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Abstract

Background: Sleep-disordered breathing (SDB) in pregnancy is associated with adverse 

maternal outcomes. The relationship between SDB and infant birthweight is unclear. This study’s 

primary aim is to determine if objectively measured SDB in pregnancy is associated with infant 

birthweight.

Methods: We measured SDB objectively in early (6–15 weeks’ gestation) and mid (22–31 

weeks’ gestation) pregnancy in a large cohort of nulliparous women. SDB was defined as an 

Apnea-Hypopnea Index ≥5 and in secondary analyses we also examined measures of nocturnal 

hypoxemia. We used a modified Poisson regression approach to estimate relative risks (RR) of 

large-for-gestational-age (LGA: >90th percentile for gestational age) and small-for-gestational-age 

(SGA: <10th percentile for gestational age) birthweights.

Results: The prevalence of early-pregnancy SDB was nearly 4%. The incidence of mid-

pregnancy SDB was nearly 6.0%. The prevalence of LGA and SGA was 7.4% and 11.9%, 

respectively. Early-pregnancy SDB was associated with a higher risk of LGA in unadjusted 

models (RR 2.2, 95% CI 1.3–3.5) but not BMI-adjusted models (aRR 1.0, 95% CI 0.6–1.8). Mid-

pregnancy SDB was not associated with SGA or LGA. Mid-pregnancy nocturnal hypoxemia (% of 

sleep time <90% oxygen saturation) and increasing nocturnal hypoxemia from early to mid-

pregnancy were associated with a higher risk of LGA in BMI-adjusted models. SDB and nocturnal 

hypoxemia were not associated with SGA.

Conclusions: SDB in pregnancy was not associated with an increased risk of LGA or SGA 

birthweight, independent of BMI. Some measures nocturnal hypoxemia were associated with an 

increase in LGA risk, independent of BMI.

Keywords

abnormal fetal growth; sleep-disordered breathing; sleep apnea; nocturnal hypoxemia

INTRODUCTION

Sleep-disordered breathing (SDB) is common during pregnancy1,23, 4 and is associated with 

systemic inflammation, oxidative stress, and increased sympathetic nervous system activity, 

all of which have been associated with adverse pregnancy and birth outcomes.2,5 For 

example, in the Nulliparous Pregnancy Outcomes Study: Monitoring Mothers-to-Be 
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(nuMoM2b), early and mid-pregnancy SDB was associated with approximately 95% 

increased odds of preeclampsia respectively; 46% to 73% increased odds of hypertensive 

disorders of pregnancy, and 179% to 247% increased odds of gestational diabetes (GDM). 

However, the relationship between SDB and fetal birthweight is less well understood.

Understanding the relationship between SBD and fetal birth weight is critical because small- 

and large-for-gestational-age (SGA and LGA, respectively) birthweight is associated with 

short- and long-term maternal and fetal morbidity and mortality.6 SGA (i.e., birthweight 

<10th percentile for gestational age) newborns are predisposed to complications including 

hypoglycemia, hyperbilirubinemia, hypothermia, intraventricular hemorrhage, seizures, 

sepsis, respiratory distress, and neonatal death.7 Likewise, LGA (i.e., birthweight ≥90th 

percentile for a given gestational age) newborns are at a higher risk for birth trauma, 

hypoglycemia, respiratory problems, and more likely to have overweight and obese later in 

life8 Mothers of LGA newborns are at an increased risk of cesarean birth.

Prior studies examining the relationship between SDB and birthweight found mixed results. 

For example, Chen et al. examined the association between obstructive sleep apnea (OSA), a 

type of SDB, and infant birth outcomes, including low birth weight and small-for-

gestational-age (SGA), using two nationwide databases in Taiwan. Women with OSA 

diagnosed in the year before pregnancy had approximately 34% higher odds of SGA and 

76% higher odds of low birth weight than age-matched women without OSA. Micheli et al. 

found that women that reported severe snoring (i.e., frequently or always) had a nearly 3-

fold higher risk for low birth weight than women who did not snore.9 However, two recent 

meta-analyses did not confirm a relationship between SDB and birthweight or SGA.4,10 One 

reason for the inconsistent results is that many prior studies have used subjective or indirect 

(e.g., ICD-codes) measures of SDB, had small sample sizes, and lacked adjustment for 

important confounders.

