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Abstract

Detecting obstructive sleep apnea (OSA) is important to both prevent significant

comorbidities in people with Down syndrome (DS) and untangle contributions to

other behavioral and mental health diagnoses. However, laboratory-based polysom-

nograms are often poorly tolerated, unavailable, or not covered by health insurance

for this population. In previous work, our team developed a prediction model that

seemed to hold promise in identifying which people with DS might not have signifi-

cant apnea and, consequently, might be able to forgo a diagnostic polysomnogram. In

this study, we sought to validate these findings in a novel set of participants with

DS. We recruited an additional 64 participants with DS, ages 3–35 years. Caregivers

completed the same validated questionnaires, and our study team collected vital

signs, physical exam findings, and medical histories that were previously shown to be

predictive. Patients then had a laboratory-based polysomnogram. The best modeling

had a validated negative predictive value of 50% for an apnea–hypopnea index (AHI)

> 1/hTST and 73.7% for AHI >5/hTST. The positive predictive values were 60% and

39.1%, respectively. As such, a clinically reliable screening tool for OSA in people with

DS was not achieved. Patients with DS should continue to be monitored for OSA

according to current healthcare guidelines.

Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; AHI, apnea–hypopnea index; CSHQ, Children's Sleep Habits Questionnaire; DOPAC, 3,4-dihydroxyphenylacetic acid; DS, Down syndrome;

GABA, γ-aminobutyric acid; LLM, logic learning model; NPV, negative predictive value; OSA, obstructive sleep apnea; PEA, phenylethylamine; PPV, positive predictive value; SpO2, wake

peripheral oxyhemoglobin saturation; SRBD, Sleep-Related Breathing Disorders (SRBD) Scale of the Pediatric; Sleep Questionnaire; TST, total sleep time.
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1 | INTRODUCTION

Obstructive sleep apnea (OSA) is a significant comorbidity for the

majority of the estimated 212,000 people with Down syndrome

(DS) in the United States (Antonarakis et al., 2020; de Graaf

et al., 2017), 417,000 people with DS in Europe (de Graaf

et al., 2021), and millions more with DS worldwide (GBD 2017 Dis-

ease and Injury Incidence and Prevalence Collaborators, 2018). Some

studies suggest that the prevalence of OSA in pediatric-aged people

with DS is anywhere between 55% and 97% (Austeng et al., 2014; Ng

et al., 2006; Shott, 2006), compared with 1%–4% in the neurotypically

developing pediatric population (Lumeng & Chervin, 2008). Adults

with DS also have a high prevalence of OSA—78% in one study

(Giménez et al., 2018)—sometimes presenting as a new diagnosis, but

often occurring as a persistent or recurrent condition from childhood

(Jensen et al., 2012).

Making an early diagnosis is important. When left undetected or

untreated in people with DS, OSA can lead to deficits in executive

functioning (Chen et al., 2013), a loss of verbal IQ and cognitive flexi-

bility (Breslin et al., 2014), a decrease in visuoperceptual skills

(Andreou et al., 2002), and an increase in mood disorders (Capone

et al., 2013). OSA might also explain symptoms that are often misin-

terpreted as behavioral disorders, mental health diagnoses, or demen-

tia. Currently, the gold standard diagnostic tool for this population is

an overnight polysomnogram conducted in a sleep laboratory, located

in a hospital or sleep center (Bull et al., 2022). While noninvasive,

these sleep studies are often not well tolerated by many people with

DS who have sensory processing disorders (McGuire &

Chicoine, 2021). For many other people with DS, laboratory-based

sleep studies are not readily available or may simply not be covered

by healthcare insurers, leading to undue delays in the diagnosis. Peo-

ple with DS also do not always have access to home-based sleep stud-

ies, and, when they do, are often not able to tolerate the testing even

in the home setting.

Previous work sought to identify a combination of low-cost or

simplified procedures that could accurately predict OSA in people with

DS, so as to potentially bypass the need for polysomnograms

(Allareddy et al., 2016; Elsharkawi et al., 2017; Jayaratne et al., 2017;

Skotko et al., 2017). A preliminary model—incorporating parental sur-

veys, medication history, anthropometric measurements (e.g., height,

weight), vital signs, age, and physical exam findings—had a cross-

validated negative predictive value (NPV) of 90% for moderate and

severe OSA in this population (Skotko et al., 2017). In short, the model

seemed to hold promise in identifying which people with DS might

not have significant apnea and consequently could obviate the need

for a diagnostic polysomnogram. The purpose of this study was to vali-

date the findings in a novel set of participants with DS, and thus deter-

mine if the predictive model could be implemented in a clinical setting.

2 | MATERIALS AND METHODS

2.1 | Participants

All people with DS, ages 3–35 years, who were already attending the

DS Program at Massachusetts General Hospital, were invited to par-

ticipate in the validation phase of this study. The upper limit of

35 years was chosen to exclude any effects of potentially undiag-

nosed mild cognitive impairment or Alzheimer disease dementia,

which can begin to occur at this age. People with DS were excluded if

they (a) already had an adenotonsillectomy, adenoidectomy, or tonsil-

lectomy, (b) had a sleep study within the past 6 months, (c) were

actively being treated with CPAP or BiPAP for obstructive or central

sleep apnea, or (d) participated in the development phase of our pro-

ject (Skotko et al., 2017). Patients were also excluded if they were

unwilling to complete a sleep study. All participants needed to have at

least one caregiver who could read and write primarily in English or

Spanish. Written informed consent or assent was obtained from the

participants with DS, based on their age and legal guardianship status.

