https://doi.org/10.3171/2010.4.JNS091808
https://doi.org/10.1111/j.1747-4949.2010.00461.x
https://doi.org/10.1007/s10143-019-01192-3
https://doi.org/10.1007/s10143-019-01192-3
https://doi.org/10.2176/nmc.52.245
https://doi.org/10.1161/STROKEAHA.114.007407
https://doi.org/10.1111/ene.12138
https://doi.org/10.1111/j.1468-1331.2011.03450.x
https://doi.org/10.1111/j.1468-1331.2011.03450.x
https://doi.org/10.1161/STROKEAHA.111.000792
https://doi.org/10.1161/STROKEAHA.111.000792
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1016/j.neuroimage.2021.117893
https://doi.org/10.1016/j.neuroimage.2021.117893
https://doi.org/10.1017/S0140525X07001185
https://doi.org/10.1017/S0140525X07001185
https://doi.org/10.1016/j.tins.2015.07.003
https://doi.org/10.1002/hbm.20237
https://doi.org/10.1002/hbm.20237
https://doi.org/10.1038/nn1003
https://doi.org/10.1038/nn1003
https://doi.org/10.1016/j.bandc.2004.09.016
https://doi.org/10.1016/j.bandc.2004.09.016
https://doi.org/10.1002/hbm.25273
https://doi.org/10.1002/hbm.25273
https://doi.org/10.1371/journal.pone.0166261
https://doi.org/10.1016/S0035-3787(08)73297-1
https://doi.org/10.1016/S0035-3787(08)73297-1
https://doi.org/10.1162/jocn.1992.4.3.257
https://doi.org/10.1162/jocn.1992.4.3.257
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1177/0271678X17728162
https://doi.org/10.1177/0271678X17728162
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.03.022
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.03.022
https://doi.org/10.1016/j.wneu.2018.07.179
https://doi.org/10.1177/0271678X221140349
https://doi.org/10.1212/WNL.0b013e318227b1e7
https://doi.org/10.1093/neuros/nyz230
https://doi.org/10.1093/neuros/nyz230
https://doi.org/10.1016/j.brainres.2013.12.022
https://doi.org/10.1016/j.brainres.2013.12.022

	Prevalence and characteristics of vascular cognitive impairment in a European cohort of adult patients with Moyamoya angiopathy
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Standard protocol approvals, registrations, and patient consents
	Participants
	Baseline data collection
	Neuropsychological assessment
	Definition and severity of vascular cognitive impairment no dementia

	Statistical analysis

	Results
	Population characteristics
	Prevalence and pattern of vascular cognitive impairment no dementia
	Severity of vascular cognitive impairment no dementia
	Determinant of vascular cognitive impairment no dementia

	Discussion
	Conclusion
	Acknowledgements 
	References




