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Introduction: Moebius syndrome is a rare congenital disorder with frequent anecdotal reports of
sleep disturbances not sufficiently categorized by prior literature. The present mixed-methods,
two-phase study aimed to characterize the sleep health and symptoms of a cohort of adults and
children (via parent proxies) with Moebius syndrome.

Methods: In Phase 1, participants were 46 adults with Moebius Syndrome (Mgg=33.5[13.0]; 72 %
female) and 17 parent-proxies for children with Moebius Syndrome (child Mgg=10.47[3.4]; 53 %
female). Participants completed a self-reported questionnaire battery. In Phase 2, five adults
(Mge=25.4[6.5]; 100 % female) from Phase 1 completed 2 weeks of sleep diary and actigraphy, 2
nights of single-channel EEG, and diagnostic and qualitative interviews.

Results: Adults endorsed elevated rates of self-reported sleep disorder symptoms including sleep
apnea (26 %), insomnia (56 %), nightmares (35 %), excessive daytime sleepiness (30 %), cata-
plexy (26 %), REM sleep behavior disorder (61 %), and parasomnias (100 %). Children had
elevated rates of sleep disturbances (71 %), sleep-related daytime impairment (82 %), para-
somnias (76 %) and daytime sleepiness (53 %). Qualitative interviews revealed participants
endorsed a history of sleep problems dating to childhood and continuing into adulthood that
impacted social relationships and quality of life and had experienced little treatment success.
Discussion: These findings shed light on the constellation of sleep health experiences among in-
dividuals with Moebius syndrome. Poor sleep health may represent a modifiable treatment target
to improve health and well-being in individuals with Moebius syndrome. The heterogenous na-
ture of sleep problems among people with Moebius syndrome may not respond well to a one-size-
fits-all intervention, instead necessitating personalized approaches.

What this paper adds

This paper reports on a mixed-methods study of the sleep health of adults and children (via parent proxies) with Moebius Syn-
drome. This population has anecdotally reported a high prevalence of sleep disorder symptoms, which has been supported by sparse
literature composed primarily of case reports. This is the largest study to date which has examined sleep health in this population and
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the first to use a mixed-methods approach to characterize sleep health. These findings shed light on the heterogeneous sleep health
experiences of individuals with Moebius syndrome, particularly (among adults) symptoms of sleep apnea, insomnia, nightmares,
parasomnias, excessive daytime sleepiness, cataplexy, and REM sleep behavior disorder, and (among children) sleep disturbances,
sleep-related daytime impairment, parasomnias, and daytime sleepiness. The diverse constellation of symptoms identified by this
study highlights that there is no single presentation of sleep health among individuals with Moebius syndrome and thus no one-size-
fits-all intervention to be used.

1. Introduction

Moebius syndrome is a rare, nonprogressive congenital condition characterized by the underdevelopment of the sixth and seventh
cranial nerves in utero, leading to orofacial and ocular symptoms (Zaidi et al., 2023). It is estimated to occur in 2 to 20 per million
births (Verzijl et al., 2003). People with Moebius syndrome experience facial paralysis and impaired lateral movements of the eyes
(Briegel, 2006). In addition, those with Moebius syndrome have an elevated frequency of limb abnormalities such as clubfoot, mal-
formations of lower legs, and developmental hand abnormalities (Kumar, 1990). Although Moebius syndrome can be associated with
feeding challenges in infancy, people with Moebius syndrome tend to experience typical health and life expectancy in their adult lives
(Briegel, 2006). People with Moebius syndrome anecdotally report a high frequency of sleep disturbances, though scant prior literature
has characterized this relationship.

The study of sleep among individuals with Moebius syndrome has been largely neglected in the literature. The largest study to date
which specifically examined sleep (N = 19 adults and parent-proxy reports on children) found 74 % of participants endorsed poor sleep
health including excessive daytime sleepiness, poor sleep quality, cataplexy, and parasomnias (Parkes, 1999). This 25-year-old study
assessed some key aspects of sleep health via questionnaire but missed others (e.g., nightmares, sleep parameters). Another study of
N = 50 children with Moebius syndrome indicated 28 % of participants had “sleep and regulation disturbances” but did not further
characterize sleep health (Picciolini et al., 2016). The remaining literature is composed primarily of case studies which describe rapid
eye movement (REM) sleep-wake behavior disorder (Bastos, 2009; Edlund & Kotagal, 2021), isolated cataplexy and/or narcolepsy
(Mayer & Blanke, 2004; Tyagi & Harrington, 2003), parasomnias (Mayer & Blanke, 2004; Sabaneeff et al., 2014), sleep disordered
breathing (Bastos, 2009; Sugiyama et al., 2020), and excessive daytime sleepiness (Sabaneeff et al., 2014) among 1 to 3 people with
Moebius syndrome. Although case studies offer important insights and clinical leads, these individual observations need to be followed
by systematic research approaches to advance the state of knowledge. Thus, we aimed to describe sleep health, defined as “the
multidimensional pattern of sleep and wake which supports both mental and physical well-being (Buysse, 2014)," for individuals with
Moebius syndrome.

Sleep disturbances in Moebius syndrome may be partially attributable to a variety of biological factors. Moebius syndrome impacts
the entire lower brainstem, with wide variation in the structures affected and severity (Verzijl et al., 2003). The area of the brainstem
affected by Moebius syndrome is close in proximity to the reticular formation, which is the primary regulator of sleep-wake cycles.
Brainstem involvement may explain apparently elevated rates of sleep disorders like rapid eye movement (REM) sleep-wake behavior
disorder, isolated cataplexy, narcolepsy, and/or hypersomnia, and parasomnias (McKay et al., 2016). In addition to brainstem mal-
developments, other biological factors common to Moebius syndrome may further cause or exacerbate sleep problems. For example,
craniofacial and airway anomalies as well as hypoglossal nerve paralysis may lead to sleep-related breathing disorders (Sjogreen et al.,
2001). Additionally, incomplete eye closure during sleep (Briegel, 2006) may impact circadian rhythms, disrupt sleep, or otherwise
contribute to reduced sleep efficiency or duration. Some reports suggest a higher than usual prevalence of autism among people with
Moebius syndrome, with autism rates ranging widely from 0 % to 29 % (Briegel, 2006; Briegel et al., 2009; Verzijl et al., 2003). Autism
is associated with disordered sleep, particularly insomnia, circadian rhythm disorders, and parasomnias (Cohen et al., 2014).

