Nature and Science of Sleep ELer‘i’Sée

ORIGINAL RESEARCH

Polysomnographic Characteristics and Sleep
Disorders in Pediatric Moyamoya Arteriopathy

Kantisa Sirianansopa 12 Reshma Amin 2_4, Jackie Chiang 2.3

'Division of Pulmonary Medicine, Department of Pediatrics, Faculty of Medicine, Prince of Songkla University, Songkhla, Thailand; ?Division of
Respiratory Medicine, The Hospital for Sick Children, Toronto, Ontario, Canada; 3Department of Pediatrics, University of Toronto, Toronto, Ontario,
Canada; *Child Health and Evaluative Science, SickKids Research Institute, Toronto, Ontario, Canada

Correspondence: Reshma Amin, Department of Pediatrics, University of Toronto, Toronto, Ontario, Canada, M5G 1X8, Tel+1 416-813-7654 ext. 415683,
Email reshma.amin@sickkids.ca

Purpose: This study aimed to describe the polysomnographic characteristics and sleep-related symptoms in pediatric patients with
Moyamoya arteriopathy (MMA) referred for sleep evaluation.

Patients and Methods: We conducted a retrospective case series of pediatric patients with MMA who were referred to the sleep
clinic at The Hospital for Sick Children, Toronto, Canada, and underwent level 1 polysomnography (PSG) between 2014 and 2024.
Clinical, demographic, genetic, and sleep-related data, including PSG and multiple sleep latency test (MSLT) findings were reviewed.
Results: Eleven pediatric patients were included, with a median (IQR) age of 15 (13, 17) years. Sleep fragmentation was commonly
observed on PSG (n=10, 90.9%), while no patients demonstrated clinically significant sleep-disordered breathing. A trend toward
shorter REM latency was noted compared with age-matched normative values. Daytime fatigue was the most frequently reported
symptom (n=6, 54.5%). Two patients underwent MSLT due to persistent hypersomnolence; one met diagnostic criteria for narcolepsy.
Conclusion: In this retrospective case series, sleep fragmentation and a trend toward shorter REM latency were commonly observed
in pediatric patients with MMA. However, given the small sample size and absence of pre-revascularization baseline data, these
findings should be interpreted with caution. These results are descriptive and hypothesis-generating, and further prospective studies are
needed to better understand sleep disturbances in this population.
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Introduction

Moyamoya arteriopathy (MMA) is a progressive cerebrovascular disorder characterized by stenosis of the intracranial
carotid arteries and the development of compensatory collateral vessels in response to chronic cerebral ischemia.
Although these collateral vessels initially serve a compensatory function, they are often fragile and prone to rupture,
increasing the risk of hemorrhagic events." The prevalence of MMA is highest in Japan, with an annual incidence of
approximately 0.94 cases per 100,000 individuals,” whereas it remains rare in Western populations, with an estimated
incidence of less than 0.1 cases per 100,000 persons per year.” MMA may present as an isolated condition, referred to
Moyamoya disease (MMD), or as Moyamoya syndrome (MMS), in which similar angiographic findings occur in
association with underlying conditions such as sickle cell disease, Down syndrome, neurofibromatosis type 1, or
autoimmune disorders.” Clinically, MMA is associated with recurrent ischemic or hemorrhagic strokes, cognitive
impairment, and other neurovascular complications. While its neurological and cognitive consequences are well
established,>® its impact on sleep remains poorly understood.

Cerebral hypoperfusion may influence neural pathways involved in sleep regulation. Evidence from other cerebro-
vascular conditions suggests that impaired cerebral blood flow alters neurotransmitter systems and contributes to sleep
disturbances.” The hypothalamus plays a central role in sleep-wake regulation, and ischemic or hypoxic injury in this
region may disrupt neuronal networks responsible for maintaining sleep stability.® In particular, the orexin system, which
regulates wakefulness and REM sleep transitions, has been shown to be vulnerable to ischemic injury, and dysfunction in
this system has been associated with excessive daytime sleepiness and altered REM sleep architecture.” However, the
relevance of these mechanisms in pediatric MMA remains uncertain and direct evidence in this population is lacking.
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Children with MMA typically present with neurological symptoms related to cerebral ischemia, including hemipar-
esis, paresthesia, aphasia, visual disturbances, and cognitive impairments, depending on the vascular territories
involved.'® Headache is also frequently reported and is thought to result from hypoperfusion-related activation of pain-
sensitive intracranial and extracranial structures.'' In addition to these neurological manifestations, sleep related
symptoms including excessive daytime sleepiness, sleep paralysis, and sleep hallucinations have been described in
some patients.'? Despite these observations, the relationship between MMA and sleep disturbances remains incompletely
characterized.