As needed, written informed consent was obtained from parents

and/or legal guardians. This study was approved by the Massachu-

setts General Brigham Institutional Review Board (protocol

2012P002062).

The participants in the development phase were previously

described (Skotko et al., 2017).

2.2 | Study procedures

Prior to their first clinical visit, one parent/guardian of the patient with

DS completed two previously validated questionnaires about the

sleeping habits of their son or daughter with DS: the Sleep-Related

Breathing Disorders (SRBD) Scale of the Pediatric Sleep Questionnaire

and the Children's Sleep Habits Questionnaire (Chervin et al., 2000;

Owens et al., 2000). The survey instruments were available in both

English and Spanish and were both used in the development phase of

our research (Skotko et al., 2017).

Each study participant then had one in-person visit followed by

one overnight polysomnogram. The purpose of the in-person visit was

to collect the objective measurements that were part of the previ-

ously published predictive model (Skotko et al., 2017). These included

weight, height, blood pressure, hypertension percentile, awake SpO2,

neck circumference, presence of macroglossia, Mallampati score clas-

sification, and Friedman score classification. We also recorded if the

patient was being medically treated for asthma, thyroid disease, and

gastroesophageal reflux disorder. Age, gender, ethnicity, and race

were collected, as they were also variables in the previously published

predictive model (Skotko et al., 2017).

2 SKOTKO ET AL.
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Each overnight polysomnography was performed at either the

Massachusetts General Hospital for Children Sleep Laboratory (for

pediatric-aged participants) or the Massachusetts General Hospital

Sleep Center (for adult-aged participants). One board-certified physi-

cian analyzed all of the pediatric-aged polysomnograms based on the

American Academy of Sleep Medicine (AASM)'s Manual for the Scor-

ing of Sleep and Associated Events Respiratory Rules for Children

(American Academy of Sleep Medicine, 2015), and was blinded to

other aspects of the study. Another board-certified physician analyzed

all of the adult-aged polysomnograms and was similarly unaware of

the findings using the predictive model. For adult-aged participants,

hypopnea was defined as >30% decrease in airflow or respiratory

effort, by nasal pressure signal excursion, lasting ≥10 s, in association

with a 4% or greater oxygen desaturation. Apnea was defined as

≥90% drop in thermal sensor excursion lasting ≥10 s. The apnea–

hypopnea index (AHI), calculated as the total hypopneas and apneas

per hour of total sleep time (TST), was the main outcome measure.

The scoring for the polysomnograms in the pilot phase was previously

described (Skotko et al., 2017). We also included two exploratory vari-

ables from the polysomnograms, themselves: the “3% oxygen desa-

turation index” (i.e., the number of SpO2 drops by 3% or more per

hour of sleep) and a component of the oximetry signal spectral

decomposition previously identified as predictive of OSA in neuroty-

pical children (“the third statistical moment of the full spectrum”).
Additional exploratory variables included the measurement of

urine metabolic markers that had been previously studied in people

with DS (Elsharkawi et al., 2017). Assays included epinephrine, norepi-

nephrine, dopamine, serotonin, glycine, taurine, γ-aminobutyric acid

(GABA), glutamate, phenylethylamine, aspartic acid, histamine,

3,4-dihydroxyphenylacetic acid, 5-hydroxyindoleacetic acid, tyramine,

and tryptamine. Urine creatinine level was measured for each sample,

and individual urine neurotransmitter levels were corrected for corre-

sponding urine creatinine concentration. Urine samples were col-

lected, whenever possible, from participants on the night of and

morning after the polysomnogram and analyzed as previously

reported (Elsharkawi et al., 2017; Skotko et al., 2017).

2.3 | Statistical analyses

A priori estimates indicated that a sample size of 80 participants with

completed sleep studies in the validation dataset would have 87%

power to confirm an independent predictor of OSA identified during

the discovery phase with the following assumptions: the predictor is

normally distributed, the odds ratio over 1 SD for predicting OSA is at

least 2.0, a two-tailed test with p < 0.05 is considered significant, and

the prevalence of OSA is 50% in the cohort. Study data were col-

lected and managed using Research Electronic Data Capture

(REDCap) electronic data capture tools hosted at Massachusetts Gen-

eral Hospital (Harris et al., 2009, 2019).

A model aiming to predict three levels of OSA severity (none:

AHI ≤ 1/hTST; mild: 1 < AHI ≤5/hTST; moderate to severe: AHI > 5/

hTST) was developed using a logic learning machine (LLM) by using

the Rulex 4.5 suite (https://www.rulex.ai/), previously described

(Skotko et al., 2017).

