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Abstract
Study Objectives:  Infants represent an understudied minority in sleep-disordered breathing (SDB) research and yet the disease can have 
a significant impact on health over the formative years of neurocognitive development that follow. Herein we report data on SDB in this 
population using a big data approach.

Methods:  Data were abstracted using the Cerner Health Facts database. Demographics, sleep diagnoses, comorbid medication conditions, 
healthcare utilization, and economic outcomes are reported.

Results:  In a cohort of 68.7 million unique patients, over a 9-year period, there were 9,773 infants and young children with a diagnosis of 
SDB (obstructive sleep apnea [OSA], nonobstructive sleep apnea, and “other” sleep apnea) who met inclusion criteria, encompassing 17,574 
encounters, and a total of 27,290 diagnoses across 62 U.S. health systems, 172 facilities, and 3 patient encounter types (inpatient, clinic, and 
outpatient). Thirty-nine percent were female. Thirty-nine percent were ≤1 year of age (6,429 infants), 50% were 1–2 years of age, and 11% were 
2 years of age. The most common comorbid diagnoses were micrognathia, congenital airway abnormalities, gastroesophageal reflux, chronic 
tonsillitis/adenoiditis, and anomalies of the respiratory system. Payor mix was dominated by government-funded entities.

Conclusions:  We have used a novel resource, large-scale aggregate, de-identified EHR data, to examine SDB. In this population, SDB is 
multifactorial, closely linked to comorbid medical conditions and may contribute to a significant burden of healthcare costs. Further research 
focusing on infants at highest risk for SDB can help target resources and facilitate personalized management.
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Statement of Significance 
There is limited research on sleep-disordered breathing (SDB) in infants and young children. We have used big data methodology to de-
termine clinical demographics and comorbidities for this under studied cohort. Our findings replicate what is known about SDB in this 
population. Further research in infants and young children at highest risk for disease will be helpful in better understanding long-term 
outcomes of SDB in this age group and develop treatment guidelines.
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Introduction

Although sleep-related breathing disorders are frequently en-
countered in infants seen in clinical practice, information re-
garding the prevalence of obstructive sleep apnea (OSA) in 
infants is limited. Snoring is present in 11.8%–26% of infants, 
but less than 10% of snoring infants have OSA [1, 2]. Untreated 
OSA is associated with neurodevelopmental and cognitive dys-
function in older children; however, the long-term outcomes of 
infant sleep-related breathing disorders are largely unknown 
[3–5]. The etiology of sleep-disordered breathing (SDB) in in-
fants is multifactorial and pathophysiology is unique from older 
children and adults [6]. Standardized diagnostic and treatment 
algorithms are lacking, a hinderance to care for these infants. 
Clinical examination alone or questionnaires are not reliable 
in predicting OSA [7, 8]. In infants specifically, there is signifi-
cant overlap in symptoms of SDB in those with and without 
OSA. Moreover, children under 2  years of age are at a higher 
risk of upper airway obstruction (contributing to OSA) and are 
often symptomatic while awake [9]. Polysomnography (PSG) 
is the gold standard test to evaluate for OSA but is underutil-
ized in infants due to need for specialty centers and support. 
Additionally, there is very limited literature regarding PSG data 
in normal healthy infants especially in young neonates. This 
lack of data makes it challenging to interpret and quantify ab-
normal PSG reports. The gaps in currently available literature are 
(1) limited understanding of the evolution of SDB during infancy 
and beyond, (2) paucity of centers performing infant PSGs and 
therefore available literature generated based on information 
from select centers, and (3) management of infant OSA based 
on extrapolation of available literature from older children, po-
tentially increasing the risk of providing inappropriate therapy 
to this understudied and underserved population with SDB. 
These gaps also make this population an ideal focus of data 
science. There has been increasing interest in the interplay of 
big data methodology within sleep medicine [10]. To this effect, 

the National Sleep Research Resource was developed as a com-
prehensive data sharing warehouse to facilitate sleep research 
[11]. However, it only includes NIH-funded prospective studies, 
of which only three include children, and none of which include 
those under 2 years of age. Electronic health records are near-
universally used across the United States and have a pivotal role 
within sleep research. Cerner Health Facts (HF) is a de-identified 
electronic health record system encompassing data from over 
600 participating Cerner client facilities within the United 
States, representing over 68 million unique patients. There is no 
literature reporting the use of HF for sleep research. The goals 
of this study were to determine the association between SDB 
in infants and young children and comorbid medical disorders, 
characterize the patterns of healthcare utilization, and explore 
economic outcomes in this population to better understand 
these relationships and determine priorities for future research 
focusing on precision medicine in infant SDB. We hypothesized 
that big data methodology is an effective tool to determine clin-
ical comorbidities associated with infant OSA.

Methods
Data were abstracted using the HF database (Cerner Corporation, 
Kansas City, MO). Data available in HF include information on pa-
tient demographics, diagnoses, medication orders, procedures, 
and laboratory tests, and details about the type of treatment set-
ting. The institutional review board at Children’s Mercy-Kansas 
City has deemed research with HF to be nonhuman subjects’ 
research.

Three SDB diagnosis cohorts were defined based on 
International Statistical Classification of Diseases and Related 
Health Problems (ICD) 9/10 diagnosis codes defined as pheno-
types in the online PheWAS mappings (Table 1) using previously 
described methodology [12, 13]. Health Facts records demo-
graphic data by encounter, and therefore patient demographic 

Table 1.  Diagnosis cohorts defined by sleep apnea phenotypes

Diagnosis cohort Type Code Description

Obstructive sleep apnea (PheCode 327.32) ICD10-CM G47.33 Obstructive sleep apnea (adult) (pediatric)
ICD9 327.23 Obstructive sleep apnea (adult) (pediatric)

Nonobstructive sleep apnea  
(PheCode 327.31)

ICD10-CM G47.31 Primary central sleep apnea
ICD10-CM G47.34 Idiopathic sleep-related nonobstructive alveolar hypoventilation
ICD10-CM G47.36 Sleep-related hypoventilation in conditions classified elsewhere
ICD10-CM G47.37 Central sleep apnea in conditions classified elsewhere
ICD9 327.21 Primary central sleep apnea
ICD9 327.24 Idiopathic sleep-related nonobstructive alveolar hypoventilation
ICD9 327.26 Sleep-related hypoventilation/hypoxemia in  

conditions classifiable elsewhere
ICD9 327.27 Central sleep apnea in conditions classified elsewhere