Beyond biological contributors to sleep disturbance in Moebius syndrome, psychosocial factors play a role. One prior study among
people with Moebius syndrome (N = 87) revealed elevated anxiety, depression, and stigma compared to United States population
norms (Bogart, 2020). Anxiety and depression often co-occur with sleep disorders such as insomnia (Taylor et al., 2005). Poor sleep
health may also precipitate psychiatric disorders, representing a potential early intervention target.

Sleep is a pillar of physical and mental health yet has received scarce attention among individuals with Moebius syndrome. Thus,
the primary aim of the present mixed methods study was to characterize sleep health among a cohort of adults and children (via parent
proxies) with Moebius syndrome. The secondary aims were to a) characterize objective and inferred sleep health dimensions and b)
explore themes related to the experience of sleep health among adults with Moebius syndrome.

2. Methods

The present research followed a two-phase sequential mixed methods design (Tashakkori & Creswell, 2007). Phase 1 included a
web-based questionnaire battery (Qualtrics) for adults and children (via parent proxies) with Moebius syndrome. Phase 2 included a
subset of adult participants from Phase 1 who endorsed sleep health problems using at-home single channel EEG, sleep logs, actig-
raphy, and diagnostic and qualitative interviews. This phase aimed to elaborate and contextualize survey findings. This study was
approved by Oregon State University’s institutional review board (IRB-2021-1110). Data was collected from November 2021 through
April 2023. The project was pre-registered at https://osf.io/hgke3/.
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2.1. Phase 1

2.1.1. Participants
Participants (see Tables 1 and 2) were recruited via the U.S. Moebius Syndrome Foundation, Facial Palsy UK, a participant list from
authors’ prior research, and private social media groups. Inclusion criteria were 1) self-reported diagnosis of Moebius Syndrome or 6th

Table 1
Phase 1 Adult Participant Characteristics (N = 46).

n(%) or M(SD)

Age 33.5(13.0)

Sex Assigned at Birth

Male 13(28.3 %)

Female 33(71.7 %)

Gender

Man 12(26.1 %)

Woman 33(71.7 %)

Prefer not to disclose 1(2.2 %)

Race

African American/Black 2(4.3 %)

Asian 1(2.2 %)

Multiracial 3(6.5 %)

White 40(87.0 %)

Ethnicity

Hispanic 1(2.2 %)

Non-Hispanic 45(97.8 %)

Marital Status

Single 26(56.5 %)

Married/Long Term Partnership 18(39.1 %)

Divorced/Separated 1(2.2 %)

Widow/Widower 1(2.2 %)

Children

None 30(66.7 %)

1 Child 6(13.3 %)

2 Children 5(11.1 %)

3 Children 4(8.9 %)

Educational Level

No high school 3(6.5 %)

Some high school 3(6.5 %)

High school diploma or GED 8(17.4 %)

Some college, no degree 9(19.6 %)

Associate’s degree 3(6.5 %)

Bachelor’s degree 12(26.1 %)

Master’s degree 6(13 %)

Doctorate degree 2(4.3 %)

Employment

Full-time 15(32.6 %)

Part-time 14(30.4 %)

No 17(37 %)

Self-Reported Socioeconomic Status

The Poor 9(19.6 %)

The Working Class 12(26.1 %)

The Middle Class 21(45.7 %)

The Upper-Middle Class 3(6.5 %)

The Upper Class 1(2.2 %)

Prescription Medication

Yes 29(63.0 %)

No 17(37.0 %)

Prior Sleep Study

Yes 15(32.6 %)

No 29(63 %)

Not Sure 2(4.3 %)

Self-Reported Sleep Diagnosis Diagnosed Suspected No
Insomnia 12(26.1 %) 6(13 %) 28(60.9 %)
Sleep apnea or other sleep breathing disorder 13(28.3 %) 6(13 %) 27(58.7 %)
Non-REM parasomnia 6(13 %) 15(32.6 %) 25(54.3 %)
Nightmare Disorder 5(10.9 %) 11(23.9 %) 30(65.2 %)
Hypersomnolence disorder 2(4.3 %) 7(15.2 %) 37(80.4 %)
Circadian Rhythm Disorder 3(6.5 %) 6(13.0 %) 37(80.4 %)
Restless Leg Syndrome 4(8.7 %) 6(13.0 %) 36(78.3 %)
Other 5(10.9 %) 1(2.1 %) 40(87.0 %)
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Table 2
Phase 2 Parent Proxy-Reported Child Characteristics (N = 17).

n(%) or M(SD)

Age 10.5(3.4)

Sex Assigned at Birth

Male 8(47.1 %)

Female 9(52.9 %)

Gender

Boy 9(52.9 %)

Girl 8(47.1 %)

Race

African American/Black 1(5.9 %)

Asian 1(5.9 %)

Multiracial 1(5.9 %)

White 14(82.3 %)

Ethnicity

Hispanic 4(23.5 %)

Non-Hispanic 13(76.5 %)

Educational Level

Kindergarten 1(5.9 %)

Elementary School (1 - 5) 8(47.1 %)

Middle School (6 - 8) 5(29.4 %)

High School (9 - 12) 2(11.8 %)

Not Reported 1(5.9 %)

Prescription Medication

Yes 5 (29.4 %)

No 12 (70.6 %)

Prior Sleep Study

Yes 4(23.5 %)

No 12(70.6 %)

Not Sure 1(5.9 %)