The primary purpose of this analysis was to determine whether objectively measured SDB is 

associated with SGA and LGA in a large cohort of nulliparous women. We secondarily 

assessed the association of measures of nocturnal hypoxemia with SGA and LGA.

MATERIALS AND METHODS

Study Design & Population

The nuMoM2b Sleep-Disordered Breathing (nuMOM2b-SDB) study is ancillary to the 

larger nuMoM2b study. The nuMoM2b was a prospective cohort study aimed at identifying 

maternal characteristics and environmental factors that are predictive of adverse pregnancy 

outcomes in nulliparous women.11 The study enrolled 10,037 nulliparous women (no prior 

delivery >20 weeks’ gestation) with a viable singleton pregnancy at the time of screening (60 

to 136 weeks’ gestation; Visit 1) from eight clinical sites. Women were followed throughout 

pregnancy until the time of delivery. In the nuMoM2b-SDB ancillary study, a subset of 

participants participated in an in-home sleep apnea study (HST) to obtain objective measures 

of SDB after Visit 1 (completed HST by 60–150) and Visit 3 (completed HST between 220–

310). Complete details on HST procedures and scoring have been previously published.12 

The ancillary study’s overall aim was to describe the prevalence and characteristics of SDB 
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during pregnancy and determine its relationship with adverse maternal pregnancy outcomes. 

Participants were recruited if they were not currently on continuous positive airway pressure 

treatment for SDB and did not have severe asthma (requiring continuous oral steroid therapy 

for ≥14 days) or a condition requiring oxygen supplementation. We did not exclude 

participants with pre-existing SDB who were not currently on treatment or those with other 

sleep disorders. Participants, investigators, and care providers were blinded to the sleep test 

results unless urgent alert criteria were identified. Urgent alert studies included those with an 

AHI >50 events/hour or severe hypoxemia (oxygen saturation of <90% for ≥10% of sleep 

time). Criteria for urgent alerts were developed by expert consensus from members of the 

study team and approved by the Advisory and Safety Monitoring Board. IRB approval was 

obtained at each site, and informed consent was obtained from each participant.

Baseline characteristics were similar between nuMoM2b women who did and did not 

participate in the SDB ancillary study.13 For this analysis, we excluded women without valid 

data on SDB assessment at Visit 1 (6 to 15 weeks’ gestation) or data on neonatal birth 

weight.

Primary Exposure: Sleep-Disordered Breathing

Facco et al. described the data collection, analysis, and quality control procedures for the in-

home sleep study previously.12 Briefly, SDB was objectively assessed using the Embletta 

Gold monitor, a self-administered Level 3 in-home sleep apnea monitor (Broomfield, CO).12 

The monitor assesses SDB by recording nasal airflow waveforms, respiratory effort from 

abdominal and thoracic inductance plethysmography, the level and duration of oxygen 

desaturation by pulse oximetry, heart rate, and body position. Participants were instructed on 

the device’s proper placement and asked to wear it overnight for one night after between 6 to 

15 weeks’ gestation and again for one night between 22 to 31 weeks’ gestation. For 

simplicity, we will refer to Visit 1 and Visit 3 as early and mid-pregnancy hereafter. A 

central sleep reading center scored all sleep study data by trained scorers blinded to all other 

data.

SDB was defined by the Apnea-Hypopnea Index (AHI). The AHI was defined as the number 

of apneas and hypopneas per hour of estimated sleep, which includes all apneas regardless 

of oxygen desaturation and hypopneas accompanied by ≥ 3% oxygen desaturation, divided 

by estimated sleep time. We used an AHI threshold of ≥5 to define SDB. SDB that was 

detected in early pregnancy will be referred to as “early-pregnancy SDB.” SDB that was 

present in late pregnancy, but not early, will be referred to as “mid-pregnancy SDB.” SDB 

present at either visit will be referred to as “SDB ever.”