The existing literature on sleep disturbances in pediatric MMA is limited, with few studies systematically evaluating
sleep using objective measures such as polysomnography (PSG).'*!'* Given this gap, the present study aimed to describe the
polysomnographic characteristics and sleep-related symptoms in a retrospective case series of pediatric patients with MMA
referred for sleep evaluation. We also explored associated clinical features, including daytime sleepiness and multiple sleep
latency test (MSLT) findings, to provide an initial descriptive characterization of sleep disturbances in this population.

Materials and Methods
Study Design and Population

This retrospective case series reviewed pediatric patients diagnosed with MMA who were referred to the sleep clinic at
The Hospital for Sick Children, Toronto, Canada, for evaluation of sleep-related symptoms and underwent level 1 PSG
between 2014 and 2024. All included patients had previously undergone revascularization surgery as part of their clinical
management.

Demographic and baseline clinical data were obtained from electronic medical records. Inclusion criteria were: (1)
confirmed diagnosis of MMA, (2) age <18 years at the time of PSG, and (3) completion of PSG and, where applicable,
MSLT. Patients with incomplete PSG data or significant comorbid conditions unrelated to MMA that could indepen-
dently affect sleep were excluded.

Data Collection

Demographic variables included age, sex, and body mass index (BMI). Clinical data were extracted from electronic
medical records and included neurological and sleep-related characteristics. Neurological variables included age at onset
of neurological symptoms, type of neurological presentation (eg, stroke, headache, seizure), cerebrovascular involvement
(anterior, posterior, or both circulations), RNF213 mutation status, and underlying diagnosis classified as MMD or MMS
based on associated conditions.

Sleep History and Sleep-Related Symptoms

Sleep history and sleep-related symptoms were extracted from the medical records at the time of referral to the sleep
clinic. These variables were based on clinician documented history and primary presenting complaints. The main
presenting sleep complaints were categorized as daytime fatigue, daytime sleepiness, sleep-related obstructive symptoms
(eg, snoring, gasping, or witnessed apneas), and insomnia. Sleep pattern variables included reported total sleep time,
frequency of nocturnal awakenings (>1 per night), and the presence of daytime napping. Situations associated with
daytime sleepiness were recorded, including sleepiness occurring in a car, while reading, at school, or while watching
television. Daytime sleepiness was further assessed using the Epworth Sleepiness Scale (ESS), a validated questionnaire
for measuring subjective sleepiness,'” administered in accordance with its licensing requirements. Functional and
behavioral consequences potentially related to sleep disturbances, including hyperactivity, concentration difficulties,
irritability, and symptoms of anxiety or depression, were also recorded when documented.

Polysomnography (PSG)

All PSG studies were conducted in a sleep laboratory using level 1 diagnostic monitoring in accordance with American
Academy of Sleep Medicine (AASM) guidelines.'® Recorded parameters included electroencephalography (EEG),
electrooculography (EOQG), electromyography (EMG), airflow, thoracoabdominal movements, pulse oximetry, and
carbon dioxide monitoring using both end-tidal (EtCO,) and transcutaneous (TcCO,) methods. PSG studies were scored
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by trained sleep technologists and interpreted by board-certified sleep physicians. Sleep architecture parameters included
total sleep time, sleep efficiency, sleep onset latency, and REM latency.