Sleep Diagnoses Diagnosed Suspected No
Insomnia 3(17.6 %) 5(29.4 %) 9(52.9 %)
Sleep apnea or other sleep-related breathing disorder 3(17.6 %) 1(5.9 %) 13(76.5 %)
Non-REM parasomnia 1(5.9 %) 9(52.9 %) 7(41.2 %)
Nightmare Disorder 3(17.6 %) 5(29.4 %) 9(52.9 %)
Hypersomnolence disorder 3(17.6 %) 1(5.9 %) 13(76.5 %)
Circadian Rhythm Disorder 2(11.8 %) 3(17.6 %) 12(70.6 %)
Restless Leg Syndrome 1(5.9 %) 3(17.6 %) 13(76.5 %)
Other 2(11.8 %) 0(0 %) 15(88.2 %)
Other Diagnoses Yes Not sure No

Autism Spectrum Disorder 4(23.5 %) 9(52.9 %) 4(23.5 %)
Learning Disabilities 6(35.3 %) 8(47.1 %) 3(17.6 %)
Depression 2(11.8 %) 10(58.8 %) 5(29.4 %)
Anxiety 3(17.6 %) 8(47.1 %) 6(35.3 %)

and 7th cranial nerve palsy (or parent of a child aged 5-17 with such) and 2) ability to communicate in English. Participants were
excluded if they failed attention check items in the survey. Participants were compensated with a $15 Amazon gift card.

2.1.2. Procedure

Participants who met inclusion criteria were directed to the consent form and appropriate survey (i.e., Adult or Parent Proxy
version). The survey necessitated extensive data cleaning due to a high volume of fraudulent responses (e.g., “bots™), using recom-
mended data verification methods prior to analysis (Lawlor et al., 2021). We received 3047 responses, of which 63 were determined to
be authentic based on manual and statistical analysis of free-text responses, attention/validation check items, consistency across
measures, and individual follow up with participants. This process is detailed elsewhere (Schneider et al., 2024).

2.1.3. Measures
An extensive questionnaire battery was used to comprehensively characterize self-reported sleep health. A brief overview of the
included questionnaires is presented in Table 3 with further detail in Supplement 1.

2.1.4. Statistical analyses
Analyses were conducted in SPSS v29. Descriptive statistics were calculated; percentage of participants above a validated cutoff
score, where available, was compared to the general population using one-sample t-tests.
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Adults Parent Proxy-Reported Children

Domain Measure Description Measure Description

Assessed

Demographics Internally developed Basic demographics including Internally developed Basic demographics including

and health demographics and health age, sex assigned at birth, demographics and health age, sex assigned at birth,

information information gender, race/ethnicity, information gender, race/ethnicity,
education level. Health education level. Health
information included sleep information included sleep
disorder diagnoses, co-occurring disorder diagnoses, co-occurring
health conditions, and health conditions, and
medications. medications.

Anxiety PROMIS Emotional Frequency of anxiety symptoms PROMIS Parent Proxy Parent-reported frequency of
Distress—Anxiety SF8a (Schalet in the past 7 days. Anxiety-SF8a (Irwin et al., child’s anxiety symptoms in the
et al., 2016) 2012) past 7 days.

Depression PROMIS Emotional Frequency of depressive PROMIS Parent Parent-reported frequency of
Distress—Depression-SF8b ( symptoms in the past 7 days. Proxy-Depression-SF8b (Irwin  their child’s depressive
Schalet et al., 2016) et al., 2012) symptoms in the past 7 days.

Perceived stigma Quality of Life in Neurological Frequency of experienced stigma  Pediatric Quality of Life in Parent-reported frequency of
Disorders-Stigma (Cella et al., due to Moebius Syndrome. Neurological Disorders-Stigma  their child’s experienced stigma
2012) (Lai et al., 2012) due to Moebius Syndrome.

Sleep PROMIS Sleep Frequency of sleep difficultiesin =~ PROMIS Parent Proxy Sleep Parent-reported frequency of

disturbances Disturbance-SF8b (Yu et al., the past 7 days. Disturbance-SF8a (Forrest their child’s sleep difficulties in
2011) et al., 2018) the past 7 days.

Sleep-related PROMIS Sleep-Related Frequency of sleep-related PROMIS Parent Proxy Sleep- Parent-reported frequency of

impairment Impairment-SF8a (Yu et al., impairment in the past 7 days. Related Impairment-SF8a ( their child’s sleep-related
2011) Forrest et al., 2018) impairment in the past 7 days.

Daytime Epworth Sleepiness Scale ( Likelihood of dozing across Pediatric Daytime Sleepiness Frequency of falling asleep and

sleepiness Johns, 1991) different settings. Scale (Drake et al., 2003) difficulties with wakefulness

across different activities.

Chronotype Reduced Composite Scale of Assess person’s chronotype or Children’s Chronotype Assess child’s chronotype or
Morningness (Randler, 2009) circadian preference Questionnaire (Werner et al., circadian preference

2009)
Habitual sleep Self-Assessment of Sleep Survey Retrospective measure of Children’s Sleep Habits Retrospective measure of child’s
parameters (Dietch et al., 2019) habitual sleep patterns over the Questionnaire (Owens et al., habitual sleep patterns during a

Sleep apnea risk

Insomnia

symptoms
Cataplexy
symptoms

Parasomnias
Nightmares
Restless legs
syndrome
REM behavior

disorder

Shift work
disorder

STOP (Chung & Vairavanathan,
2008)

Insomnia Severity Index (Morin
et al., 2011)

Cataplexy Emotional Trigger
Questionnaire (Moore et al.,
2007)

Munich Parasomnia Screening (
Fulda et al., 2008)

Nightmare Disorder Index (
Dietch et al., 2021)

Restless Legs Syndrome-
Expanded (Popat et al., 2010)
REM Sleep Behavior Screening
Questionnaire (Stiasny-Kolster
et al., 2007)

Shift Work Disorder Index(
Taylor et al., 2022)

past week.
Screener for sleep apnea risk.

Severity of insomnia symptoms
in the past 2 weeks.

Screener for cataplexy
symptoms.

Lifetime and current prevalence
of common parasomnias.
Screener for DSM—5 nightmare
disorder.

Assess for key diagnostic features
of restless legs syndrome
Screener for REM behavior
disorder symptoms.