3 | RESULTS

3.1 | Participants

At Massachusetts General Hospital, 84 new participants were con-

sented to participate in this study. Of these, 64 completed a sleep

study. Of the 20 consented participants who did not complete a sleep

study, 9 were lost to follow-up, 7 had parents who no longer wished

to pursue a sleep study after consenting, 2 were determined to have

met exclusionary criteria after consenting (both pursued an adenoton-

sillectomy before sleep study performed), 1 patient could not tolerate

the sleep study, and 1 parent chose to pursue a sleep study out-of-

state and results were not available. We compared our new sample of

participants from Massachusetts General Hospital (MGH, N = 64) to

the previously reported participants from Boston Children's Hospital

(BCH; N = 102; Skotko et al., 2017). The previously reported partici-

pants were significantly younger (BCH: M = 7.2; SD = 4.3; MGH:

M = 12.2; SD = 9.2; p < 0.001). As such, we combined the cohorts

together and then randomly assigned them to a new training cohort

(N = 82) and a new validation cohort (N = 84). These new cohorts did

not differ significantly based on race, age, or hospital where they were

evaluated (Table 1). Furthermore, the subjects in the two cohorts did

not differ based on their SRBD total scores, CSHW total scores, and

severity of OSA (Table 1).

3.2 | Predictive model

A new LLM model was generated on the new training cohort using

the variables in the final model of our previously published work—that

is, demographics, survey instruments, physical examination, and medi-

cal history (Skotko et al., 2017). We generated additional LLM models

adding the exploratory urinary biomarker and oximetry variables

described above.

In our validation sample, 49 (58.3%) participants fulfilled criteria

for OSA—that is, AHI >1/hTST (Table 2). The best LLM model had a

validated NPV of 50% (95% CI: 23.0%–77.0%) for an AHI >1/hTST

and 73.7% (95% CI: 56.9–86.6%) for AHI >5/hTST. The positive pre-

dictive values (PPV) were 60% (95% CI: 47.6%–71.5%) and 39.1%

(95% CI: 25.1%–54.6%), respectively. The specificity was 20.0% and

50.0% and the sensitivity was 85.7% and 64.3%, respectively. The

false negative rates were 14.3% and 35.7%, and the false positive

rates were 80.0% and 50.0%, respectively (Table 2 and Figure 1).

For AHI >5/hTST, the negative likelihood ratio was 0.71, and the

positive likelihood ratio was 1.29. As such, the diagnostic odds ratio

was 1.8, meaning that a patient has a 1.8-fold higher odds of moder-

ate/severe OSA when the model predicts moderate/severe OSA than

when the model does not predict moderate/severe OSA. Or con-

versely, a patient has a 1.8-fold higher odds of not having moderate/

SKOTKO ET AL. 3
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severe OSA when the model does not predict moderate/severe OSA

than when the model does predict moderate/severe OSA.

When the urinary biomarkers were added as exploratory variables

into the LLM, the diagnostic odds ratio did not improve (Table S1).

When the overnight oximetry values were added as exploratory vari-

ables and a new LLM was generated, the NPV slightly improved to

74.5% and the diagnostic odds ratio improved slightly to 2.4 when the

urinary biomarkers were not included (Table S2). The NPV was 72.4%,

and the diagnostic odds ratio was 2.3 when the urinary biomarkers

were also included (Table S3).

Across the four models, the strongest predictive accuracy for

AHI >5/hTST was a PPV of 46.2%, an NPV of 75.0%, and a diagnostic

odds ratio of 2.4 (Table S4 and Figure 1).

4 | DISCUSSION

In our previously published work, we developed a model that had a

cross-validated NPV of 90% for moderate or severe apnea (AHI >5/

hTST) in people with DS between the ages of 3–24 years (Skotko

et al., 2017). This promising result suggested that a “negative” result

could obviate the need for a polysomnogram, using a screen of low-

cost measures that could be collected in the primary care office. The

current validation study—an important next step before such a model

could be routinely used in a clinical setting—yielded suboptimal

results. In this validation cohort, the model had a cross-validated NPV

of 74% for moderate or severe apnea (AHI >5/hTST) in people with

DS between the ages of 3–35 years. This means that a “negative”

TABLE 1 Characteristics of participants

Variable Options Overall (N = 166)

Validation

cohort (N = 84)

Training

cohort (N = 82)

p-

value

Hospital BCH 102 (61.4%) 46 (54.8%) 56 (68.3%) 0.07

MGH 64 (38.6%) 38 (45.2%) 26 (31.7%)

Sex Female 73 (44.0%) 40 (47.6%) 33 (40.2%) 0.34

Male 93 (56.0%) 44 (52.4%) 49 (59.8%)

Race White 108 (65.1%) 52 (61.9%) 56 (68.3%) 0.55

Black/African

American

13 (7.8%) 9 (10.7%) 4 (4.9%)

Asian 7 (4.2%) 3 (3.6%) 4 (4.9%)

Other race 10 (6.0%) 7 (8.3%) 3 (3.7%)

Multiracial 5 (3.0%) 2 (2.4%) 3 (3.7%)

Unknown 23 (13.9%) 11 (13.1%) 12 (14.6%)