In secondary analyses, in addition to using AHI as a continuous variable to assess SDB 

severity, we used two additional measures to estimate the nocturnal hypoxemia associated 

with SDB: the number of oxygen desaturations ≥3% per hour of estimated sleep (oxygen 

desaturation index [ODI3]) and the percentage of estimated sleep time below 90% oxygen 

saturation (ST90).

Hawkins et al. Page 4

Sleep Med. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Primary Outcomes: Neonatal Birthweight

Birthweight was abstracted from medical records. According to gender-specific reference 

values, large-for-gestational-age (LGA) was defined as a birth weight above the 90th 

percentile for gestational age.14 Small-for-gestational-age (SGA) was defined as a birth 

weight below the 10th percentile for gestational age according to gender-specific reference 

values.14

Statistical Analysis

Chi-square tests were used to compare the distribution of categorical descriptive and medical 

history characteristics by SDB status (i.e., never, prevalent early, or incident mid-pregnancy). 

Analysis of variance was used to compare mean levels of continuous variables by SDB 

status. Linear contrasts were then used to identify between-group differences (e.g., prevalent 

early vs. incident mid-pregnancy).

Multivariable logistic regression was used to examine the associations of SDB status (i.e., 

never, early-pregnancy, mid-pregnancy), hypoxemia severity (i.e., defined either by AHI, 

ODI3, or ST90), and changes in SDB measures from early to mid-pregnancy with LGA and 

SGA. We used a modified Poisson approach with a robust variance estimator to calculate 

relative risk with (RRs) and 95% confidence intervals (CI). In analyses that used SDB status 

as the exposure, women without SDB at either time point (SDB never) served as the 

reference group. For analyses using continuous SDB and nocturnal hypoxemia severity 

measures (AHI, ODI3, and ST90) as the exposures, we rescaled the measurements to a mean 

of 0 and a standard deviation of 1. Thus, RRs for the continuous data are in increments of 

one standard deviation. For all analyses, Model 1 adjusted for maternal age (years), maternal 

chronic hypertension (yes/no), and pre-gestational diabetes (yes/no), given their associations 

with extremes of birth weight and with SDB. Model 2 included all Model 1 covariates as 

well as maternal BMI (kg/m2).

Statistical analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC). All 

analyses were considered statistically significant at an alpha < 0.05.

RESULTS

The sample included 3,114 participants with complete data on SDB status in early 

pregnancy and birth weight. Of these participants, 2,211 (71.0%) had valid SDB data mid-

pregnancy. A higher proportion of participants with missing SDB data mid-pregnancy have 

obesity, were non-White race, have a male fetus, have two or more children, have an income 

above the poverty level, have completed college, and were smokers pre-pregnancy than 

participants with data at both assessments. Also, approximately 13% of participants with 

missing SDB data mid-pregnancy had SDB in early pregnancy (data not shown).

Approximately 4% (n=114/3,114), 6% (n=132/2,211), and 8% (n=246/3,114) had early-

pregnancy SDB, mid-pregnancy SDB, and SDB ever respectively. Seventeen participants 

with early-pregnancy SDB had resolution in mid-pregnancy. Women with SDB ever were 

more likely to be older, have obesity, and have chronic hypertension than women without 

SDB. Women with early-pregnancy SDB were more likely to have obesity, a male fetus, an 
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income below the poverty level, and less likely to have completed college than women with 

mid-pregnancy SDB (Table 1).

There were 164 and 273 cases of LGA and SGA births, respectively. Early-pregnancy SDB 

and SDB ever were associated with a higher unadjusted risk of LGA (Table 2). The 

relationship between SDB and LGA remained statistically significant in models adjusting 

for age, chronic hypertension, and pre-gestational diabetes (Figure 1a). After further 

adjusting for BMI, there were no statistically significant associations between SDB and 

LGA risk (Figure 1b). Mid-pregnancy SDB was not significantly associated with LGA in 

unadjusted or adjusted models. Early-pregnancy SDB, mid-pregnancy SDB, or SDB ever 

were not associated with SGA in unadjusted or adjusted models.