Screener for shift work disorder

2000)

typical week.

Note: PROMIS=Patient-Reported Outcomes Measurement Information System; SF=Short Form; DSM-5 =Diagnostic and Statistical Manual of the
American Psychiatric Association, 5th Edition.

2.2. Phase 2

2.2.1. Participants

Phase 2 participants were recruited from a subset of adult participants from Phase 1. Participants were eligible if they met the
following criteria: 1) agreed to be contacted for Phase 2 in the Phase 1 survey, 2) had regular access to internet, 3) live in the U.S. (for
purposes of shipping study equipment), and 4) self-reported sleep health disturbances, quantified by a T-score> 55 (i.e.,
0.5 SD>population mean) on PROMIS Sleep Disturbance or Sleep-Related Impairment. Twenty-five eligible participants were con-
tacted and five agreed to participate. One participant declined to complete actigraphy.

2.2.2. Procedure

Eligible participants from Phase 1 were invited to participate in Phase 2 via email. Participants provided consent then completed a
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30-minute Zoom orientation meeting with study staff which included an overview of the study procedures and instructions on
completing measures. We mailed participants the actigraph and EEG device. Participants received daily email reminders to complete
sleep logs at their preferred time (usually early morning). After two weeks, participants completed a 45-minute interview. Participants
were compensated with a $25 Amazon gift card.

2.2.3. Measures

See Supplement 1 for detailed measures. In brief, we collected daily sleep logs (Consensus Sleep Diary; CSD; Carney et al., 2012)
and actigraphy (Actiwatch Spectrum Pro; Philips Respironics, Bend, OR) for 14 days. The Zmachine Synergy (General Sleep Corpo-
ration, Cleveland, OH) single-channel EEG device was used to measure sleep staging and respiration during sleep across 2 nights. The
Structured Clinical Interview for Sleep Disorders-Revised (SCISD-R; Taylor et al., 2018, 2020) was used to assess diagnoses of disorders
such as insomnia and nightmare disorders, and to screen for other disorders such as REM sleep behavior disorder and narcolepsy.
Finally, a semi-structured interview (see Supplement 2) assessed experiences with sleep health in the context of Moebius syndrome.

2.2.4. Statistical analyses

EEG and actigraphy data were summarized to estimate habitual mean and variability of sleep parameters. Responses from SCISD-R
were scored by a trained assessor and verified by an expert clinician.

Qualitative interviews were transcribed verbatim and analyzed using conventional qualitative content analysis (Hsieh & Shannon,
2005). Using inductive category development, emergent categories and subcategories were organized based on participant responses,
which were then reviewed by a Moebius syndrome content expert (author Kathleen Bogart).

3. Results
3.1. Phase 1

3.1.1. Sleep health among adults with Moebius syndrome

Participants were 46 adults with Moebius Syndrome (M,g.=33.5 [13.0]; Range=18-67). Adults with Moebius Syndrome experi-
enced significantly greater sleep disturbance (t = 3.18, p = .002; 28 % at least 1 SD above the standardized mean), sleep-related
impairment (t = 3.67, p < .001; 27 %>M), anxiety (t = 5.76, p < .001; 50 %>M), and depression (t = 4.64, p < .001; 44 %>M),
than the general population (Schalet et al., 2016; Yu et al., 2011). Adults with Moebius Syndrome reported greater stigma compared to
a clinical reference group (t = 6.05, p < .001; 39 %>M; National Institute of Neurological Disorders and Stroke, 2015). Over half
(56 %) reported symptoms consistent with probable insomnia disorder. Nightmares were common, with 41 % of adult participants

Table 4
Means and Standard Deviations of Phase 1 Adult Responses (N = 46).
PROMIS Range M(SD) n(%) + 1 SD (>60)
Sleep disturbance (T-score) 35.9-76.5 54.7(9.3) 13(28.3 %)
Sleep-related impairment (T-score)* 30.0-76.9 55.5(10.8) 12(26.7 %)
Anxiety (T-score) 37.1-80.0 58.7(8.6) 13(50.0 %)
Depression (T-score) 37.1-81.1 57.0(9.8) 20(43.5 %)
Perceived stigma (T-score) 39.2-72.2 59.0(5.8) 18(39.1 %)
Insomnia symptoms* No (0—9) Elevated (10—28)
1-26 10.8(5.5) 20(44.4 %) 25(55.6 %)
Daytime sleepiness Normal (0—10) Excessive (11—16) High Excessive (16—24)
0-18 7.5(4.5) 32(69.6 %) 11(23.9 %) 3(6.5 %)
Sleep apnea risk Low Risk (0—1) High Risk (2—4)
0-4 1.3(1.1) 34(73.9 %) 12(26.1 %)
Nightmare Disorder No Subthreshold Probable
0-19 7.1(6.0) 27 (58.7 %) 3(6.5 %) 16(34.8 %)
Restless Leg Syndrome* Unlikely Likely
0-5 1.1(1.8) 40 (88.9 %) 5(11.1 %)
Shift Work Disorder* No Subthreshold Probable
0-15 2.9(5.2) 34 (75.6 %) 8(17.8 %) 3(6.7 %)
REM Sleep Behavior Disorder Symptoms* Unlikely (0—4) Likely (5—13)
0-13 5.8(3.2) 17(37.8 %) 28(62.2 %)
Chronotype/Morningness-Eveningness Morning (21—-30) Intermediate (15—20) Evening (7—14)
8-29 19.1(4.7) 12(26.1 %) 24(52.2 %) 10(21.7 %)
Cataplexy Unlikely Likely
0-5 0.9(1.6) 34(73.9 %) 12(26.1 %)
Habitual sleep parameters Weekday Weekend
Range M (SD) Range M(SD)
SOL (mins) 0-390 58.5 (66.5) 0-210 * 48.8(45.5)
# of Awakenings 0-10 2.5(1.9) 0-10 * 2.4(1.9)
WASO (mins) 0-140 25.8(34.8) 0-225 33.6(51.8)
Sleep Quality (1 =very poor-5 =very good) 1-5 3.0(1.0) 1-5* 3.1(0.9)