Sleep-disordered breathing was evaluated according to AASM criteria.'” In pediatric patients (< 13 years), obstructive
sleep apnea severity was primarily classified based on the obstructive apnea-hypopnea index (OAHI) as follows: <2
events/hour (normal), 25 (mild), 5-10 (moderate), and >10 (severe). In older adolescents (> 13 years), adult AASM
criteria were also considered for contextual interpretation, where an apnea-hypopnea index (AHI) <5 events/hour is
generally considered within normal limits, 5-15 mild, 15-30 moderate, and >30 severe. Additional parameters included
central apnea-hypopnea index (CAHI), oxygen desaturation index (ODI), oxygen saturation (SpO,), and periodic limb
movement index (PLMI) were also assessed.

Arousal events were categorized as spontaneous, respiratory-related, and limb movement-related according to PSG
scoring. Sleep fragmentation was defined based on the overall clinical interpretation documented in the sleep physician’s
report, taking into account sleep stage transitions, wake after sleep onset (WASO), sleep efficiency, and supported by
spontaneous arousal index metrics in the context of existing pediatric normative data. Given the variability in reported
normal values, which range approximately from 5 + 2 to 10.8 + 4.2 events per hour in children,'® arousal indices were
interpreted in conjunction with overall PSG findings to inform the assessment of sleep fragmentation.

Multiple Sleep Latency Testing (MSLT)

MSLT was performed following overnight PSG in patients with clinically significant daytime sleepiness, in accordance
with pediatric protocols recommended by AASM.'® The test consisted of five scheduled nap opportunities at two-hour
intervals. Mean sleep latency and the presence of sleep-onset rapid eye movement periods (SOREMPs) were recorded.
MSLT results were interpreted according to the International Classification of Sleep Disorders, Third Edition (ICSD-3).%°
Narcolepsy was defined as a mean sleep latency <8 minutes with the presence of >2 SOREMPs.

Statistical Analysis

Descriptive statistics were used to summarize demographic, clinical characteristics, PSG, and MSLT variables.
Continuous variables are presented as medians with interquartile ranges (IQR) or means with standard deviations
(SD), depending on normality distribution. Categorical variables are reported as frequencies and percentages.
Comparisons with published aged-matched normative data (eg, REM latency) were performed descriptively. All
statistical analyses were conducted using R software version 4.4.2.

Ethical Considerations

This study was approved by the institutional research ethics board at the Hospital for Sick Children (REB
No. 3414-33,601). This research was performed in accordance with the ethical standards of the Declaration of
Helsinki. The requirement for informed consent was waived due to the retrospective design, and all data were de-
identified prior to analysis.

Results
A total of 11 pediatric patients with MMA who underwent level 1 PSG were included in this study. Eight patients
(72.7%) were diagnosed with MMD, while three (27.3%) had MMS associated with sickle cell disease (n=1), neurofi-
bromatosis type 1 (n=1), and beta-thalassemia (n=1). Approximately half of the cohort were female (n=6, 54.5%). The
mean (SD) age at onset of neurological symptoms was 5.1 (3.4) years. The most common neurological presentation was
transient ischemic attacks (TTA), followed by chronic headache, ischemic stroke, and seizures. Most patients demon-
strated involvement of both anterior and posterior circulations, and six patients (54.5%) carried the RNF213 mutation.
All patients underwent pial synangiosis as a revascularization procedure. Baseline demographic and clinical character-
istics are summarized in Table 1.

Clinical sleep history and sleep-related symptoms are shown in Table 2. Daytime fatigue was the most frequently
reported complaint, followed by daytime sleepiness and sleep-related obstructive symptoms, while insomnia was less
commonly reported. More than half of patients reported at least one nocturnal awakening per night, and a subset reported
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Table | Baseline Characteristics and Demographic Data of Pediatric Moyamoya

Patients (n=11)

Characteristics

Value

Female, n (%)

6 (54.5)

Age of onset of neurological symptom presentation, mean (SD), years

5.1 (3.4)

Neurological manifestation, n (%)
— Transient ischemic attack (TIA)
— Chronic headache
— Ischemic stroke
— Seizure

5 (45.5)
3 (27.3)
2 (182)
1 9.1)