Next, we examined the relationships between fetal growth, SDB severity (AHI as a 

continuous measure) and nocturnal hypoxemia. Supplemental figure 1 and 2 shows the 

distribution of each measure in early in mid-pregnancy. Measures of nocturnal hypoxemia 

were more strongly associated with LGA than SDB severity (Table 3). Specifically, each 

standard deviation increase in ODI3 in early and mid-pregnancy was associated with a 14% 

and 16% increased LGA risk, respectively. Likewise, each standard deviation increase in 

ST90 in early and mid-pregnancy was associated with a 7% and 8% increased LGA risk, 

respectively. Each standard deviation increase in AHI in early and mid-pregnancy was 

associated with an 11% and 4% increase in the risk of LGA, respectively. However, 

associations between SDB severity/nocturnal hypoxemia and LGA were attenuated and no 

longer statistically significant in BMI adjusted models, except for ST90 in mid-pregnancy. 

None of the SDB severity/nocturnal hypoxemia measures in early or mid-pregnancy were 

associated with SGA (data not shown).

We observed small changes in SDB severity and nocturnal hypoxemia from early to mid-

pregnancy, which were associated with LGA risk. Supplemental figure 3 shows the 

distribution of change in each measure. Specifically, each standard deviation increase in 

change in AHI, ODI3, and ST90 was associated with a 12%, 17%, 7% increased risk of 

LGA in models adjusting for age, chronic hypertension, and pre-gestational diabetes, 

respectively. The relationship between change in AHI across pregnancy and LGA was no 

longer statistically significant after further adjusting for BMI (Model 2). However, the 

relationship between ODI3 and ST90 change across pregnancy and LGA was unchanged 

when additionally adjusting for BMI. There was no association of change in SDB severity/

nocturnal hypoxemia from early to late pregnancy with SGA (data not shown).

DISCUSSION

Principal Findings

We examined the association between objectively measured SDB, defined as an AHI ≥5, in 

early and mid-pregnancy with SGA and LGA births in a large cohort of nulliparous women. 

We found that SDB in pregnancy was not associated with SGA. SDB in early pregnancy was 

associated with a nearly two-fold increase in the risk of LGA when adjusting for maternal 

age and the presence of chronic hypertension and pre-gestational diabetes. However, when 

adjusting for BMI, the relationship between early pregnancy SDB and LGA was no longer 
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observed. Mid-pregnancy SDB was not associated with LGA. Differences in risk estimates 

seen between early vs. mid-pregnancy SDB and LGA may reflect that women with early-

pregnancy SDB have a higher risk profile than women with mid-pregnancy SDB. For 

example, women with early-pregnancy SDB had higher BMI’s than women with mid-

pregnancy SDB. The differences in risk may also be due to differences in the duration of 

exposure to SDB. However, ultimately, when adjusting for BMI, neither early nor mid-

pregnancy SDB was associated with LGA. Thus, it is unclear if SDB infers a greater risk of 

abnormal infant growth than maternal BMI alone. The tight relationship between SDB and 

obesity and between obesity and adverse pregnancy outcomes, creates a statistical challenge 

to understanding the independent contribution of each exposure to birthweight. There are 

strong correlations between higher BMI, the prevalence of sleep apnea, and AHI severity, as 

well as measures of overnight oxygenation.15,16 However, there are also data to suggest that 

sleep apnea may predispose individuals to worsening obesity because of associated sleep 

deprivation, daytime somnolence, and disrupted metabolism.17,18 Consistent with prior 

studies of SDB, we chose to treat BMI as a confounding variable. Our cohort lacked an 

adequate sample of women without obesity with SDB (20 prevalent early, 59 incident mid-

pregnancy) or variation in BMI or AHI to examine the independent relationships more 

thoroughly. There is a need for additional research that includes samples with adequate 

variability in BMI and AHI to tease apart their independent relationships with birthweight. 