Note: *n = 45; PROMIS=Patient-Reported Outcomes Measurement Information System; SOL=sleep onset latency; WASO=wake after sleep onset
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reporting symptoms consistent with subthreshold or probable nightmare disorder. Additionally, 30 % reported excessive daytime
sleepiness, 26 % were at elevated risk for sleep apnea and 26 % reported symptoms consistent with cataplexy. Of the participants who
reported symptoms of cataplexy (n = 12), 58 % (n = 7) also demonstrated excessive daytime sleepiness. Many participants (61 %)
reported symptoms consistent with likely REM sleep behavior disorder. All participants reported experiencing at least one parasomnia
in their lifetime; rates of lifetime and current parasomnias were elevated, particularly sleep talking (91 % lifetime prevalence),
nightmares (85 %), hypnic jerks (76 %), catathrenia (63 %; recently recategorized as a sleep-related breathing disorder), and sleep
terrors (61 %). Tables 4 and 5 report detailed results.

3.1.2. Sleep health among children with Moebius syndrome

Participants were 17 parent-proxies for children with Moebius Syndrome (Child Mag.=10.5 [3.4], Range=5-17; Table 6). See
Supplement 3 for parent proxy characteristics. Children with Moebius Syndrome had significantly greater sleep disturbances (t = 6.07,
p <.001; 71 % at least 1 SD above the standardized mean) and sleep-related impairment (t = 6.64, p < .001; 82 %>M) compared to the
general pediatric population. Parents reported that children with Moebius syndrome had on average 8.5 hours (SD=2.2) of sleep per
night, and a 27.8-minute (SD=40.3) nap per day. Considering 24-hour total sleep duration, 41 % of children were receiving less than
the recommended sleep duration for their age (Hirshkowitz et al., 2015). The majority (53 %) of participants were rated as “inter-
mediate” chronotype, with 18 % rated as “morning type” and 29 % rated as “evening type.”

Means for scales of bedtime resistance, sleep onset delay, sleep duration, and sleep anxiety were all at or above the levels reported
for a clinical sample of children diagnosed with behavioral sleep disorders (Owens et al., 2000). Means for scales of night wakings,
parasomnias, sleep disordered breathing, and daytime sleepiness were all above community sample scores, but below clinical sample
scores (Owens et al., 2000). The majority of the sample (76.5 %) had parasomnia at least 2x/week on average. More than half of the
sample (53 %) were reported to have clinical levels of excessive sleepiness. Anxiety (t = 4.44, p < .001; 65 %>M), depression (t = 4.31,
p <.001; 65 %>M), and perceived stigma (t = 3.62, p < .001; 35 %>M) were also elevated (Forrest et al., 2018; Irwin et al., 2012; Lai
et al., 2012).

3.2. Phase 2

3.2.1. Sleep characteristics

Participants who elected to participate in Phase 2 had significantly lower cateplexy symptoms (p = .004) and greater sleep-related
impairment (p = .017) than those who were invited but declined to participate. Groups did not differ significantly on any other de-
mographic or sleep characteristics.

Table 5
Munich Parasomnia Screening Responses (N = 46).
Parasomnia Never Years ago, but Less than Onceorseveral Once or several  Once or several Every or
Observed not anymore once a year times a year times a month times a week almost every

night

Hypnic jerks 23.9% 6.5 % 15.2 % 19.6 % 13 % 13 % 8.7 %

Rhythmic feet 52.2 % 2.2% 6.5 % 8.7 % 10.9 % 13 % 6.5 %

movements

Rhythmic movement 60.9 % 15.2 % 4.3 % 4.3 % 6.5 % 4.3 % 4.3%

disorder

Exploding head 71.7 % 8.7 % 6.5 % 0% 8.7 % 0% 4.3%

syndrome

Hypnagogic 47.8 % 17.4 % 8.7 % 4.3 % 152 % 6.5 % 0 %

hallucinations

Periodic leg movements 50 % 6.5 % 4.3 % 13 % 8.7 % 10.9 % 6.5 %

Nocturnal leg cramps 52.2 % 2.2% 17.4 % 10.9 % 4.3 % 8.7 % 4.3 %

Sleep-related bruxism 43.5% 21.7 % 8.7 % 8.7 % 6.5 % 4.3 % 6.5 %

Sleep talking 8.7 % 19.6 % 13 % 10.9 % 10.9 % 23.9 % 13 %

Sleep-related abnormal 58.7 % 6.5 % 6.5 % 17.4 % 6.5 % 0% 4.3 %

swallowing or choking

Sleep-related groaning 37 % 13 % 15.2% 6.5 % 8.7 % 15.2 % 4.3 %

Sleep enuresis 56.6 % 21.7 % 4.3 % 8.7 % 6.5 % 22% 0 %

Nightmares 15.2 % 6.5 % 17.4 % 19.6 % 10.9 % 19.6 % 10.9 %

Sleep terrors 39.1 % 4.3 % 4.3% 21.7 % 13 % 15.2 % 2.2%

Nocturnal eating 50 % 6.5 % 15.2% 6.5 % 8.7 % 6.5 % 6.5 %

Sleep-related eating 80.4 % 10.9 % 0% 2.2 % 4.3 % 0% 2.2%

Confusional arousals 52.2 % 8.7 % 10.9 % 6.5 % 10.9 % 4.3 % 6.5 %

Sleep paralysis 69.9 % 2.2 % 6.5 % 10.9 % 6.5 % 2.2% 2.2%

Sleepwalking 47.8 % 17.4 % 10.9 % 4.3 % 13 % 22% 4.3 %

Violent behavior 45.7 % 19.6 % 8.7 % 8.7 % 6.5 % 8.7 % 2.2%

REM sleep behavior 56.5 % 6.5 % 8.7 % 2.2% 10.9 % 13 % 2.2%

disorder

Other* 71.7 % 0% 2.2% 2.2% 6.5 % 2.2% 6.5 %

Note: *n = 45; REM=rapid eye movement
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Table 6
Means and Standard Deviations of PROMIS Measures T-scores among Children with Moebius Syndrome via Parent Proxy (N = 17).
Range M(SD) n(%) + 1 SD above M (>60)