(Other) sleep apnea (PheCode 327.3) ICD10-CM G47.3 Sleep apnea
ICD10-CM G47.30 Sleep apnea, unspecified
ICD10-CM G47.39 Other sleep apnea
ICD9 327.2 Organic sleep apnea
ICD9 327.20 Organic sleep apnea, unspecified
ICD9 327.29 Other organic sleep apnea
ICD9 780.51 Insomnia with sleep apnea, unspecified
ICD9 780.53 Hypersomnia with sleep apnea, unspecified
ICD9 780.57 Unspecified sleep apnea

Diagnosis codes for the cohorts are based on International Statistical Classification of Diseases and Related Health Problems (ICD) 9/10 diagnosis codes defined as 

phenotypes in the online Phenome-Wide Association Studies (PheWAS) database as PheCodes (https://phewascatalog.org/phecodes and https://phewascatalog.org/

phecodes_icd10cm). Note, not all ICD 9/10 codes in Health Facts have mappings to PheCodes.
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information can vary between encounters. A patient’s first en-
counter with a sleep apnea diagnosis was treated as an index 
visit to simplify reporting on a patient basis. A separate cohort 
based on Current Procedural Terminology, 4th Edition (CPT4) 
sleep procedures involving PSG was also queried (Table 2).

HF data were extracted for the combined diagnosis-based 
cohorts using a process outlined in Figure 1. Inclusion criteria 
were: age from 0 to 24  months (with ages 0–12  months de-
fined as infants and those aged >12 to ≤24  months as young 
children), cared for between the years 2009 and 2017 in ei-
ther the inpatient, outpatient, or clinic setting (defined as pa-
tient encounter types for this manuscript). We focused on this 
age group for multiple reasons. SDB in children under 2 years 
of age is typically managed differently from older children [9]. 
This group is at particular risk of respiratory complications 
from SDB as well as adverse events from OSA surgery such as 

adenotonsillectomy. Additionally, management options are not 
a straightforward and limited guidance exists in the literature. 
PSG procedure codes were also queried. Of note, the inclusion 
of procedure codes has only been present within HF since 2013; 
therefore, procedure data were limited to the years 2013–2017. 
Encounters were restricted to those with a diagnosis priority ≤ 
5 (sleep apnea diagnosis to be present within the top 5 diag-
noses for that encounter), which excluded about 17% of the en-
counters with complex conditions, reducing “noise” in the data. 
Priorities ranged from 1 to 108 for sleep apnea diagnoses (in HF 
there can be multiple diagnoses with the same priority).

The combined cohort was split into individual SDB cohorts 
in the study of comorbidities. Cohort demographics were ana-
lyzed, including interrelationships among the cohorts. The diag-
nosis codes for all encounters in the base population (inclusive 
of all children within our age group of interest but without sleep 
apnea diagnoses) from Figure 1 were extracted as the basis for 
the comorbidity analysis. We used the phenotype codes defined 
by Denny et al. [12] and Wu et al. [13] simplify the ICD code ana-
lysis by collapsing the over 27,000 diagnosis codes into less than 
2,000 phenotype codes (which generally aggregate to body sys-
tems and organs). The use of phenotype codes provides a good 
first approach to aggregate comorbidities when no other infor-
mation is available [14, 15]. We used UpSet plots [16] to depict 
our results. Multidimensional Venn diagrams can be difficult to 
draw and interpret. UpSet plots provide a better way to display 
and interpret set intersections when working with multiple di-
mensions. The horizontal bars in an UpSet plot are the initial 
sets, like the circles in a Venn diagram. The vertical bars show the 
unique combinations of contributions from the original sets (the 
overlapping areas in a Venn diagram), where the unique combin-
ations are indicated by the filled-in circles. The sum of the counts 
from the vertical bars gives the number from all the sets.

A ratio of cohort prevalence to base population prevalence 
revealed comorbidities for phenotypes associated with each 
sleep apnea cohort. We used a version of Health Facts hosted on 
Microsoft (Redmond, WA) Azure. Analysis processing was per-
formed using R Studio version 1.2.5033 with R version 3.6.0 [17,18].

The prevalence ratio (Figure 2) is a measure of the strength 
of the association between the cohort and base population for 
a given phenotype. This ratio will be 1.0 if the prevalence is the 
same in both populations. The ratio will be greater than 1.0 when 
the cohort prevalence is greater than base population prevalence, 
or less than 1.0 when the cohort prevalence is lower than the base 
population [19]. These may be easier to interpret than odds ratios 
[20]. Prevalence ratio confidence intervals were computed from 
1,000 nonparametric bootstrap samples of the 6 million encoun-
ters in the base population for each of the sleep apnea cohorts 
(obstructive, nonobstructive, other) [21]. The encounters only 
with the specific cohort of interest were identified in each boot-
strap sample. Prevalence ratios were computed for each pheno-
type present as shown by the formula in Figure 2. A phenotype’s 
95% confidence interval was computed from the range of the 2.5% 
and 97.5% quantiles of the 1,000 bootstrap prevalence ratios.

For comorbidity analysis each of the sleep apnea cohorts was 
adjusted to include only specific diagnoses. That is, encounters 
in the adjusted OSA cohort were excluded if they also reported 
nonobstructive or other sleep apnea. The goal was to make the 
adjusted cohort “pure” with only the diagnoses of interest. With 
multiple encounters per patient it was possible to have the other 
cohort diagnoses as comorbidities.

Table 2.  Sleep procedures (polysomnography) as defined by CPT4 
codes

CPT4 code Description

95782 Polysomnography: younger than 6 years, sleep  
staging with four or more additional parameters 
of sleep, attended by a technologist

95807 Sleep study, simultaneous recording of ventilation, 
respiratory effort, ECG or heart rate, and oxygen 
saturation, attended by a technologist

95808 Polysomnography: sleep staging with 1–3  
additional parameters of sleep, attended by a  
technologist

95810 Polysomnography: sleep staging with four or more 
additional parameters of sleep, attended by a 
technologist

CPT4: Current Procedural Terminology, 4th Edition code for polysomnography.

Figure 1.  Data flow for selection of sleep apnea cohort from Cerner Health Facts 

database. This figure summarizes the HF database dataflow used for deriving the 

sleep apnea cohort. Inclusion and exclusion criteria have been labeled as “fil-

ters.” Technical exclusions: encounters mapped to by multiple unique patients. 