Age M ± SD (range) 9.1 ± 7.1

(3.0–34.7)
9.3 ± 7.3 (3.0–32.6) 8.9 ± 6.9 (3.0–34.7) 0.71

SRBD total score M ± SD (range) 0.35 ± 0.22

(0.00–0.89)
0.35 ± 0.22 (0.00–0.89) 0.35 ± 0.22

(0.00–0.86)
0.81

CSHQ Total score M ± SD (range) 47.4 ± 7.9

(33.0–73.0)
46.9 ± 7.5 (33.0–65.7) 48.0 ± 8.4 (33.3–73.0) 0.42

BMI (percentile) M ± SD (range) 75.9 ± 24.8

(2.4–100)
79.4 ± 21.1 (11.1–100) 72.4 ± 27.8 (2.4–99.7) 0.07

Days from first visit to sleep

study

M ± SD (range) 116 ± 149 (0–
899)

110 ± 119 (0–611) 122 ± 176 (0–899) 0.60

OSA 0 ≤ AHI ≤1 67 (40.4%) 35 (41.7%) 32 (39.0%) 0.51

1 < AHI ≤5 48 (28.9%) 21 (25.0%) 27 (32.9%)

5 < AHI 51 (30.7%) 28 (33.3%) 23 (28.0%)

Abbreviations: AHI, apnea–hypopnea index; BCH, Boston Children's Hospital; CSHQ, Children's Sleep Habits Questionnaire; BMI, body mass index; MGH,

Massachusetts General Hospital; OSA, obstructive sleep apnea; SRBD: Sleep-Related Breathing Disorders (SRBD) Scale of the Pediatric Sleep

Questionnaire.

TABLE 2 Cross-tabulation of predictions of OSA severity from a
model not using urinary biomarkers versus observed OSA severity by
polysomnography

Results from polysomnograms

0 ≤ AHI ≤1 1 < AHI ≤5 AHI >5 Total

Predicted results

0 ≤ AHI ≤1 7 5 2 14

1 < AHI ≤5 15 1 8 24

AHI >5 13 15 18 46

Total 35 21 28 84

Abbreviation: AHI, apnea–hypopnea index; OSA, obstructive sleep apnea.

4 SKOTKO ET AL.
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screen accurately predicted no or mild apnea 75% of the time. Given

the substantial impact that untreated moderate to severe OSA can

impose on the intellectual abilities (Breslin et al., 2014) and health

(Andreou et al., 2002; Capone et al., 2013; Chen et al., 2013) of peo-

ple with DS, providing false reassurance to 25% of people with DS

would not be clinically justified. The NPV also did not substantially

improve when other exploratory variables, such as urinary biomarkers

and oximeter readings, were included.

Similar to our previously published work, the models also did not

have strong PPVs. A “positive” screen on the validation models accu-

rately predicted moderate or severe apnea <50% of the time. The

diagnostic odds ratio of 3.1 in our previous work (Skotko et al., 2017)

was reduced to 2.4 in our best validation model in this study. Previous

research has demonstrated that positive likelihood ratios above

10 and negative likelihood ratios below 0.1 have been noted as pro-

viding convincing diagnostic evidence, whereas those above 5 and

below 0.2 give strong diagnostic evidence (Deeks, 2001). The results

of our best validation model did not meet either of these clinical

thresholds.

There can be several explanations for these differences. First, the

LLM model in the previous work was likely an overfit of the available

data, an issue that occurs in any data modeling to some degree, but

one that can be substantial when applying flexible machine learning

techniques to small training sets. When validated on a novel sample,

the model did not perform as strongly. In addition, the broad pheno-

typic diversity of people with DS may have further diminished the

generalizability of the model predictions when applied to a different

population set. We sought to include the physical characteristics and

co-occurring medical conditions most likely to predict OSA in our orig-

inal modeling. Any unmeasured variables should be explored in future

studies.

While the current study did not find a combination of variables

that could reliably screen for OSA in people with DS, many novel ele-

ments were evaluated across both studies, including lateral cephalo-

grams, 3D photogrammetry, and urinary biomarkers (Skotko

et al., 2017). Future research could avoid duplicating these efforts,

while building upon those elements that seemed to yield more robust

contributions to the predictive model, including physical exam find-

ings, caregiver-completed surveys, and anthropometric measure-

ments. Other researchers have also attempted but not succeeded in

producing reliably predictive OSA screens for this population

(de Miguel-Diez et al., 2003; Jheeta et al., 2013; Marcus et al., 1991;

Shires et al., 2010; Shott, 2006; Stores & Stores, 2014).

This study was not without limitations. Children under the age of

3 years were not included given the anticipated difficulty for them to

comply with the more involved study elements required for inclusion

in the model. The promising noninvasive elements (e.g., caregiver-

completed questionnaires and simple physical examination findings)
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F IGURE 1 Receiver operating
characteristic curve for (a) Model 1, Main
model without exploratory urine or
oximetry variables; (b) Model 2, which is
Model 1 with exploratory urine variables
without oximetry variables; (c) Model
3, which is Model 1 with oximetry
variables without urine variables;
(d) Model 4, which is Model 1 with urine

and oximetry variables. AHI, apnea–
hypopnea index
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might show more promise in a younger cohort. Our primary outcome

measure was total AHI, which is composed of the central apnea index

and the obstructive AHI. A possibility remains that some variables

might have been predictive of these individual components. This

study also did not include the totality of possible predictive measures.