Moyamoya type
— Moyamoya disease
— Moyamoya syndrome
Associated conditions
— Beta thalassemia
— Neurofibromatosis type |
— Sickle cell disease

8 (72.7)
3 (27.3)

1 (9.1)
1 (9.1)
1 ©9.1)

RNF213 mutation, n (%)
Affected circulation, n (%)
— Anterior and posterior circulation
— Anterior circulation

— Posterior circulation

6 (54.5)

7 (63.6)
3 (27.3)
1 (9.1)

Revascularization surgery

— Pial synangiosis surgical technique

11 (100)

Table 2 Sleep History and Sleep-Related Symptoms in Pediatric

Moyamoya Patients (n=11)

Parameters Value
Main presenting sleep complaint, n (%)
— Daytime fatigue 6 (54.5)
— Daytime sleepiness 2 (18.2)
— Sleep-related obstructive symptomsJr 2 (18.2)
— Insomnia I (9.1)
Sleep history
— Reported total sleep time overnight, mean (SD), hr 8.9 (1.8)
— Night awakening = |/night, n (%) 7 (63.6)
— Daytime nap, n (%) 4 (36.4)
Situations for experiencing daytime sleepiness, n (%)
—In car 6 (54.5)
— Reading 4 (36.4)
— School 3(27.3)
— Watching television 2 (182)
(Continued)
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Table 2 (Continued).

Parameters Value
Epworth Sleepiness Scale score, median (IQR) 6 (3, 6.5)
Daytime functioning consequence, n (%)

— Hyperactivity I (9.1)

— Concentration I (9.1)

— Irritability I 9.1)

— Anxiety and depression 0 (0)

Notes: 'Sleep-related obstructive symptoms are defined as snoring, gasping, mouth
breathing, pauses in breathing, and/or increased work of breathing during sleep.

daytime napping. The reported total sleep time overnight was 8.9 (1.8) hours per day. Situations most commonly
associated with daytime sleepiness included falling asleep in a car, followed by reading and being at school. The median
(IQR) ESS score was 6 (3, 6.5). A small proportion of patients demonstrated behavioral or cognitive consequences,
including hyperactivity, concentration difficulties, and irritability.

The objective sleep parameters obtained from polysomnography are presented in Table 3. All patients underwent PSG
following revascularization surgery. The median (IQR) age at the time of PSG assessment was 15 (13, 17) years, with

Table 3 Polysomnographic Characteristics of Pediatric Patients with Moyamoya Arteriopathy After Revascularization
Surgery, Stratified by Moyamoya Disease and Moyamoya Syndrome

PSG Characteristics Overall (n=11) | MMD (n=8) MMS (n=3)
Age', median (IQR), years 15 (13, 17) 14 (12, 18) 17 (14.5, 17)
Body mass index (BMI)f, median (IQR), kg/m? 20.7 (18.9, 23.3) | 22.5 (19, 26) 19.5 (18.9, 20.7)
Sleep fragmentation™, n (%) 10 (90.9) 7 (87.5) 3 (100)

Total sleep time, median (IQR), minutes 403 (376, 438) 395 (359, 413) 444 (403, 476)
Sleep efficiency, median (IQR), % 87.1 (86.4, 93.8) | 87.1 (83.9, 92.6) | 91.4 (86, 95)
Sleep onset, median (IQR), minutes 1.5 (6.5, 23) 14.3 (6.7, 41.3) 7.9 (0, 14.7)
REM latency, mean (SD), minutes 87 (43.5) 90.2 (30.1) 80.5 (78.7)
Sleep stages, mean (SD), %

— REM 17.9 (6.2) 15.8 (5.3) 23.8 (5.0)

- NI 9.9 (4.9) 9.7 (4.8) 10.5 (6.2)

- N2 49.6 (8.2) 50.1 (8.4) 48.6 (9.4)

- N3 22.5 (9.7) 24.5 (8.4) 17 (13.1)
Average oxygen saturation (SpO,), mean (SD), % 97.5 (1.1) 97.8 (0.8) 96.7 (1.5)
Nadir oxygen saturation (SpO,), mean (SD), % 91.8 (2.9) 92.4 (3.3) 90 (0.6)
Oxygen desaturation index (ODI), mean (SD), events/hr 3.6 (34) 2.6 (1.9) 6.3 (5.6)
Average transcutaneous carbon dioxide (TcCO,), mean (SD), mmHg 40.5 (3.9) 41.1 (4.4) 39 (2.6)