Diagnosis priority ≤ 5: sleep apnea diagnosis to be present within the top 5 diag-

noses for that encounter. ICD9 and ICD10 codes have been presented in Table 1 

of the manuscript.
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Results

Patient demographics

In a base population of approximately 2 million infants and 
young children, 9,773 patients across 172 facilities were included. 
In the 9,773 index patients, 3,807 (39.0%) were female, 5,962 
(61.0%) were male. The gender for four patients is not known.

Thirty-nine percent were ≤1 year of age (6,429 infants), 50% 
were 1–2  years of age, and 11% were 2  years of age. The race 
breakdown was White (Cerner uses the term Caucasian) (4,474, 
46%), African American (2,361, 24%), Hispanic (233, 2.4%), Biracial 
(181, 1.9%), Asian (94, 1.0%), Pacific Islander (90, 0.9%), and Native 
American (62, 0.6%). The race for the remaining 2,278 (23.3%) are 
not known. The breakdown of index patients by U.S. Census re-
gion was as follows: Midwest (3,197, 32.7%), South (3,164, 32.4%), 
West (2,101, 21.5%), and Northeast (1,311, 13.4%).

Cohorts

Of the 9,773 patients included in the study, 7,328 had a diag-
nosis of OSA, 3,337 had “other” sleep apnea, and 1,164 had 
nonobstructive sleep apnea (Table  3). Of note, each patient 
on average has about 1.8 encounters with multiple diagnoses 
possibly at different facilities, which complicates column to-
tals without separate database queries. Furthermore, these pa-
tients belonged to unique combinations of cohorts which are 
represented in an UpSet plot [16] (Supplementary Figure 1). 
Seventeen facilities performed the infant/toddler sleep proced-
ures (PSG) and reported the three types of sleep apnea diagnoses 
(Supplementary Figure 2). The remaining facilities reported 
various combinations of sleep apnea diagnoses but no proced-
ures. Nine out of 17 facilities reporting sleep procedures were at 
putative pediatric facilities, defined by a mean encounter age 
<21 years (Supplementary Figure 3). For HF facilities reporting 
diagnoses and procedures related to sleep disorder encounters 
in this study, most reported both diagnoses and procedures 
(98% of adult facilities and 93% of pediatric facilities), but for the 
specific sleep disorders in this study 68% of pediatric facilities 

reported only diagnoses without procedures. For adult facilities, 
94% reported only sleep diagnoses without procedures (Table 4).

Patient types

Patients in the cohort were seen across three settings 
encompassing patient care (“patient-type” designation: in-
patient, outpatient, and clinic) (Figure 3). The outpatient group 
was the largest in each of the cohorts. Only 22 patients were 
seen for OSA with all three patient-type designations. No patient 
was reported with all three patient types in the other cohorts.

Comorbidities

Summary of base population comorbidities
The prevalence of OSA, nonobstructive sleep apnea, and “other” 
sleep apnea in the base population was approximately 0.4%, 
0.1%, and 0.2%, respectively.

Cohort comorbidities
The top 30 of 919 comorbidities based on prevalence in the OSA 
cohort are shown in Table 5, which shows prevalence ratios com-
paring the prevalence of a phenotype in the cohort to the preva-
lence in the base population. Similar results for nonobstructive 
and “other” apnea are shown in Tables  6 and 7. Because OSA 
comorbidities over infancy may vary according to age, we 
have also reported comorbidities across subgroups within the 
0–24 months age (Table 8).

Prevalence ratio
Table 5 show phenotypes that are 10 times or more prevalent (an 
order of magnitude) in the OSA cohort when compared to the base 
population. OSA comorbidities with the highest prevalence ratios 
in this table include: (1) chronic tonsillitis and adenoiditis (ratio 
36.0); (2) anomalies of jaw size/symmetry (ratio 27.9); (3) anom-
alies of the respiratory system (ratio 14.6); (4) dependence on a res-
pirator (ventilator) (ratio 11.8); (5) other diseases of the lung (ratio 
11.6); and (6) chromosomal anomalies. Here is an example of com-
puting prevalence ratio for the chronic tonsillitis and adenoiditis 
phenotype in Table 5, using the formula from Figure 2.

	

Prevalence ratio = (1, 499/6, 950)/(12, 281/2, 048, 911)

= 21.57%/0.60% = 36.0 �

This phenotype is 36 times more prevalent in the cohort than 
the base population. Prevalence ratios for nonobstructive sleep 
apnea and other sleep apnea have been provided in Tables 6 and 7,  
respectively.

Figure 4 shows that the log2 prevalence ratios in the OSA co-
hort are normally distributed (919 total comorbidities, only 30 
shown in Table 5). Therefore, with a mean of 0.33 and SD of 1.85, 
comorbidities with log2 prevalence ratios of 0.33 + 1.85 = 2.18 or 
more can be considered “high” and clinically correlated for med-
ical significance. In Table 5, we have highlighted comorbidities 
with a prevalence 10 times that in the general population (cor-
responding to a log2 prevalence ratio of 3.3).

Payor mix and total charges

HF reports more than two dozen payor categories (listed below), 
which were recoded into five: Commercial, Government, Other, 
Self-Pay, Unknown.

Figure 2.  Calculation of the prevalence ratio for comorbidities. The cohort is a 

subset of the base population and contains all the patients with the phenotype 

(comorbidity) of interest. The base population is all children ≤ 2 years (~2 mil-

lion). Definitions—a: patient count with phenotype (comorbidity) present in base 

population; b: patient count with phenotype (comorbidity) absent in base popu-

lation; c: patient count with comorbidity present in cohort patients; d: patient 

count with comorbidity absent in cohort patients.
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Payor information in HF is reported with most encounters. In 
our study 51.4% of “other” sleep apnea encounters received gov-
ernment funding, while 66.1% of nonobstructive apnea encoun-
ters did. Self-pay was low ranging from 0.85% for nonobstructive 
to 1.74% for “other” apnea (Figure 5).

Fewer than 20% of HF encounters report “total charges” 
(Figure  6). No additional breakdown is available regardless 

of the length-of-stay or complexity of cases, which explains 
the large variability in the data. Range values may not be re-
liable, but median total charges can be useful, especially after 
filtering for various factors (e.g. length-of-stay, multiple pro-
cedures, or diagnoses). Median total charges for sleep dis-
order encounters for a commercial payor ranged from $47.5K 
for OSA to $64.6K for nonobstructive sleep apnea. Total 

Table 3.  Health Facts query result summary for sleep cohort (including procedures)

Type PheCode Cohort Encounters Patients Facilities

Diagnosis 327.32 Obstructive sleep apnea 12,758 7,328 136
 327.31 Nonobstructive sleep apnea 2,001 1,164 64

327.3 (Other) sleep apnea 4,201 3,337 131
 Sleep apnea cohort 17,574 9,773 172

Procedure N/A Sleep procedures 812 727 17
All  Sleep cohort 17,672 9,840 172

The total number of patients, encounters, and facilities with the three sleep apnea diagnoses and polysomnography (procedures) in our cohorts.