We did not include objective measurements of participants' intellec-

tual abilities, although we are not aware of any previous research

demonstrating a pathogenic relationship between intellectual capacity

and OSA. As technology advances—particularly personal wearable

devices tracking sleep quality (Alma et al., 2022)—future research

efforts might still be valuable.

In summary, notwithstanding extensive efforts, a clinically reliable

screening tool for OSA in people with DS was not achieved. As such,

people with DS should continue to be monitored according to current

healthcare guidelines. The American Academy of Pediatrics (AAP) rec-

ommends that physicians screen annually for symptoms of OSA in

people with DS. Regardless of symptoms, though, all children with DS

should be referred for a polysomnogram between 3 and 4 years of

age, given the high prevalence of OSA in this population (Bull

et al., 2022). While the medical guidelines for adults with DS do not

address screening for OSA (Tsou et al., 2020), a recent literature

review and expert consensus suggested that adults should also be

regularly evaluated for symptoms, as the OSA burden remains signifi-

cant (Capone et al., 2018; Chicoine & McGuire, 2010; Jensen &

Bulova, 2014).

AUTHOR CONTRIBUTIONS

Conceptualization: Brain G. Skotko, Alexandra Garza Flores, David

Gozal.; Data curation: Alexandra Garza Flores, Mary Ellen McDo-

nough, and Vasiliki Patsiogiannis. Formal analysis: Damiano Verda,

Marco Muselli, David Gozal, and Eric A. Macklin. Funding acquisition:

Brain G. Skotko. Investigation: Brain G. Skotko, Alexandra Garza Flo-

res, Ibrahim Elsharkawi, Vasiliki Patsiogiannis, and Mary Ellen McDo-

nough. Methodology: Brain G. Skotko, Alexandra Garza Flores, Ibrahim

Elsharkawi, Vasiliki Patsiogiannis, Mary Ellen McDonough, Roberto

Hornero, and David Gozal. Project administration: Brain G. Skotko,

Alexandra Garza Flores, Mary Ellen McDonough, and David Gozal.

Resources: Brain G. Skotko. Software: Vasiliki Patsiogiannis and Marco

Muselli; Supervision: Brain G. Skotko and David Gozal. Validation: Eric

A. Macklin. Visualization: Eric A. Macklin. Writing-original draft: Brain

G. Skotko. Writing – review and editing: Brain G. Skotko, Alexandra

Garza Flores, Ibrahim Elsharkawi, Vasiliki Patsiogiannis, Mary Ellen

McDonough, Vasiliki Patsiogiannis, Marco Muselli, Roberto Hornero,

David Gozal, and Eric A. Macklin.

ACKNOWLEDGMENTS

We thank all of the sleep center technologists, nurses, and staff at

Massachusetts General Hospital Adult Sleep Lab, especially Karen

Gannon, and Massachusetts General Hospital for Children Pediatric

Sleep Disorders Program, especially Ellen Grealish. We further thank

Drs. Bernard Kinane and Matt Bianci for their interpretations of the

polysomnograms. Drs. Allie Schwartz, Jose Florez, and Jessica McCan-

non helped with patient recruitment; Jennifer Dever and Leah

McDonough provided valuable research assistance. Dr. Cynthia Mor-

ton provided the opportunity for Alexandra Garza Flores to partici-

pate in this study through T32 grants. We thank Shimon Sharon and

Yossi Shamir of ToolsGroup and Ester Pescio of Rulex, Inc., for provid-

ing access to the statistical analyses. We are grateful to Nonin for

donating the WristOx2 Model 3150 used in this study.

FUNDING INFORMATION

HRSA MCHB, Grant number: R40MC25322-01-00; NICHD, Grant

number: F32HD068101; NIH Grant number: 4T32GM007748-37

and 4T32GM007748-38.

CONFLICT OF INTEREST

Dr. Skotko occasionally consults on the topic of Down syndrome

through Gerson Lehrman Group. He receives remuneration from

Down syndrome nonprofit organizations for speaking engagements

and associated travel expenses. Dr. Skotko received annual royalties

from Woodbine House, Inc., for the publication of his book, Fasten

Your Seatbelt: A Crash Course on Down Syndrome for Brothers and Sis-

ters. Within the past 2 years, he has received research funding from

F. Hoffmann-La Roche, Inc., AC Immune, and LuMind IDSC Down

Syndrome Foundation to conduct clinical trials for people with Down

syndrome. Dr. Skotko is occasionally asked to serve as an expert wit-

ness for legal cases where Down syndrome is discussed. Dr. Skotko

serves in a nonpaid capacity on the Honorary Board of Directors for

the Massachusetts Down Syndrome Congress and the Professional

Advisory Committee for the National Center for Prenatal and Postna-

tal Down Syndrome Resources. Dr. Skotko has a sister with Down

syndrome.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Brian G. Skotko https://orcid.org/0000-0002-5232-9882

Damiano Verda https://orcid.org/0000-0001-9912-3454

David Gozal https://orcid.org/0000-0001-8195-6036

Eric A. Macklin https://orcid.org/0000-0003-1618-3502

REFERENCES

Allareddy, V., Ching, N., Macklin, E. A., Voelz, L., Weintraub, G.,

Davidson, E., Prock, L. A., Rosen, D., Brunn, R., & Skotko, B. G. (2016).