% time of transcutaneous carbon dioxide (TcCO,) > 50 mmHg, mean (SD) | 2.5 (8) 3.5 (94) 0 (0)

Average end tidal carbon dioxide (EtCO,), mean (SD), mmHg 40 (3.4) 382 (1.9) 389 (1.2)

% time of End tidal carbon dioxide (EtCO;) > 50 mmHg, mean (SD) 0.6 (1.6) 0 (0) 0 (0)
(Continued)
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Table 3 (Continued).

PSG Characteristics Overall (n=11) | MMD (n=8) MMS (n=3)
Obstructive apnea-hypopnea index (OAHI), median (IQR), events/hr 0.7 (0.1, 2.4) 0.5 (0.1, 2.8) 1.4 (1.3)
Central apnea-hypopnea index (CAHI), median (IQR), events/hr 0.3 (0.2, 0.9) 0.5 (0.1, 1.4) 0 (0, 0.2)
Spontaneous Arousal index (Al), mean (SD), events/hr 12 (3.5) 1.1 (3.2) 14.5 (3.6)
Periodic limb movement index (PLMI), median (IQR), events/hr 0 (0, 1.5) 0 (0, 0) 3.1 (1.5, 16.2)

Notes: TAge and body mass index (BMI) were documented at the time of polysomnography (PSG) assessment. *Sleep fragmentation was based on clinical
interpretation (see Methods). All PSG studies were performed after revascularization surgery. Continuous variables are presented as median (IQR) or mean
(SD), as appropriate.

Abbreviations: BMI, body mass index; CAHI, central apnea—hypopnea index; EtCO,, end-tidal carbon dioxide; IQR, interquartile range; MMD, Moyamoya
disease; MMS, Moyamoya syndrome; ODI, oxygen desaturation index; OAHI, obstructive apnea—hypopnea index; PLMI, periodic limb movement index; PSG,
polysomnography; REM, rapid eye movement; SD, standard deviation; SpO,, oxygen saturation; TcCO,, transcutaneous carbon dioxide.

a median (IQR) BMI of 20.7 (18.9, 23.3) kg/m”. Sleep fragmentation, based on sleep physician interpretation, was
observed in the majority of patients (n=10, 90.9%). The median (IQR) total sleep time derived from PSG was 403 (376,
438) minutes, with a median (IQR) sleep efficiency of 87.1% (86.4, 93.8). The median (IQR) sleep onset latency was
11.5 (6.5, 23) minutes and the mean (SD) REM latency was 87 (43.5) minutes. The median (IQR) OAHI was 0.7 (0.1,
2.4) events/hr, and the CAHI was 0.3 (0.2, 0.9) events/hr. Oxygen saturation parameters were generally within expected
ranges at the group level. However, isolated nocturnal desaturations (nadir SpO, <90%) were observed in a subset of
patients, including values of 87% and 88% in two cases (Supplementary Table S1). These findings were reviewed

clinically and were not associated with evidence of sleep-disordered breathing based on AHI/OAHI criteria or clinical
assessment. The mean (SD) spontaneous arousal index was 12 (3.5) events/hour. Individual PSG characteristics are
provided in Supplementary Table S1.

Two patients underwent MSLT due to clinically significant daytime sleepiness (ESS >10). One patient, with under-
lying sickle cell disease, met diagnostic criteria for narcolepsy and had both pre- and post- revascularization PSG and
MSLT data available (Table 4). The ESS score decreased from 21 to 19 following surgery. MSLT findings remained
consistent with narcolepsy. The second patient, with neurofibromatosis type 1, underwent MSLT due to persistent

Table 4 Comparison of Polysomnographic and MSLT Findings Pre- and Post-
Revascularization Surgery in a Patient with Moyamoya Syndrome Diagnosed with
Narcolepsy