Table 4.  Facility differences in reporting sleep apnea diagnoses and procedures in Health Facts

Category Facilities Diagnoses only Diagnoses and procedures Sleep diagnoses only Sleep diagnoses and procedures

Sleep facilities 172 2.9% 97.1% 90.1% 9.9%
Sleep adult facilities 144 2.1% 97.9% 94.4% 5.6%
Sleep pediatric facilities 28 7.1% 92.9% 67.9% 32.1%

Distribution of HF facilities reporting sleep apnea diagnoses and polysomnography procedures.

Figure 3.  UpSet plots of sleep apnea cohort and sleep procedures. UpSet plot depicting breakdown of patient counts by patient type for each of the three sleep apnea 

diagnosis cohorts and the sleep procedure cohort. (A) Obstructive sleep apnea; (B) nonobstructive sleep apnea; (C) (Other) sleep apnea; (D) sleep procedures. The hori-

zontal bars reflect patient counts in initial cohorts, which can include duplicate counts for the same patient. The vertical bars show unique counts of patients for the 

various patient-type combinations. Some facilities used “clinic” as a designation instead of “outpatient.” Although these patient types can be combined, sometimes 

there are differences observed between them.
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charges paid by government were more variable than other 
payor types.

Classification of Health Fact payors:

•	 Commercial (Blue Cross/Blue Shield, Commercial/Indemnity 
Insurance, Other Commercial Payer)

•	 Government (CHAMPUS, Government, Medicaid, Medicated 
Managed Care, Medicare Psychiatric, Medicare Rehab. Other 
Government, Title V)

•	 Other (Free Research, HMO/Managed Cared, International 
Patient, Managed Care, MIA, Other, Other Non-Govt PPO, 
Worker’s Compensation)

•	 Self-Pay (Self-Insured, Self-Pay)
•	 Unknown (Not Mapped, NULL, Unknown/Missing/Invalid)

Discussion
Using a big data approach on this understudied population 
within sleep research, we confirmed that SDB in infants and 

young children is multifactorial and closely linked to comorbid 
medical conditions. Additionally, this is the first study to report 
use of big data in this age group and to demonstrate the utility of 
the large-scale de-identified EHR data in sleep research in gen-
eral. The use of this resource required the application of data 
science visualization methods including UpSet graphs to under-
stand complex overlapping groups. Likewise, at the scale of data 
available through HF, we applied a prevalence ratio method to 
evaluate the changes in frequencies of comorbidities. This is 
novel as comorbidities with the highest prevalence ratios were 
also those that are known risk factors for OSA in this age group. 
This method has potential for future research as it may account 
for some of the complex factors, including contributing site het-
erogeneity, that can influence the data and make it difficult to 
apply traditional statistical methods [14].

While some of the clinical comorbidities encountered in 
our data set are not surprising, there are others that are less 
well-known in the medical literature. Chronic tonsillitis and 
adenoiditis were prevalent in 21% of our OSA cohort compared 

Table 5.  “Top 30” obstructive sleep apnea comorbidities

Cohort  
prevalence 
rank PheCode Phenotype

Cohort 
patients

Cohort 
prevalence

Base 
patients

Base 
prevalence

Prevalence 
ratio

95% confidence 
interval

1 474.2 Chronic tonsillitis and adenoiditis 1,499 21.57% 12,281 0.60% 36.0 36.0, 38.3
2 530.11 GERD 984 14.16% 78,168 3.82% 3.7 3.6, 3.9
3 512.9 Other dyspnea 824 11.86% 31,015 1.51% 7.8 7.8, 8.5
4 748 Anomalies of respiratory system, congenital 814 11.71% 16,406 0.80% 14.6 13.9, 15.1
5 479 Other upper respiratory disease 574 8.26% 47,380 2.31% 3.6 3.5, 3.9
6 495 Asthma 555 7.99% 38,256 1.87% 4.3 4.0, 4.5
7 1013 Asphyxia and hypoxemia 534 7.68% 28,353 1.38% 5.6 5.8, 6.4
8 758.1 Chromosomal anomalies 491 7.06% 12,691 0.62% 11.4 10.7, 11.8
9 1002 Symptoms concerning nutrition, metabolism, 

and development
488 7.02% 74,188 3.62% 1.9 1.8, 2.0

10 532 Dysphagia 426 6.13% 21,070 1.03% 6.0 5.6, 6.3
11 381.1 Otitis media 422 6.07% 43,900 2.14% 2.8 2.6, 3.0
12 656.2 Respiratory conditions of fetus and newborn 408 5.87% 63,808 3.11% 1.9 2.0, 2.2
13 381.11 Suppurative and unspecified otitis media 372 5.35% 133,256 6.50% 0.8 0.7, 0.8
14 510 Other diseases of lung 358 5.15% 9,096 0.44% 11.6 11.5, 12.9
15 747.11 Cardiac shunt/heart septal defect 331 4.76% 63,130 3.08% 1.5 1.4, 1.6
16 315 Developmental delays and disorders 311 4.47% 22,511 1.10% 4.1 3.6, 4.2
17 264.2 Failure to thrive (childhood) 305 4.39% 44,328 2.16% 2.0 1.9, 2.1
18 381.2 Eustachian tube disorders 265 3.81% 15,084 0.74% 5.2 4.6, 5.4
19 509.1 Respiratory failure 252 3.63% 16,635 0.81% 4.5 4.2, 5.0
20 1010 Other tests 240 3.45% 572,831 27.96% 0.1 0.1, 0.1
21 749.1 Cleft palate 240 3.45% 7,184 0.35% 9.8 8.8, 10.1
22 509.8 Dependence on respirator (ventilator) or  

supplemental oxygen
230 3.31% 5,741 0.28% 11.8 11.1, 13.0

23 637 Short gestation; low birth weight; and fetal 
growth retardation

230 3.31% 171,524 8.37% 0.4 0.4, 0.5

24 465 Acute upper respiratory infections of  
multiple or unspecified sites

228 3.28% 172,551 8.42% 0.4 0.3, 0.4

25 749.2 Congenital anomalies of skull and face bones 213 3.06% 23,290 1.14% 2.7 2.6, 3.1
26 512.8 Cough 201 2.89% 103,859 5.07% 0.6 0.5, 0.6
27 526.3 Anomalies of jaw size/symmetry 201 2.89% 2,127 0.10% 27.9 27.7, 32.4
28 264.9 Lack of normal physiological development, 

unspecified
189 2.72% 20,600 1.01% 2.7 2.4, 2.9

29 483 Acute bronchitis and bronchiolitis 183 2.63% 110,413 5.39% 0.5 0.4, 0.5
30 079 Viral infection 179 2.58% 80,373 3.92% 0.7 0.6, 0.7