Craniofacial features as assessed by lateral cephalometric measure-

ments in children with Down syndrome. Progress in Orthodontics,

17(1), 35. https://doi.org/10.1186/s40510-016-0148-7

Alma, M. A., Nijenhuis-Huls, R., de Jong, Z., Ulgiati, A. M., de Vries, A., &

Dekker, A. D. (2022). Detecting sleep apnea in Adults with Down syn-

drome using WatchPAT: A feasibility study. Research in Developmental

Disabilities, 129, 104302. https://doi.org/10.1016/j.ridd.2022.104302

American Academy of Sleep Medicine. (2015). Manual for the scoring of

sleep and associated events. https://aasm.org/clinical-resources/

scoring-manual/

Andreou, G., Galanopoulou, C., Gourgoulianis, K., Karapetsas, A., &

Molyvdas, P. (2002). Cognitive status in Down syndrome individuals

6 SKOTKO ET AL.

 15524833, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajm

g.a.63055 by H
arvard U

niversity H
arvard L

ib, W
iley O

nline L
ibrary on [06/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-5232-9882
https://orcid.org/0000-0002-5232-9882
https://orcid.org/0000-0001-9912-3454
https://orcid.org/0000-0001-9912-3454
https://orcid.org/0000-0001-8195-6036
https://orcid.org/0000-0001-8195-6036
https://orcid.org/0000-0003-1618-3502
https://orcid.org/0000-0003-1618-3502
https://doi.org/10.1186/s40510-016-0148-7
https://doi.org/10.1016/j.ridd.2022.104302
https://aasm.org/clinical-resources/scoring-manual/
https://aasm.org/clinical-resources/scoring-manual/


with sleep disordered breathing deficits (SDB). Brain and Cognition,

50(1), 145–149.
Antonarakis, S. E., Skotko, B. G., Rafii, M. S., Strydom, A., Pape, S. E.,

Bianchi, D. W., Sherman, S. L., & Reeves, R. H. (2020). Down syn-

drome. Nature Reviews. Disease Primers, 6(1), 9. https://doi.org/10.

1038/s41572-019-0143-7

Austeng, M. E., Overland, B., Kvaerner, K. J., Andersson, E. M.,

Axelsson, S., Abdelnoor, M., & Akre, H. (2014). Obstructive sleep

apnea in younger school children with Down syndrome. International

Journal of Pediatric Otorhinolaryngology, 78(7), 1026–1029. https://doi.
org/10.1016/j.ijporl.2014.03.030

Breslin, J., Spano, G., Bootzin, R., Anand, P., Nadel, L., & Edgin, J. (2014).

Obstructive sleep apnea Syndrome and cognition in Down syndrome.

Developmental Medicine and Child Neurology, 56(7), 657–664. https://
doi.org/10.1111/dmcn.12376

Bull, M. J., Trotter, T., Santoro, S. L., Christensen, C., Grout, R. W., COUN-

CIL ON GENETICS, Burke, L. W., Berry, S. A., Geleske, T. A., Holm, I.,

Hopkin, R. J., Introne, W. J., Lyons, M. J., Monteil, D. C., Scheuerle, A.,

Stoler, J. M., Vergano, S. A., Chen, E., Hamid, R., … Spire, P. (2022).

Health supervision for children and adolescents with Down syndrome.

Pediatrics, 149(5), e2022057010. https://doi.org/10.1542/peds.2022-

057010

Capone, G. T., Aidikoff, J. M., Taylor, K., & Rykiel, N. (2013). Adolescents

and young Adults with Down syndrome presenting to a medical clinic

with depression: Co-morbid obstructive sleep apnea. American Journal

of Medical Genetics. Part A, 161A(9), 2188–2196. https://doi.org/10.
1002/ajmg.a.36052

Capone, G. T., Chicoine, B., Bulova, P., Stephens, M., Hart, S., Crissman, B.,

Videlefsky, A., Myers, K., Roizen, N., Esbensen, A., Peterson, M.,

Santoro, S., Woodward, J., Martin, B., Smith, D., & Down Syndrome

Medical Interest Group DSMIG-USA Adult Health Care Workgroup.

(2018). Co-occurring medical conditions in adults with Down syn-

drome: A systematic review toward the development of health care

guidelines. American Journal of Medical Genetics. Part A, 176(1), 116–
133. https://doi.org/10.1002/ajmg.a.38512

Chen, C. C., Spano, G., & Edgin, J. O. (2013). The impact of sleep disruption

on executive function in Down syndrome. Research in Developmental Dis-

abilities, 34(6), 2033–2039. https://doi.org/10.1016/j.ridd.2013.03.009
Chervin, R. D., Hedger, K., Dillon, J. E., & Pituch, K. J. (2000). Pediatric

sleep questionnaire (PSQ): Validity and reliability of scales for sleep-

disordered breathing, snoring, sleepiness, and behavioral problems.