Future studies should also consider exploring mediation or effect modification models to 

understand how these exposures jointly relate to infant birthweight.19

Our secondary analyses suggest that some measures that directly quantified overnight 

hypoxemia, Specifically, ST90 in mid-pregnancy and ODI3 and ST90 change across 

pregnancy, were associated with an increase in LGA risk, independent of BMI. Measures of 

nocturnal hypoxemia were not associated with SGA.

The overall findings from this analysis were similar to those from some prior studies20–26 

but conflicted with others27–34 For example, Facco et al. reported no association between 

objectively measured SDB and extremes of birth weight (<5% or >95% for gestational age) 

in a prospective cohort study of 182 pregnant women.21 Likewise, Louis et al. found that 

objectively measured SDB was not associated with mean birthweights or rates of SGA 

among 175 obese pregnant women.25

In contrast, Telerant et al. found that women (n=155) with mild OSA (AHI>5 by in-home 

sleep apnea testing) in the third trimester had a five-fold increase in the odds of LGA (OR = 

5.1, 95% CI 1.3 to 20.0) after adjusting for parity and pre-pregnancy BMI.29 However, this 

study excluded women with pre-pregnancy obesity. Bin et al. found that antenatal or 

pregnancy-associated OSA (identified using ICD10-AM diagnosis codes) was associated 

with 27% higher odds of LGA in a large population-based study in Australia (n=636,227).28 

Pamidi et al. examined a prospective cohort of 234 pregnant women and found that PSG-

determined OSA in the third trimester had a three-fold increase in the odds of SGA, 

depending on the AHI threshold used to define OSA.30 The contrasting findings between the 

current study and these studies may be due to differences in sample characteristics and 

timing of sleep assessment, as well as the severity of OSA. Specifically, these studies either 

had a low prevalence of women with obesity or excluded women with obesity. Pamidi et al. 
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included women into their study who had a predicted birthweight <75th percentile to reduce 

the potential number of LGA infants, leading to a significant bias in any observed 

relationship. These differences in sample characteristics between these studies and ours limit 

comparisons of study findings.

Strengths of this study include its prospective design, the use of objective measures of SDB 

and the assessment of SDB at multiple time points. We were also able to examine SDB 

severity as well as quantified overnight oxygen saturation patterns. Our study was 

significantly larger than most previous reports. Most prior studies had a sample of fewer 

than 300 women, apart from a few that used medical databases/ICD-9 codes as their method 

of SDB ascertainment. Despite the larger sample, as noted above, we were limited in our 

analyses of SDB and BMI by the small number of non-obese women with SDB. 

Additionally, the clear majority of women with SDB had mild disease (AHI between 5 and 

14.9), so we cannot comment on the impact of more severe forms of SDB on birthweight 

outcomes. Our study was also limited by only having one measure of infant growth (i.e., 

birthweight). Thus, we were unable to examine associations between SDB, nocturnal 

hypoxemia, and infant growth trajectories. Additionally, while we found some positive 

relationships between overnight hypoxemia and LGA indices, those findings should be 

interpreted with caution, as we did not adjust for multiple comparisons. It should also be 

noted that overnight hypoxemia may result from SDB but also may be independently the 

result of from underlying respiratory or cardiac disease (e.g., asthma). Our findings suggest 

that future research should specifically address the source and characteristics of hypoxemia 

that may influence fetal growth. Finally, it is possible that the overall lack of effect of SDB 

on fetal growth demonstrated in this study is a result of opposing effects of SDB on maternal 

and placental physiology. SDB has been linked to both an increased risk of hypertensive 

disorders, which are associated with lower birth weight, and to gestational diabetes, which is 

strongly associated with higher birth weight.