Phenotype comparisons between cohort and base populations are depicted using a prevalence ratio. Larger values of prevalence ratio for a phenotype suggest higher 

association with the obstructive sleep apnea cohort. Highlighted prevalence ratios show phenotypes that are 10 times or more prevalent in the cohort than the base 

population. Here the cohort has been reduced to patients reporting only obstructive sleep apnea diagnosis in an encounter, and not combined with the other sleep 

apnea diagnoses in the same encounter. “Unknown” comorbidities (ICD 9/10 comorbidities not mapped to phenotype codes) were excluded. For example, the preva-

lence ratio for chronic tonsillitis and adenoiditis phenotype, is 36 times more prevalent in the cohort than the base population: Prevalence ratio = (1,499/6,950)/(12,28

1/2,048,911) = 21.568%/0.599% = 36.0.
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to 0.6% of the base population within this age group (prevalence 
ratio of 36%). Adenotonsillar hypertrophy is a well-known risk 
factor for OSA in older children, although few studies also report 
that it can be prevalent as early as infancy [22, 23]. About 2.9% of 
our cohort had a diagnosis of jaw abnormality compared to 0.1% 
in the general population within this age group. This phenotype 
had second largest prevalence ratio (27.9) but was not present in 
the nonobstructive sleep apnea or “other “sleep apnea cohorts, 
which is not unexpected as micrognathia is a known risk factor 
for OSA in infants particularly in those with a cleft palate [24]. 
Congenital anomalies of the respiratory system were prevalent 
in 11% of the OSA cohort compared to 0.8% of the base popu-
lation. We know from retrospective clinical research that con-
genital soft tissue airway abnormalities or bone abnormalities 
involving the face also predispose to OSA. Laryngomalacia is 

one of the leading causes of stridor, upper airway obstruction, 
and therefore OSA, in infants. Other airway abnormalities such 
as subglottic stenosis or tracheomalacia are often present as 
well [25–27]. Prevalence ratios for “dependence on respirator/
ventilator” and “other diseases of the lung” also ranked high 
for prevalence ratios of 11% each. This is very interesting and 
suggests that infants and young children with chronic lung 
conditions may be predisposed to OSA. It also may reflect treat-
ment strategies, which often include mechanical ventilation in 
this age group. A  diagnosis of otitis media was also prevalent 
within our cohort. There are a handful of studies suggesting a 
high prevalence of middle ear effusion and otitis media in in-
fants with OSA (particularly those with Down syndrome) [28, 29].

Chromosomal abnormalities consistently scored high on 
prevalence ratio in all three cohorts with a higher prevalence 

Table 6.  “Top 30” nonobstructive sleep apnea comorbidities

Cohort 
prevalence  
rank PheCode Phenotype

Cohort 
patients

Cohort 
prevalence

Base 
patients

Base 
prevalence

Prevalence 
ratio

95% confidence 
interval

1 530.11 GERD 180 23.747% 78,168 3.815% 6.2 5.7, 6.9
2 656.2 Respiratory conditions of fetus  

and newborn
133 17.546% 63,808 3.114% 5.6 5.5, 6.8

3 510 Other diseases of lung 132 17.414% 9,096 0.444% 39.2 36.0, 44.7
4 748 Anomalies of respiratory system,  

congenital
89 11.741% 16,406 0.801% 14.7 12.6, 16.5

5 327.32 Obstructive sleep apnea 87 11.478% 7,962 0.389% 29.5 24.2, 32.3
6 532 Dysphagia 81 10.686% 21,070 1.028% 10.4 8.5, 11.4
7 509.8 Dependence on respirator  

(ventilator) or supplemental oxygen
76 10.026% 5,741 0.280% 35.8 31.2, 41.4

8 747.11 Cardiac shunt/heart septal defect 73 9.631% 63,130 3.081% 3.1 2.7, 3.6
9 1002 Symptoms concerning nutrition,  

metabolism, and development
72 9.499% 74,188 3.621% 2.6 2.2, 3.0

10 1013 Asphyxia and hypoxemia 69 9.103% 28,353 1.384% 6.6 5.8, 8.0
11 512.9 Other dyspnea 68 8.971% 31,015 1.514% 5.9 5.3, 7.3
12 758.1 Chromosomal anomalies 65 8.575% 12,691 0.619% 13.8 10.6, 14.4
13 637 Short gestation; low birth weight;  

and fetal growth retardation
64 8.443% 171,524 8.371% 1.0 0.9, 1.3

14 495 Asthma 61 8.047% 38,256 1.867% 4.3 3.7, 5.1
15 315 Developmental delays and disorders 52 6.860% 22,511 1.099% 6.2 5.0, 7.2
16 513.31 Apnea 50 6.596% 10,247 0.500% 13.2 11.2, 16.4
17 264.2 Failure to thrive (childhood) 48 6.332% 44,328 2.163% 2.9 2.3, 3.4
18 747.13 Congenital anomalies of great vessels 39 5.145% 36,860 1.799% 2.9 2.2, 3.5
19 479 Other upper respiratory disease 37 4.881% 47,380 2.312% 2.1 1.7, 2.7
20 509.1 Respiratory failure 37 4.881% 16,635 0.812% 6.0 4.9, 7.8
21 752.2 Other specified congenital anomalies  

of nervous system
37 4.881% 14,985 0.731% 6.7 5.3, 8.0

22 362.1 Retinopathy of prematurity 36 4.749% 12,249 0.598% 7.9 5.8, 9.4
23 079 Viral infection 33 4.354% 80,373 3.923% 1.1 0.8, 1.4
24 264.9 Lack of normal physiological  

development, unspecified
31 4.090% 20,600 1.005% 4.1 2.9, 5.0

25 749.1 Cleft palate 31 4.090% 7,184 0.351% 11.7 8.0, 12.9
26 345 Epilepsy, recurrent seizures, convulsions 29 3.826% 7,554 0.369% 10.4 8.2, 12.9
27 759 Other and unspecified  