Sleep disturbance 51.5-74.6 64.8(7.5) 12 (70.6 %)

Sleep-related impairment 53.5-77.9 66.2(7.5) 14 (82.4 %)

Anxiety 34.6-72.3 60.8(10.5) 11 (64.7 %)

Depression 36.2-74.1 60.5(10.3) 11 (64.7 %)

Perceived stigma 52.5-68.9 58.8(4.6) 6 (35.3 %)

Nighttime sleep duration (hours) 3.7-12.0 8.6(2.2)

Daily nap duration (minutes) 0.0-2.0 27.9(40.3)

Total 24 h sleep duration (hours) 4.8-14.0 9.0(2.3) % at or above recommended
10(58.8 %)

Morningness-Eveningness 19-46 29.9(6.8) n (%)

Morning Type (<24) 3(17.6 %)

Intermediate Type (24—32) 9(52.9 %)

Evening Type (>32) 5(29.4 %)

Bedtime resistance 3-18 10.6(4.0)

Sleep onset delay 1-3 2.2(0.8)

Sleep duration 3-8 5.3(1.6)

Sleep anxiety* 4-11 7.1(2.5)

Night wakings 3-8 5.2(1.2)

Parasomnias 7-15 10.6(2.8) % 2-7x/week

Talks during sleep 1-3 1.6(0.9) 6(35.3 %)

Restless and moves a lot 1-3 1.7(0.8) 8(47.0 %)

Sleepwalks 1-3 1.4(0.6) 5(29.4 %)

Wets the bed 1-3 1.4(0.8) 4(23.5 %)

Grinds teeth during sleep 1-3 1.7(0.8) 8(47.0 %)

Alarmed by scary dream 1-2 1.6(0.5) 10(58.8 %)

Awakens screaming, sweating 1-3 1.3(0.7) 3(17.6 %)

Sleep disordered breathing 1-7 3.9(1.7)

Daytime sleepiness (CHSQ) 7-18 11.7(4.2)

Daytime sleepiness (PDSS) 3-24 14.6(5.9) Excessively sleepy (>15)
9(53.0 %)

Note:*n = 16; CHSQ=Children’s Sleep Habits Questionnaire

Participants were 5 women between 20 and 36 years old (Mage=25.40 [6.47]) with an average PROMIS sleep disturbance T-score of
55.9 (SD=10.0) and PROMIS sleep-related impairment T-score of 66.7 (SD=7.9). Sleep diary-, actigraphy-, and EEG-derived sleep
parameters are reported in Table 7. Participants’ sleep health parameters reflected various sleep health problems including elevated
sleep onset latency on all methods (30-94 minutes, depending on assessment method), 5.8 hour total sleep time and > 30 minute wake
after sleep onset on actigraphy and EEG, and < 80 % sleep efficiency on all measures.

3.2.2. Clinical interview

Per structured clinical interview, participants (N = 5) met criteria for between 0 and 6 sleep disorders or probable sleep disorders.
These included insomnia disorder (n = 3), nightmare disorder (n = 2), probable obstructive sleep apnea (n = 2), NREM sleep arousal
disorder, sleepwalking type (n = 2), and sleep terror type (n = 1), circadian rhythm sleep-wake disorder, shift work type (n = 1),
possible central disorder of hypersomnolence (n = 1), and possible REM behavior disorder (n = 1).

Table 7
Phase 2 Participant Sleep Characteristics (n = 5).
Sleep Diary Actigraphy Single-Channel EEG*
M(SD) Range M(SD) Range M(SD) Range
Sleep Quality (0—4) 2.1(0.9) 0-4 - - - -
SOL (minutes) 94.2(141.0) 5-780.0 30.1(40.8) 0-193.5 77.8(90.5) 16.5-304.5
# of Awakenings 2.0(1.6) 0-6 37.9(12.9) 6-75.0 11.3(6.1) 3-22
WASO (minutes) 21.8(54.6) 0-390.0 83.4(51.6) 10-304.5 54.2(24.0) 25.5-99.5
TST (hours) 7.2(1.7) 4-11.6 5.8(1.9) 1.7-10.4 5.8(1.3) 4.4-7.8
TIB (hours) 9.5(2.6) 5.92-18.5 8.4(1.5) 5.6-11.9 7.9(2.0) 6.1-12.5
Sleep Efficiency (%) 79.0(17.8) 27.0-97.2 65.9(18.2) 25.9-90.8 73.7(9.3) 60.2-83.5
AHI (events per hour) - - - - 3.6(2.7) 1.1-10.1
NREM (% of TST) - - - - 89.2(.90) 99.2-71.9
REM (% of TST) - - - - 10.8(9.0) 0.1-28.1

Note: 1 participant had no actigraphy data and EEG data only for 1 night
EEG=electroencephalogram; SOL=sleep onset latency, WASO=wake after sleep onset, TST=total sleep time, TIB=time in bed, SE=sleep efficiency,
AHI=apnea hypopnea index, * >3 epochs (i.e., 30 seconds) after falling asleep; NREM=non-rapid eye movement; REM=rapid eye movement
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3.2.3. Qualitative interview

Based on conventional content analysis, three major categories were extracted: 1) history of sleep disturbance, 2) attempts to
alleviate sleep disturbance, and 3) uncertainty of the relation between Moebius Syndrome and sleep.

All participants experienced sleep disturbances throughout childhood, including extended sleep latency (n = 2), difficulty main-
taining sleep (n = 1), sleepwalking (n = 2), sleep talking (n = 1), night terrors (n = 1), and nightmares (n = 3). One participant
recounted cycles of “good sleep,” sleeping for 16-18 hours, and “four days without sleeping until I'm like, physically sick and can’t
avoid it.” One participant recalled, “When I was really young, I used to get like a lot of nightmares. [...] So, I didn’t want to sleep a lot.
And so, I slept with my parents for a very long time, like at least a few years.” Another noted, “When I was a child my parents could not
get me to have a solid eight hours of sleep.”