Characteristics Pre-Surgery | Post-Surgery

Epworth Sleepiness Score (ESS) 21 19

Polysomnography

Total sleep time, minute 476 475

Sleep efficiency, (%) 88 94.7

Sleep onset, minute 0 0

REM latency, minute 3 1.5

Sleep onset REM Presence Presence

Oxygen desaturation index (ODI), events/hr 32 8

Average oxygen saturation (SpO5), % 98 95

Nadir oxygen saturation (SpO,), % 93 90

Average transcutaneous carbon dioxide (TcCO,), mmHg 395 38.6

% time of transcutaneous carbon dioxide (TcCO;) > 50 mmHg | 0 0

Average end tidal carbon dioxide (EtCO,), mmHg 40.8 377
(Continued)
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Table 4 (Continued).

Characteristics Pre-Surgery | Post-Surgery
% time of End tidal carbon dioxide (EtCO,) > 50 mmHg 0 0
Obstructive apnea-hypopnea index (OAHI), events/hr 0.4 0.8
Central apnea-hypopnea index (CAHI), events/hr 0 0.2
Spontaneous Arousal index (Al), events/hr 16.6 16
Periodic limb movement index (PLMI), events/hr 52.1 29.3
Multiple Sleep Latency Test (MSLT)

— Nap episodes 4 4

— Mean sleep latency (minute) 0 0.1

— Sleep onset REM (SOREM) periods 4 4

— Mean sleep onset REM (minute) 0.4 0.1

daytime sleepiness (ESS = 12) despite the absence of sleep-disordered breathing on PSG, but did not meet diagnostic
criteria for narcolepsy.

Discussion

To our knowledge, this study provides an early descriptive characterization of polysomnographic features in pediatric
patients with MMA. Given the small sample size and retrospective design, these findings should be interpreted as
descriptive and hypothesis-generating. Nonetheless, the integration of clinical symptoms with PSG and MSLT data offers
a comprehensive overview of sleep disturbances in this referred population. Daytime fatigue was the most frequently
reported symptom, and polysomnographic findings demonstrated a high prevalence of sleep fragmentation, despite the
absence of clinically significant sleep-disordered breathing. In addition, a trend toward shorter REM latency was
observed compared with published normative values in pediatric populations. Together, these findings suggest potential
alterations in sleep architecture in this small case series. However, the underlying mechanisms remain uncertain.

Sleep fragmentation in MMA may reflect non-respiratory mechanisms, potentially related to cerebrovascular or
neurological factors. While other contributors such as sleep hygiene, medication use, or psychiatric comorbidities can
influence sleep quality, these were not documented in our cohort. However, the use of single-night PSG introduces the
possibility of a first-night effect, a well-documented phenomenon in pediatric sleep studies characterized by reduced
sleep efficiency, prolonged sleep onset latency, and increased arousal indices during initial laboratory recordings
compared with subsequent nights. This effect has been consistently reported in children undergoing PSG and may
lead to overestimation of sleep fragmentation.?' In our cohort, at least one patient demonstrated PSG features suggestive
of a first-night effect, including reduced sleep efficiency and prolonged sleep onset latency. Therefore, the classification
of sleep fragmentation in this case, and potentially others, should be interpreted with caution. Recent literature has also
reported a high prevalence of poor sleep quality and insomnia symptoms in adults with MMA, with significant
associations between sleep disturbance and headache burden.? These findings support the concept that sleep dysfunction
may represent an underrecognized comorbidity in Moyamoya and may have implications for neurological outcomes and
quality of life. An additional observation relates to the elevated PLMI in the patient with narcolepsy. Although PLMI was
increased, these events were not associated with a corresponding increase in cortical arousals on PSG, suggesting that the
limb movements were unlikely to be a major contributor to sleep fragmentation in this case. Clinical evaluation,
including relevant laboratory investigations, did not identify a treatable underlying cause, and specific treatment for
periodic limb movements was not indicated.*> These findings suggest that the patient’s hypersomnolence was more likely
attributable to central mechanisms rather than limb movement-related sleep disruption.