congenital anomalies
27 3.562% 10,156 0.496% 7.2 5.5, 8.9

28 345.3 Convulsions 26 3.430% 28,960 1.413% 2.4 1.7, 3.0
29 749.2 Congenital anomalies of skull and  

face bones
26 3.430% 23,290 1.137% 3.0 2.2, 3.8

30 350.3 Lack of coordination 25 3.298% 8,431 0.411% 8.0 5.7, 10.0

Phenotype comparisons between cohort and base populations are depicted using a prevalence ratio. Larger values of prevalence ratio for a phenotype suggest higher 

association with the obstructive sleep apnea cohort. Highlighted prevalence ratios show phenotypes that are 10 times or more prevalent in the cohort than the base 

population. Here the cohort has been reduced to patients reporting only nonobstructive sleep apnea diagnosis in an encounter, and not combined with the other 

sleep apnea diagnoses in the same encounter. ICD 9/10 comorbidities not mapped to phenotype codes were excluded.
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than that in the base population. We know from current litera-
ture that up to 70% of children with craniosynostosis syndromes 
(such as Apert syndrome, Crouzon syndrome, Pfeiffer syndrome) 
have OSA [30]. Similarly, those with craniofacial syndromes and 
other congenital abnormalities such as achondroplasia, Down 
syndrome, Beckwith Weidman syndrome, Prader-Willi syn-
drome are at risk of OSA during infancy and beyond [22].

The link between gastroesophageal reflux and OSA in infants 
has been reported in the literature; however, the evidence for 
this is weak [25]. In all three cohorts, we found a higher preva-
lence of gastroesophageal reflux compared to the base popula-
tion; however, prevalence ratios did not appear to be significant.

Nonobstructive sleep apnea more commonly represents 
central sleep apnea. Central sleep apnea is a sleep-related dis-
order that occurs when there is reduced or absent respiratory 
effort during sleep. In children, it is mostly associated with 

underlying medical comorbidities. For those under 2 years of 
age, the most common etiologies are prematurity and neuro-
logic conditions [31]. Concomitant OSA, dependence on a venti-
lator and anomalies of the respiratory system ranked highest in 
prevalence ratios highlighting the overlap between obstructive 
and central sleep apnea that is often seen in infants as well 
as the interplay of chronic pulmonary disease and control of 
breathing disorders in this age group. A  few comorbid diag-
noses were unique to the nonobstructive sleep apnea cohort. 
Epilepsy showed a higher prevalence in the nonobstructive 
sleep apnea cohort compared to the OSA cohort and the base 
population. We know from traditional research and clinical 
data that neurologic abnormalities are frequently seen in in-
fants and young children with central sleep apnea [31].

Retinopathy of prematurity was prevalent in about 5% of 
those with nonobstructive sleep apnea compared to 0.6% of the 

Table 7.  “Top 30” other sleep apnea comorbidities

Cohort 
prevalence  
rank PheCode Phenotype

Cohort 
patients

Cohort 
prevalence

Base 
patients

Base 
prevalence

Prevalence 
ratio

95% confidence 
interval

1 474.2 Chronic tonsillitis and adenoiditis 534 17.938% 12,281 0.599% 29.9 31.0, 34.7
2 512.9 Other dyspnea 408 13.705% 31,015 1.514% 9.1 9.3, 10.6
3 530.11 GERD 295 9.909% 78,168 3.815% 2.6 2.5, 2.9
4 381.11 Suppurative and unspecified  

otitis media
174 5.845% 133,256 6.504% 0.9 0.8, 1.0

5 748 Anomalies of respiratory system,  
congenital

168 5.643% 16,406 0.801% 7.0 6.4, 7.9

6 495 Asthma 161 5.408% 38,256 1.867% 2.9 2.7, 3.3
7 479 Other upper respiratory disease 154 5.173% 47,380 2.312% 2.2 2.2, 2.7
8 381.1 Otitis media 141 4.736% 43,900 2.143% 2.2 2.0, 2.6
9 532 Dysphagia 130 4.367% 21,070 1.028% 4.2 3.8, 4.8
10 758.1 Chromosomal anomalies 102 3.426% 12,691 0.619% 5.5 4.6, 6.0
11 1002 Symptoms concerning nutrition,  

metabolism, and development
100 3.359% 74,188 3.621% 0.9 0.8, 1.1

12 327 Sleep disorders 77 2.586% 4,100 0.200% 12.9 11.8, 16.3
13 381.2 Eustachian tube disorders 75 2.519% 15,084 0.736% 3.4 2.9, 4.1
14 293 Symptoms involving head and neck 70 2.351% 4,621 0.226% 10.4 10.0, 13.7
15 1013 Asphyxia and hypoxemia 69 2.318% 28,353 1.384% 1.7 1.6, 2.2
16 315 Developmental delays and disorders 69 2.318% 22,511 1.099% 2.1 1.8, 2.5
17 637 Short gestation; low birth weight;  

and fetal growth retardation
68 2.284% 171,524 8.371% 0.3 0.3, 0.4

18 510 Other diseases of lung 67 2.251% 9,096 0.444% 5.1 4.8, 6.5
19 512.8 Cough 66 2.217% 103,859 5.069% 0.4 0.4, 0.5
20 656.2 Respiratory conditions of fetus  

and newborn
65 2.183% 63,808 3.114% 0.7 0.7, 1.0

21 1010 Other tests 64 2.150% 572,831 27.958% 0.1 0.1, 0.1
22 264.2 Failure to thrive (childhood) 64 2.150% 44,328 2.163% 1.0 0.8, 1.2
23 389 Hearing loss 61 2.049% 22,388 1.093% 1.9 1.6, 2.3
24 264.9 Lack of normal physiological  

development, unspecified
58 1.948% 20,600 1.005% 1.9 1.6, 2.3

25 389.2 Conductive hearing loss 57 1.915% 10,739 0.524% 3.7 3.2, 4.7
26 509.8 Dependence on respirator  