Sleep Medicine, 1(1), 21–32.
Chicoine, B., & McGuire, D. (2010). The guide to good health for teens &

adults with Down syndrome. Woodbine House.

de Graaf, G., Buckley, F., & Skotko, B. G. (2017). Estimation of the number

of people with Down syndrome in the United States. Genetics in Medi-

cine, 19(4), 439–447. https://doi.org/10.1038/gim.2016.127

de Graaf, G., Buckley, F., & Skotko, B. G. (2021). Estimation of the number

of people with Down Syndrome in Europe. European Journal of Human

Genetics, 29(3), 402–410. https://doi.org/10.1038/s41431-020-

00748-y

de Miguel-Diez, J., Villa-Asensi, J. R., & Alvarez-Sala, J. L. (2003). Preva-

lence of sleep-disordered breathing in children with Down syndrome:

Polygraphic findings in 108 children. Sleep, 26(8), 1006–1009.
Deeks, J. J. (2001). Systematic reviews of evaluations of diagnostic and

screening tests. British Medical Journal, 323(7305), 157–162.
Elsharkawi, I., Gozal, D., Macklin, E. A., Voelz, L., Weintraub, G., &

Skotko, B. G. (2017). Urinary biomarkers and obstructive sleep apnea

in patients with Down syndrome. Sleep Medicine, 34, 84–89. https://
doi.org/10.1016/j.sleep.2017.02.005

GBD 2017 Disease and Injury Incidence and Prevalence Collaborators.

(2018). Global, regional, and National Incidence, prevalence, and years

lived with disability for 354 diseases and injuries for 195 countries and

territories, 1990-2017: A systematic analysis for the Global Burden of

Disease Study 2017. Lancet (London, England), 392(10159), 1789–
1858. https://doi.org/10.1016/S0140-6736(18)32279-7

Giménez, S., Videla, L., Romero, S., Benejam, B., Clos, S., Fernández, S.,

Martínez, M., Carmona-Iragui, M., Antonijoan, R. M., Mayos, M.,

Fortuna, A., Peñacoba, P., Plaza, V., Osorio, R. S., Sharma, R. A.,

Bardés, I., Rebillat, A.-S., Lle�o, A., Blesa, R., … Fortea, J. (2018). Preva-

lence of sleep disorders in adults with Down syndrome: A comparative

study of self-reported, actigraphic, and polysomnographic findings.

Journal of Clinical Sleep Medicine, 14(10), 1725–1733. https://doi.org/
10.5664/jcsm.7382

Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., & Conde, J. G.

(2009). Research Electronic Data Capture (REDCap)--A metadata-

driven methodology and workflow process for providing translational

research informatics support. Journal of Biomedical Informatics, 42(2),

377–381. https://doi.org/10.1016/j.jbi.2008.08.010
Harris, P. A., Taylor, R., Minor, B. L., Elliott, V., Fernandez, M., O'Neal, L.,

McLeod, L., Delacqua, G., Delacqua, F., Kirby, J., Duda, S. N., & RED-

Cap Consortium. (2019). The REDCap Consortium: Building an Inter-

national Community of Software Platform Partners. Journal of

Biomedical Informatics, 95, 103208. https://doi.org/10.1016/j.jbi.

2019.103208

Jayaratne, Y. S. N., Elsharkawi, I., Macklin, E. A., Voelz, L., Weintraub, G.,

Rosen, D., & Skotko, B. G. (2017). The facial morphology in Down syn-

drome: A 3D comparison of patients with and without obstructive

sleep apnea. American Journal of Medical Genetics. Part A, 173(11),

3013–3021. https://doi.org/10.1002/ajmg.a.38399

Jensen, K. M., Taylor, L. C., & Davis, M. M. (2012). Primary care for adults

with Down syndrome: Adherence to preventive healthcare recom-

mendations. Journal of Intellectual Disability Research, 57, 409–421.
https://doi.org/10.1111/j.1365-2788.2012.01545.x

Jensen, K. M., & Bulova, P. D. (2014). Managing the Care of Adults with

Down's Syndrome. BMJ (Clinical Research Ed.), 349, g5596. https://doi.

org/10.1136/bmj.g5596

Jheeta, S., McGowan, M., & Hadjikoumi, I. (2013). Is oximetry an effective

screening tool for obstructive sleep Apnoea in children with Down

syndrome? Archives of Disease in Childhood, 98(2), 302932. Epub 2012

Dec 14. https://doi.org/10.1136/archdischild-2012-302932

Lumeng, J. C., & Chervin, R. D. (2008). Epidemiology of pediatric obstruc-

tive sleep apnea. Proceedings of the American Thoracic Society, 5(2),

242–252. https://doi.org/10.1513/pats.200708-135MG

Marcus, C. L., Keens, T. G., Bautista, D. B., von Pechmann, W. S., &

Ward, S. L. (1991). Obstructive sleep apnea in children with Down

syndrome. Pediatrics, 88(1), 132–139.
McGuire, D., & Chicoine, B. (2021). Mental wellness in adults with Down

syndrome: A guide to emotional and behavioral strengths and challenges

(2nd ed.). Woodbine House.