The observed trend toward shortened REM sleep latency on nocturnal polysomnography is notable In healthy
children and adolescents (10—18 years), REM latency typically ranges from approximately 115 to 156 minutes.”*2® In
our cohort, the mean REM latency was 87 minutes, suggesting a relative reduction compared with normative data.
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Previous studies have demonstrated that REM latency is progressively shorter across sleep disorders associated with
hypersomnolence. Mason et al reported a mean REM latency of 137 minutes in healthy adolescents, compared with
96 minutes in patients with obstructive sleep apnea and 60 minutes in patients with narcolepsy.”’ Similarly, Rao et al
found that shortened REM latency on nocturnal PSG was associated with narcolepsy diagnosed by MSLT.*® Although
shortened REM latency has been associated with REM instability and hypersomnolence, this finding is not specific and
may also be influenced by other factors, including sleep deprivation, medication effects, or physiological variability.” In
our cohort, no such confounding factors were documented. However, these possibilities cannot be entirely excluded. One
potential explanation involves disruption of sleep-wake regulatory pathways, including the orexin system.**' Orexin-
producing neurons in the hypothalamus play a role in maintaining wakefulness and regulating REM sleep transitions and
are known to be vulnerable to ischemic or metabolic stress.>” It is therefore plausible that chronic or intermittent cerebral
hypoperfusion in MMA could affect these pathways. However, this hypothesis remains speculative in the absence of
direct measurements, such as cerebrospinal fluid orexin levels or targeted neuroimaging of hypothalamic structures.
Accordingly, our findings should be interpreted as being consistent with, but not confirmatory of orexin-related
mechanisms.

The impact of revascularization surgery on sleep outcomes remains uncertain. A previously published case has
suggested that revascularization procedures may partially alleviate sleep-related symptoms, particularly daytime
sleepiness.>® In our cohort, a similar pattern was observed in the patient with narcolepsy, who reported subjective
improvement in daytime sleepiness following surgery, with a reduction in ESS score from 21 to 19. This change is
consistent with the reported minimum clinically important difference (MCID) for the ESS.** However, objective findings
remained largely unchanged. Despite an improvement in sleep efficiency on PSG, mean sleep latency and the number of
sleep-onset REM periods (SOREMPs) on MSLT were unchanged, supporting the persistence of narcolepsy following
revascularization. This observation highlights the complexity of interpreting postoperative sleep outcomes and suggests
that central sleep regulation abnormalities may persist despite surgical intervention. However, given the absence of
preoperative PSG data in most patients, it is not possible to determine whether the observed sleep abnormalities are
attributable to the underlying disease, the effects of surgery, or other factors.

Comorbid conditions may also contribute to the observed sleep disturbances. The two patients who underwent MSLT
had MMS associated with sickle cell disease and neurofibromatosis type 1, respectively, both conditions linked to
cerebrovascular abnormalities. Sickle cell disease is characterized by chronic anemia, microvascular occlusion, and
recurrent ischemic events, with associated vasculopathy increasing the risk of stroke and silent cerebral infarcts that may
disrupt neural pathways involved in sleep regulation.®> Similarly, neurofibromatosis type 1 is associated with intracranial
vasculopathy, and mutations affecting neurofibromin expression lead to dysregulation of the RAS signaling pathway and
altered neural excitability, which may contribute to hypersomnolence.*® Notably, the most pronounced abnormalities in
polysomnographic parameters were observed in patients with MMS. Elevated arousal indices, higher oxygen desaturation
indices, and increased PLMI values were primarily seen in patients with underlying conditions such as sickle cell disease,
neurofibromatosis type 1, and beta-thalassemia, all of which are independently associated with sleep disturbances. This
concentration of more extreme PSG findings within the MMS subgroup suggests that cohort-level interpretations of sleep
fragmentation should be made with caution, as these findings may reflect the combined effects of MMA and underlying
comorbidities. Importantly, both patients who underwent MSLT, including the patient diagnosed with narcolepsy, had
MMS, indicating that the most clinically significant findings occurred in individuals with conditions known to indepen-
dently affect sleep-wake regulation. These comorbidities may influence sleep regulation through additional vascular or
neurological mechanisms. However, the relative contribution of each factor cannot be determined in this study.