Participants noted sleep disturbances negatively impacted relationships and mood, which in turn impacted quality of life. One
participant noted the impact on romantic relationships, stating, “I really don’t enjoy sleeping in the same bed as anyone else. I hate to
disrupt them and their sleep, so I try to avoid that. I will do it. But it’s definitely like a hurdle I have to cross in relationships.” Another
noted, “there is a lot of times I have to cancel plans because I was not able to fall asleep and I'm so tired that I don’t feel like it.” One
participant stated, “[My sleep issues] irritated my family.”

Only one participant reported improved sleep as she aged. Others indicated though some symptoms changed, they continued to
experience chronic sleep disturbances in adulthood including insomnia symptoms (n = 4), delayed circadian rhythm (n = 1), night
terrors (n = 1), sleepwalking (n = 2), sleep talking (n = 1), other sleep movement disorders (n = 2), and nightmares (n = 3). One
participant stated, “[I have nightmares] almost every night consistently.” Another participant experienced nightmares “a couple of
times a month.” One participant shared that her sleep got worse halfway through college due to nightmares, night terrors, sleepwalking
and “doing weird things” in her sleep.

Participants tried sleep remedies with varying success. One participant reported anti-anxiety medication was helpful when she had
“gone days without sleeping.” Another participant credited nightmare reductions to CBD/THC gummies. Another uses Nyquil to
“knock [herself] out.” Three participants used melatonin with mixed results. One participant shared, “I have tried a variety of sleeping
pills, I’ve tried every natural [remedy] available. [...] I've done so much research and tried to try everything I felt was feasible to try.”
Participants shared various behavioral strategies they have tried successfully including darkening the bedroom (n = 2), using white
noise or reducing background noise (n = 2), using eye lubricants, eyelid weights, and wearing eye masks (n = 2), relaxation techniques
(n = 2), and overcoming shame to discuss sleep disturbances, especially with a bed partner (n = 1). One participant stated she has tried
sleep hygiene with limited effect; “routines, you know, hot bath, hot tea, no TV. All that kind of stuff. And some of it seems like it’s
helped a little bit, but not a lot.” She also indicated that she “can’t keep [sleep masks] on...in the night.” For a participant who had
success using eye masks, she noted trying several types before determining the helpful factor was “pressing my eyes down...the thicker
the mask, the heavier it is, the better.” One participant expressed urgency with the need for sleep treatments, exclaiming, “Whatever it
would be, I would probably take it.”

Participants noted some sleep disturbances related to difficulty with eye closure and dryness, a symptom of Moebius syndrome. She
noted, “I think light in the room definitely bugs me [...]. We keep forgetting to close [blinds] at night and it wakes me up at like four in
the morning because the light starts coming in. [...] Sometimes like my eyes [...] will feel kind of dry like in the middle of the night.”
Another participant indicated a need for further development of products to help with eye closure and dryness. One participant
considered whether her sleep symptoms are associated with the vagus nerve, wondering whether “not having it stimulated enough...if
that could be a piece of the puzzle.” Most (n = 4) were uncertain whether Moebius Syndrome was directly tied to sleep, particularly
parasomnias like nightmares and sleepwalking. However, four participants were aware of others within the community with similar
sleep disturbances. A participant stated, “I think it really is like the night terrors and I know sleep apnea is a big thing. [...] I think it’s
definitely like bad dreams and things like that.” Three participants noted that they haven’t discussed sleep difficulties in-depth with
others with Moebius Syndrome. One participant stated, “I don’t ask other people how they sleep, so I don’t know if this [sleep issues] is
like normal people things or Moebius things.”

4. Discussion

The purpose of this study was to extend prior findings by characterizing sleep health among children and adults with Moebius
syndrome. We sought to complement the in-depth medical case reports of sleep health in people with Moebius syndrome previously
reported in the literature by taking a broader lens. This is the largest study to date which has examined sleep health in this population.
These findings shed light on the heterogeneous sleep health experiences of individuals with Moebius syndrome.

Adults with Moebius syndrome were at elevated risk of self-reported sleep apnea symptoms compared to representative samples
from the U.S. (26 % vs. 17-22 %; Franklin & Lindberg, 2015) insomnia symptoms (56 % vs. 19 %; Ford et al., 2015) probable
nightmare disorder (35 % vs. 2-6 %; Nielsen & Levin, 2007) excessive daytime sleepiness (30 % vs. 23 %; Kolla et al., 2020) cataplexy
symptoms (26 % vs. <1 %; Ohayon et al., 2023). REM sleep behavior disorder symptoms (61 % vs. 1-6 %; Cicero et al., 2021) and
parasomnias (100 % vs. 4-66 %; Singh et al., 2018). Restless legs syndrome symptoms were reported at a similar rate between adults
with Moebius Syndrome and the general U.S. population (11.1 % vs. 10.6 %; Hogl et al., 2005).

Sleep disturbances were also heterogeneous across pediatric participants. Children with Moebius syndrome were reported by their
parent proxies to have elevated rates of both sleep disturbances (71 % were at least 1 SD above the standardized mean) and sleep-
related impairment (82 %) compared to the general pediatric population (16 %; Forrest et al., 2018). Only 59 % of children with
Moebius syndrome were meeting the recommended sleep duration for their age, compared to 86 % reported nationally (Friel et al.,
2020). Daytime sleepiness was elevated in over half of participants. Frequent parasomnias were common, primarily general
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restlessness, bruxism, and nightmares. Behavioral challenges including bedtime resistance, sleep onset delays, and sleep anxiety were
also elevated.

The findings from the current study are largely consistent with previous studies. Rates of specific sleep health domains affected
were very similar to those of Parkes (1999) who reported 100 % of participants (N = 19; 10 adults, 9 parent proxies) experienced
parasomnias, 21 % (n = 4) had symptoms of cataplexy, 53 % (n = 10) had insomnia symptoms, and 26 % (n = 5) had excessive daytime
sleepiness.