Conclusion

SDB, defined as an AHI ≥5, in pregnancy was associated with higher unadjusted risk of 

LGA but not SGA. The association between SDB and LGA was not independent of key 

covariates, specifically BMI. Some measures of nocturnal hypoxemia were associated with 

an increase in LGA risk, independent of BMI. Additional studies are needed to determine 

how SDB severity and other measures of nocturnal hypoxemia may influence fetal growth 

and development beyond the risk associated with BMI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• SDB, defined as an AHI ≥5, in pregnancy was not associated with SGA

• Early pregnancy SDB was associated with a twofold increased unadjusted risk 

in LGA

• BMI attenuated the associations of early pregnancy SDB and LGA

• Mid-pregnancy SDB was not associated with LGA

• Some over overnight hypoxemia measures were associated with an increase in 

LGA risk
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Figure 1a - 
Model 1 Relative Risk of LGA by SDB status

Model 1: age, pre-gestational diabetes, chronic hypertension
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Figure 1b - 
Model 2 Relative Risk of LGA by SDB status

Model 2: Model 1 and BMI
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Table 1

Descriptive characteristics
a
 of the sample population by sleep-disordered breathing phenotype

Sleep-Disordered Breathing

Never
b
 (n=2079)

Early-Pregnancy SDB 
(n=114)

Mid-Pregnancy SDB 
(n=132) p-value

Age (years) 26.71 ± 5.32 29.61 ± 5.89 29.78 ± 5.14 <0.001

BMI (kg/m2) 25.75 ± 5.78 36.67 ± 8.35 31.15 ± 6.18 <0.001

BMI (categories)

 - Underweight/Normal Weight, %(n) 57 (1167) 7 (8) 18 (24) <0.001

 - Overweight, %(n) 24 (500) 11 (12) 27 (35)

 - Obese, %(n) 19 (387) 82 (92) 55 (72)

Race/ethnicity

 - non-Hispanic White, %(n) 63 (1320) 58 (66) 63 (83) 0.04

 - non-Hispanic Black, %(n) 10 (218) 19 (22) 13 (17)

 - Hispanic, %(n) 18 (369) 12 (14) 13 (17)

 - Asian, %(n) 3 (72) 5 (6) 7 (9)

 - Other, %(n) 5 (100) 5 (6) 5 (6)

Male Infant, %(n) 51 (1055) 60 (68) 38 (50) 0.002

Gravidity (categories)

 - 1, %(n) 76 (1581) 74 (84) 70 (92) 0.43

 - 2, %(n) 17 (360) 20 (23) 23 (31)

 - 3+, %(n) 7 (138) 6 (7) 7 (9)

Education Status

 - <High School, %(n) 6 (123) 7 (8) 2 (3) 0.01

 - High School Grad or GED, %(n) 11 (236) 16 (18) 6 (8)

 - Some College, %(n) 21 (438) 25 (28) 17 (23)

 - Associate Degree or Technical School, %(n) 11 (223) 16 (18) 18 (24)

 - Completed College, %(n) 30 (618) 21 (24) 34 (45)

 - Degree Work Beyond College, %(n) 21 (441) 16 (18) 22 (29)

Poverty Status
c

 - >200%, %(n) 68 (1154) 60 (57) 77 (87) 0.11

 - 100 to 200%, %(n) 17 (285) 23 (22) 12 (13)

 - <100%, %(n) 15 (256) 17 (16) 12 (13)

Pre-pregnancy Smoking Status
d
, %(n) 15 (318) 26 (30) 21 (28) 0.002

Chronic Hypertension, %(n) 2 (34) 8 (9) 8 (11) <0.001

Pre-Gestational Diabetes, %(n) 1 (28) 4 (4) 1 (1) 0.14

a
Values are means ± SD or percentages. Values of polytomous variables may not sum to 100% due to rounding

b
Never SDB only includes participants with AHI <5 at both assessments

c
Poverty categories indicate participants household income relative to the 2013 federal poverty guidelines adjusting for household size

d
Smoked tobacco in the 3 months before pregnancy
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