(ventilator) or supplemental oxygen
55 1.847% 5,741 0.280% 6.6 5.5, 8.0

27 315.2 Speech and language disorder 54 1.814% 26,379 1.287% 1.4 1.2, 1.8
28 513.31 Apnea 52 1.747% 10,247 0.500% 3.5 3.2, 4.7
29 465 Acute upper respiratory infections  

of multiple or unspecified sites
48 1.612% 172,551 8.422% 0.2 0.1, 0.2

30 519.8 Other diseases of respiratory  
system, NEC

48 1.612% 11,514 0.562% 2.9 2.5, 3.8

Phenotype comparisons between cohort and base populations are depicted using a prevalence ratio. Larger values of prevalence ratio for a phenotype suggest higher 

association with the obstructive sleep apnea cohort. Highlighted prevalence ratios show phenotypes that are 10 times or more prevalent in the cohort than the base 

population. Here the cohort has been reduced to patients reporting only “other sleep apnea” diagnosis in an encounter, and not combined with the other sleep apnea 

diagnoses in the same encounter. ICD 9/10 comorbidities not mapped to phenotype codes were excluded.
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Table 8.  “Top 10” obstructive sleep apnea comorbidities according to age based on prevalence with comparisons to base population

Cohort 
prevalence  
rank PheCode Phenotype

Cohort 
patients

Cohort 
prevalence

Base 
patients

Base 
prevalence

Prevalence 
ratio

95% confidence 
interval

Age 0 to <1 month
1 656.3 Endocrine and metabolic  

disturbances of fetus and newborn
78 35.94% 1,48,820 12.08% 3 2.6 3.5

2 656.2 Respiratory conditions of fetus  
and newborn

64 29.49% 55,807 4.53% 6.5 5.8 8.2

3 747.11 Cardiac shunt/heart septal defect 63 29.03% 33,385 2.71% 10.7 9.6 13.1
4 748 Anomalies of respiratory system,  

congenital
60 27.65% 4,141 0.34% 82.2 73.7 102.4

5 656 Other perinatal conditions of fetus  
or newborn

51 23.50% 1,03,505 8.40% 2.8 2.3 3.5

6 526.3 Anomalies of jaw size/symmetry 50 23.04% 1,294 0.11% 219.3 190.1 273.1
7 637 Short gestation; low birth weight;  

and fetal growth retardation
47 21.66% 1,54,764 12.57% 1.7 1.5 2.2

8 656.26 Transitory tachypnea or apnea  
of newborn

40 18.43% 54,207 4.40% 4.2 3.5 5.5

9 747.13 Congenital anomalies of great vessels 40 18.43% 23,753 1.93% 9.6 7.9 12.3
10 1002 Symptoms concerning nutrition,  

metabolism, and development
39 17.97% 31,354 2.55% 7.1 5.5 8.5

Age ≥ 1 to <6 months

1 748 Anomalies of respiratory system,  
congenital

246 22.55% 8,137 1.49% 15.1 15 17.4

2 530.11 GERD 227 20.81% 46,910 8.58% 2.4 2.4 2.8
3 1002 Symptoms concerning nutrition,  

metabolism, and development
149 13.66% 22,832 4.18% 3.3 3.1 3.9

4 1013 Asphyxia and hypoxemia 126 11.55% 9,254 1.69% 6.8 6.9 8.8
5 479 Other upper respiratory disease 124 11.37% 16,620 3.04% 3.7 3.6 4.6
6 747.11 Cardiac shunt/heart septal defect 99 9.07% 25,715 4.70% 1.9 1.7 2.3
7 264.2 Failure to thrive (childhood) 88 8.07% 15,610 2.86% 2.8 2.6 3.4
8 526.3 Anomalies of jaw size/symmetry 88 8.07% 643 0.12% 68.6 66.2 85.7
9 758.1 Chromosomal anomalies 83 7.61% 4,719 0.86% 8.8 7.5 9.9
10 512.9 Other dyspnea 78 7.15% 8,818 1.61% 4.4 4.1 5.7
Age ≥ 6 to <12 months
1 530.11 GERD 287 17.23% 21,173 4.33% 4 3.9 4.5
2 748 Anomalies of respiratory system,  

congenital
234 14.05% 4,976 1.02% 13.8 13.4 15.8

3 474.2 Chronic tonsillitis and adenoiditis 158 9.48% 1,698 0.35% 27.3 27.1 33.1
4 1013 Asphyxia and hypoxemia 157 9.42% 7,111 1.45% 6.5 6.9 8.2
5 512.9 Other dyspnea 154 9.24% 6,430 1.31% 7 6.8 8.6
6 758.1 Chromosomal anomalies 150 9.00% 4,688 0.96% 9.4 8.8 10.7
7 479 Other upper respiratory disease 133 7.98% 12,263 2.51% 3.2 3.1 3.9
8 1002 Symptoms concerning nutrition,  

metabolism, and development
126 7.56% 13,732 2.81% 2.7 2.5 3.1

9 656.2 Respiratory conditions of fetus  
and newborn

111 6.66% 4,395 0.90% 7.4 6.6 8.3

10 510 Other diseases of lung 96 5.76% 2,998 0.61% 9.4 9 11.6
Age ≥ 12 to 24 months

1 474.2 Chronic tonsillitis and adenoiditis 1332 26.56% 10,443 1.44% 18.5 19.5 20.8
2 512.9 Other dyspnea 601 11.98% 12,787 1.76% 6.8 7 7.8
3 530.11 GERD 560 11.17% 16,044 2.21% 5 5 5.5
4 495 Asthma 472 9.41% 28,310 3.90% 2.4 2.4 2.7
5 748 Anomalies of respiratory system,  

congenital
383 7.64% 4,185 0.58% 13.2 12.6 14.3

6 381.1 Otitis media 363 7.24% 30,581 4.22% 1.7 1.7 1.9
7 758.1 Chromosomal anomalies 352 7.02% 6,584 0.91% 7.7 7.4 8.4
8 479 Other upper respiratory disease 319 6.36% 17,232 2.38% 2.7 2.7 3.2
9 381.11 Suppurative and unspecified otitis media 315 6.28% 91,159 12.57% 0.5 0.5 0.5
10 1013 Asphyxia and hypoxemia 295 5.88% 10,429 1.44% 4.1 4.3 5

Phenotype comparisons between cohort and base populations are depicted using a prevalence ratio. Larger values of prevalence ratio for a phenotype suggest higher 

association with the obstructive sleep apnea cohort. Highlighted prevalence ratios show phenotypes that are 10 times or more prevalent in the cohort than the base 

population. Here the cohort has been reduced to patients reporting only obstructive sleep apnea diagnosis in an encounter, and not combined with the other sleep 

apnea diagnoses in the same encounter.
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base population. Prematurity has been cited as a risk factor for 
OSA in both young and older children and was not found as a 
top comorbidity in either of our cohorts, but retinopathy of pre-
maturity may perhaps be a surrogate for extreme prematurity in 
this context [32]. Alternatively, apnea of prematurity or central 
sleep apnea is highly prevalent in premature infants who are 
also at risk for retinopathy of prematurity.