Ng, D. K., Hui, H. N., Chan, C. H., Kwok, K. L., Chow, P. Y.,

Cheung, J. M., & Leung, S. Y. (2006). Obstructive sleep Apnoea in chil-

dren with Down syndrome. Singapore Medical Journal, 47(9), 774–779.
Owens, J. A., Spirito, A., & McGuinn, M. (2000). The Children's sleep habits

questionnaire (CSHQ): Psychometric properties of a survey instrument

for school-aged children. Sleep, 23(8), 1043–1051.
Shires, C. B., Anold, S. L., Schoumacher, R. A., Dehoff, G. W.,

Donepudi, S. K., & Stocks, R. M. (2010). Body mass index as an indica-

tor of obstructive sleep apnea in pediatric Down syndrome. Interna-

tional Journal of Pediatric Otorhinolaryngology, 74(7), 768–772. https://
doi.org/10.1016/j.ijporl.2010.03.050

Shott, S. R. (2006). Down syndrome: Common otolaryngologic manifesta-

tions. American Journal of Medical Genetics. Part C, Seminars in Medical

Genetics, 142C(3), 131–140. https://doi.org/10.1002/ajmg.c.30095

Skotko, B. G., Macklin, E. A., Muselli, M., Voelz, L., McDonough, M. E.,

Davidson, E., Allareddy, V., Jayaratne, Y. S. N., Bruun, R., Ching, N.,

Weintraub, G., Gozal, D., & Rosen, D. (2017). A predictive model for

obstructive sleep apnea and Down syndrome. American Journal of

SKOTKO ET AL. 7

 15524833, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajm

g.a.63055 by H
arvard U

niversity H
arvard L

ib, W
iley O

nline L
ibrary on [06/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41572-019-0143-7
https://doi.org/10.1038/s41572-019-0143-7
https://doi.org/10.1016/j.ijporl.2014.03.030
https://doi.org/10.1016/j.ijporl.2014.03.030
https://doi.org/10.1111/dmcn.12376
https://doi.org/10.1111/dmcn.12376
https://doi.org/10.1542/peds.2022-057010
https://doi.org/10.1542/peds.2022-057010
https://doi.org/10.1002/ajmg.a.36052
https://doi.org/10.1002/ajmg.a.36052
https://doi.org/10.1002/ajmg.a.38512
https://doi.org/10.1016/j.ridd.2013.03.009
https://doi.org/10.1038/gim.2016.127
https://doi.org/10.1038/s41431-020-00748-y
https://doi.org/10.1038/s41431-020-00748-y
https://doi.org/10.1016/j.sleep.2017.02.005
https://doi.org/10.1016/j.sleep.2017.02.005
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.5664/jcsm.7382
https://doi.org/10.5664/jcsm.7382
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1002/ajmg.a.38399
https://doi.org/10.1111/j.1365-2788.2012.01545.x
https://doi.org/10.1136/bmj.g5596
https://doi.org/10.1136/bmj.g5596
https://doi.org/10.1136/archdischild-2012-302932
https://doi.org/10.1513/pats.200708-135MG
https://doi.org/10.1016/j.ijporl.2010.03.050
https://doi.org/10.1016/j.ijporl.2010.03.050
https://doi.org/10.1002/ajmg.c.30095


Medical Genetics. Part A, 173(4), 889–896. https://doi.org/10.1002/
ajmg.a.38137

Stores, R. J., & Stores, G. (2014). The significance of aspects of screening

for obstructive sleep apnoea in children with Down syndrome. Journal

of Intellectual Disability Research, 58(4), 381–392. https://doi.org/10.
1111/jir.12033

Tsou, A. Y., Bulova, P., Capone, G., Chicoine, B., Gelaro, B., Harville, T. O.,

Martin, B. A., McGuire, D. E., McKelvey, K. D., Peterson, M., Tyler, C.,

Wells, M., Whitten, M. S., & Global Down Syndrome Foundation Med-

ical Care Guidelines for Adults with Down Syndrome Workgroup.

(2020). Medical care of adults with Down syndrome: A clinical guide-

line. JAMA, 324(15), 1543–1556. https://doi.org/10.1001/jama.2020.

17024

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Skotko, B. G., Garza Flores, A.,

Elsharkawi, I., Patsiogiannis, V., McDonough, M. E., Verda, D.,

Muselli, M., Hornero, R., Gozal, D., & Macklin, E. A. (2022).

Validation of a predictive model for obstructive sleep apnea in

people with Down syndrome. American Journal of Medical

Genetics Part A, 1–8. https://doi.org/10.1002/ajmg.a.63055

8 SKOTKO ET AL.

 15524833, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajm

g.a.63055 by H
arvard U

niversity H
arvard L

ib, W
iley O

nline L
ibrary on [06/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ajmg.a.38137
https://doi.org/10.1002/ajmg.a.38137
https://doi.org/10.1111/jir.12033
https://doi.org/10.1111/jir.12033
https://doi.org/10.1001/jama.2020.17024
https://doi.org/10.1001/jama.2020.17024
https://doi.org/10.1002/ajmg.a.63055

	Validation of a predictive model for obstructive sleep apnea in people with Down syndrome
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Participants
	2.2  Study procedures
	2.3  Statistical analyses

	3  RESULTS
	3.1  Participants
	3.2  Predictive model

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