Furthermore, RNF213 mutations were identified in 54.5% of patients, raising the possibility of a genetic contribution
to sleep disturbances in MMA. Exploratory comparisons between patients with and without RNF213 mutations did not
demonstrate clear differences in sleep-related outcomes, including REM latency and ESS scores. However, these
observations are limited by the small sample size and lack of statistical power. While RNF213 mutations are known
to be associated with cerebrovascular abnormalities,?’ their potential role in sleep regulation remains unclear. Further
studies are needed to better understand how genetic factors may interact with cerebrovascular and neurological
mechanisms to influence sleep disturbances in this population.
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Several limitations should be considered. This study represents a small, retrospective, referral-based case series,
which limits generalizability and introduces selection bias toward patients presenting with sleep-related symptoms. The
absence of baseline (pre-revascularization) PSG data in most patients limits our ability to determine whether the observed
findings reflect the underlying disease process, the effects of surgical intervention, or the natural course of sleep
development. In this cohort, neurological symptoms were typically identified earlier in childhood, whereas sleep
evaluations were performed later, often following revascularization, reflecting clinical referral patterns. Additionally,
the lack of a healthy control group and the absence of matched comparisons for comorbid conditions restrict interpreta-
tion, and comparisons with normative data were based on published literature rather than direct statistical analysis.
Potential confounders, including first-night effect and night-to-night variability, may also influence PSG findings. In the
absence of repeated PSG recordings or an adaptation night, the true prevalence of sleep fragmentation in this cohort
cannot be determined with certainty, as first-night effects may have contributed to the observed findings. Finally,
mechanistic interpretations, including the potential role of orexin dysfunction, remain speculative in the absence of
direct cerebrospinal fluid orexin measurements or related neuronal biomarkers, and no targeted neuroimaging data were
available. This hypothesis is supported indirectly by evidence from other cerebrovascular and neurodegenerative
conditions, such as ischemic stroke, where post-ischemic changes have been shown to impair hypothalamic orexin
pathways and contribute to hypersomnolence.*® Accordingly, the underlying pathophysiology of sleep disturbances in
pediatric MMA remains incompletely understood.

From a clinical perspective, these findings suggest that sleep disturbances may be present in pediatric patients with
MMA, even in the absence of sleep-disordered breathing. While routine sleep screening cannot be recommended based
on current evidence, targeted evaluation using PSG or MSLT may be considered in patients presenting with persistent
daytime sleepiness, fatigue, or disrupted sleep. Future studies involving larger, prospective cohorts with pre- and post-
operative assessments are needed to better characterize sleep disturbances in this population. Incorporation of objective
biomarkers, including CSF orexin levels or advanced neuroimaging, may help clarify underlying mechanisms. Additional
tools such as actigraphy, the Pittsburgh Sleep Quality Index (PSQI), cyclic alternating pattern (CAP) analysis,’ may
further enhance the assessment of sleep patterns and their clinical implications. A better understanding of the mechan-
isms underlying sleep disturbances in Moyamoya patients may help refine clinical sleep disorder screening strategies and
targeted sleep management for this population.

Conclusion

In this small case series, sleep fragmentation was commonly observed in pediatric patients with MMA who were referred
for sleep evaluation, despite the absence of clinically significant sleep-disordered breathing. Polysomnographic findings
also demonstrated a trend toward shortened REM latency, suggesting potential alterations in sleep architecture. These
findings highlight that sleep dysfunction may represent an underrecognized clinical feature in this population. However,
given the retrospective design, small sample size, and lack of pre-revascularization baseline data, the current evidence is
insufficient to determine the underlying mechanisms or the impact of surgical intervention on sleep outcomes.

Further prospective studies with larger cohorts, including pre- and post-operative assessments and incorporation of
objective biomarkers, are needed to better characterize sleep disturbances and their pathophysiological basis in pediatric
MMA. Clinically, targeted sleep evaluation may be considered in patients presenting with persistent daytime sleepiness,
fatigue, or disrupted sleep patterns.
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