The prevalence of failure to thrive was slightly higher in the 
OSA and nonobstructive sleep apnea cohorts when compared to 
the base population; however, the prevalence ratio was not sig-
nificant. Failure to thrive has also been reported in children with 
OSA and may in fact be the presenting complaint in younger 
children [33]. Treatment for OSA has also been linked to im-
provement in growth parameters [33].

In line with available literature, the diagnosis of dysphagia 
consistently scored high on the prevalence ratio in all three 
sleep apnea cohorts. Feeding difficulties or dysphagia is fre-
quently present in those with airway obstruction (particularly 
that which leads to symptoms during both wake and sleep 
periods) and often improves with treatment of OSA. Infants with 
adenotonsillar enlargement, laryngomalacia neurologic abnor-
malities, and micrognathia are particularly at risk [23, 34].

Interestingly, we found a higher prevalence of a diagnosis of 
“developmental delays and disorders” in the OSA cohort (4.5% 
versus 1.1%), nonobstructive sleep apnea cohort (6.8% versus 
1.1%), and other sleep apnea cohort (2.3% versus 1.1%) compared 
to the base population. This association may be bidirectional. 
Children with developmental delay may have generalized hypo-
tonia making their upper airway more vulnerable to collapse. 
This could be predisposing them to OSA. Additionally, they may 
have central neurologic abnormalities increasing their risk of 
nonobstructive or central sleep apnea. Additionally, available 

literature suggests that OSA in infancy can predispose to be-
havioral and cognitive delays later in life although the evidence 
for this is very limited [35–38].

About 9% of infants and young children in the HF data set 
who had a diagnosis of nonobstructive sleep apnea had diag-
noses of a cardiac shunt/heart septal defect compared to 3% of 
the base population (OSA cohort showed a lower prevalence of 
4.7% versus 3% in the base population). Although adults with 
congenital heart disease are known to have a higher prevalence 
of sleep apnea, there is only one study in infants suggesting such 
a link [23, 39]. About 8% of infants and young children with a 
diagnosis of OSA also had a diagnosis of asthma. While asthma is 
a known comorbidity in older children with OSA there is no data 
to suggest such in association in young children and infants [40].

Figure 4.  Distribution of log2 prevalence ratios for obstructive sleep apnea co-

hort. The prevalence ratio shows how much more common a diagnosis is 

in a cohort than the base population. The 919 phenotype comorbidities have 

a log-normal distribution for prevalence ratios as shown by the density plot/

histogram (top). The scale is the base-2 logarithm of the prevalence ratio (e.g. 

a ratio of 1 would have a log ratio of 0, a ratio of 2 would have a log ratio of 1). 

The corresponding boxplot (bottom) can be used to identify phenotypes with 

prevalence ratios that are extremely high and could be considered statistical 

outliers. Phenotypes with high values of prevalence ratios should be evaluated 

for medical significance.

Figure 5.  Bar graph depicting payor mix for sleep apnea cohort. Health Facts 

reports payor information for most encounters broken into more than two 

dozen categories. The bar graph show sleep apnea cohort summarized into five 

categories: Commercial, Government, Other, Self-Pay, and Unknown.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/44/2/zsaa176/5905265 by guest on 23 February 2021



Ehsan et al.  |  11

Although OSA in adults is associated with a significant in-
crease in economic burden and healthcare utilization, the litera-
ture in children is very limited [41, 42]. As we have shown, data 
regarding healthcare costs of OSA are available in HF. Future 
studies (within HF) utilizing diagnosis and comorbidity trajec-
tories prior to and after and OSA diagnosis may be helpful in 
expanding on currently existing literature.

This study has several strengths. We have leveraged 
data science methodology to focus on an understudied and 
underrepresented age group within pediatric OSA and are the 
first to present clinical comorbidities derived in this manner. 
A cohort size of over 9,000 infants and young children is indeed a 
large sample size for SDB research within this age group. Current 

literature (mostly from single-center studies) has reported out-
comes in a significantly lower number of infants and young chil-
dren. In general, our results corroborate what is already known 
based on traditional research methodology about SDB in infants 
and young children with a few unusual findings as described 
earlier. We are the first to report a strong clinical correlation of 
higher prevalence ratios with disease comorbidities based on 
phenotypes derived from ICD 9 and 10 codes. Additionally, we 
are the first report the utility of using HF for sleep research and 
have highlighted its strengths and limitations therein.

Our study has several limitations. One major limitation is the 
paucity of polysomnogram data in our cohort. HF only started 
including procedures as of 2013. It is unclear whether the 
limited number of polysomnograms reported represents gaps in 
coding for sleep procedures or whether polysomnograms are in-
deed underutilized in this age group. Typically, sleep studies in 
infants are more time-consuming than those in older children 
and require specialty centers of which there are a few within the 
United States. The inclusion of detailed polysomnogram results 
within HF would certainly be ideal for sleep research; however, 
this capability is not currently addressed within the Cerner EHR 
system. Another limitation is that a patient can be tracked within 
different facilities at the same health system, but not across dif-
ferent health systems. Therefore, it is possible that a patient 
diagnosed with sleep apnea at a HF facility could have had a 
sleep procedure at facility not tracked by HF. Although one of our 
objectives was to include economic outcomes, we found that 
only 20% of encounters in HF reported total charges, which may 
make it difficult to ascertain meaningful conclusions. In a large 
de-identified database such as HF there is no way of knowing 
exactly “why” certain data elements are reported or not. There 
are many differences by facility caused by local policies, data 
use agreements with Cerner that can change over time, and data 
mappings that Cerner can change over time. Encounter “total 
charges” are reported only in about 20%–25% of encounters, and 
often the data quality is suspect with extremely large or small 
values. Encounters can last for hundreds of days with only a 
single “total charges” composite figure for countless unknown 
items. Nevertheless, we feel this drawback is important to re-
port as HF is widely used across the U.S. health systems. Lastly, 
sources of bias such as missing data and misclassification could 
certainly have affected our results. Such deficiencies within EHR 
systems have been previously published [43, 44]. As such, the 
magnitude of the problem is likely underestimated in this study 
as there is a mixed representation of hospitals.

To conclude, SDB in infants is multifactorial and associated 
with multiple medical comorbidities. Further research targeting 
infants and young children is needed to better understand 
long-term outcomes of SDB in this population. Large-scale ag-
gregate, de-identified EHR data provide a rich and untapped re-
source to examine these conditions.
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