Findings from the second phase of this study were consistent with the wide range of sleep health disturbances among adults with
Moebius syndrome identified in Phase 1. Although Phase 2 of the study did allow for additional insights based on daily and objective
measures, the N was too small to make meaningful generalizations from these data. We identified 8 different sleep disorder diagnoses
(confirmed or suspected) among just five participants. Results from sleep diary, actigraphy, and EEG highlighted the variability in
sleep parameters in people with Moebius syndrome who endorse sleep problems; this subsample demonstrated elevated sleep onset
latency, short sleep duration, and poor sleep efficiency. There were notable discrepancies between sleep logs, actigraphy, and EEG,
which is consistent with prior work that has characterized these three methods as assessing overlapping, yet distinct sleep parameters
(Dietch & Taylor, 2021), particularly in populations with elevated sleep disorders (Rezaie et al., 2018).

Qualitative results confirmed a broad range of sleep health problems dating back to childhood which impacted social relationships
and quality of life. Participants reported a desire for novel treatment approaches. Participants were unsure whether their sleep
symptoms related to Moebius syndrome. As is the case with many rare disorders, little information about Moebius syndrome is
available, leading to uncertainty about the cause or treatment of symptoms (Bryson et al., 2021). These findings emphasize the
importance of further researching and disseminating the specific sleep health experiences of people with Moebius syndrome, so that
clinicians, support organizations, and individuals with Moebius syndrome can advocate for treatment.

The central strength of the current study is the use of a comprehensive, validated questionnaire battery to assess a broad range of
sleep health domains in a robust sample. To our knowledge, no prior study has assessed insomnia symptomatology in this population,
which we revealed was a substantial problem among adult participants. Another key strength was our use of mixed methods, which are
especially useful when there is a paucity of existing research. Mixed methods allowed us to better contextualize the experiences of sleep
health among people with Moebius syndrome and highlight their challenges in their own words.

One key limitation of the current work is that questionnaires alone do not allow us to disentangle the complicated sleep health
symptoms self-reported by participants. Our methods only allowed screening of certain sleep disorders (e.g., REM sleep behavior
disorder, narcolepsy), not definitive diagnosis. Thus, it is yet unclear whether self-reported symptoms of cataplexy are isolated or
associated with a narcolepsy diagnosis. It is also yet unclear whether elevated rates of parasomnias are attributable to underlying
causes not captured (e.g., sleep apnea). A comprehensive in-lab evaluation including full montage EEG would be needed to inform
these questions, although the unique features of Moebius syndrome (i.e., restriction of lateral eye movements) may pose a challenge to
assessing REM. Second, we caution against interpreting the rates reported in this paper as true prevalence estimates; although this is
one of the largest studies of sleep in Moebius syndrome, a lack of random sampling limits generalizability. As is the case with most
internet-based survey research, we were unable to confirm that respondents did indeed have Moebius syndrome. However, based on
the participants who went on to participate in Phase 2, our confidence was high that we successfully captured the population of in-
terest. Regardless, each of these issues could potentially impact the validity and reliability of the findings. Finally, findings about
children in this sample should be interpreted cautiously. The age range is broad, which limits generalizability further within an already
small sample. There are fewer validated measures of sleep phenomena among children, leading to notable gaps in our assessment
approach (e.g., cataplexy symptoms). Accuracy of parent proxy reports may be limited, particularly for older children with less
parental oversight.

Much extant literature focuses on the biological causes and contributions to sleep difficulties in Moebius syndrome. Further
research should take care to consider the role of psychosocial factors in promoting or exacerbating these difficulties. Future research
should continue to recruit broad, diverse samples of people with Moebius syndrome and engage community members not only as
research participants, but as research partners. Of note, qualitative findings of this study highlighted important points that were not
otherwise captured using quantitative measures which represents an important avenue for follow-up.

The diverse constellation of symptoms across both phases of the study highlights that there is no single presentation of sleep health
among individuals with Moebius syndrome. Some participants reported good sleep health and low risk of sleep disorders, whereas
others reported numerous unusual and impactful sleep experiences and disorders. One finding in need of further investigation is the
presentation of cataplexy symptoms in this group; just under half of participants who endorsed cataplexy symptoms declined
concomitant daytime sleepiness as would be expected in narcolepsy. This finding, although very preliminary, suggests the patho-
physiology of sleep disorders in this population may differ from other groups in which cataplexy is a symptom of narcolepsy.

Poor sleep health is associated with morbidity and mortality across physical and mental health outcomes and may represent a
modifiable treatment target which can potentially improve health and well-being in individuals with Moebius syndrome. In particular,
cognitive-behavioral interventions for insomnia (Trauer et al., 2015) and nightmares (Morgenthaler et al., 2018) are well-supported by
the literature, with growing support for parasomnias (Mundt et al., 2023). Cognitive-behavioral interventions can supplement in-
terventions for sleep-related breathing disorders, central disorders of hypersomnolence, and REM behavior disorder with tools for
coping, adjusting, and thriving. The heterogenous nature of sleep problems among people with Moebius syndrome may not lend to a
one-size-fits-all intervention, but instead require a personalized approach, ideally delivered by a multidisciplinary team.
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Glossary

Actigraphy: a method of capturing objective sleep data through a wrist-worn device using movement as a proxy for sleep and wake.

Cataplexy: a sudden loss of muscle tone or control often triggered by strong and sudden emotions, typically but not always associated with type 1 narcolepsy.

Conventional content analysis: An inductive approach to qualitative analysis that derives coding categories from textual data rather than pre-existing theories.

Parasomnia: a category of sleep disorders that are characterized by unusual behaviors, perceptions, and dreams and can occur across various stages of sleep.

PROMIS: Patient-Reported Outcomes Measurement Information System which consist of sets of validated measures developed by the PROMIS Health Organization that
assess physical, mental, and social health of adults and children.

REM behavior sleep disorder: a parasomnia characterized by physically acting out dreams during rapid eye movement (REM) sleep due to loss of muscle atonia.

Sleep efficiency: the percentage of time sleeping in bed over total time in bed.

Sleep logs: also known as sleep diaries; self-reported daily records of sleep behaviors.
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