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Summary

Zolpidem is a non-benzodiazepine agent indicated for treatment of insomnia. While zolpidem 

crosses the placenta, little is known about its safety in pregnancy. We assessed associations 

between self-reported zolpidem use 1 month before pregnancy through to the end of the third 

month (“early pregnancy”) and specific birth defects using data from two multi-site case–control 

studies: National Birth Defects Prevention Study and Slone Epidemiology Center Birth Defects 

Study. Analysis included 39,711 birth defect cases and 23,035 controls without a birth defect. For 

defects with ≥ 5 exposed cases, we used logistic regression with Firth’s penalised likelihood 

to estimate adjusted odds ratios and 95% confidence intervals, considering age at delivery, 
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race/ethnicity, education, body mass index, parity, early-pregnancy antipsychotic, anxiolytic, 

antidepressant use, early-pregnancy opioid use, early-pregnancy smoking, and study as potential 

covariates. For defects with three–four exposed cases, we estimated crude odds ratios and 95% 

confidence intervals. Additionally, we explored differences in odds ratios using propensity score-

adjustment and conducted a probabilistic bias analysis of exposure misclassification. Overall, 84 

(0.2%) cases and 46 (0.2%) controls reported early-pregnancy zolpidem use. Seven defects had 

sufficient sample size to calculate adjusted odds ratios, which ranged from 0.76 for cleft lip to 2.18 

for gastroschisis. Four defects had odds ratios > 1.8. All confidence intervals included the null. 

Zolpidem use was rare. We could not calculate adjusted odds ratios for most defects and estimates 

are imprecise. Results do not support a large increase in risk, but smaller increases in risk for 

certain defects cannot be ruled out.
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1 | INTRODUCTION

Symptoms of insomnia, including difficulty initiating or maintaining sleep or having 

unrefreshing sleep, are prevalent among the general population, impacting an estimated 

10%–20% (Buysse, 2013; Okun et al., 2015). Pregnant people report insomnia symptoms 

and poor sleep quality across all gestational months (Mindell et al., 2015; Okun et al., 2009; 

Okun et al., 2011; Okun & Coussons-Read, 2007; Okun, Kline et al., 2013; Okun, Luther et 

al., 2013). While poorer sleep patterns in later pregnancy are reported more frequently, over 

25% of pregnant people report sleep issues during early pregnancy (Lee et al., 2000; Mindell 

et al., 2015; Okun et al., 2011; Okun et al., 2015; Okun & Coussons-Read, 2007), and an 

estimated 4% of pregnant people seek medications to facilitate improved sleep (Chong et 

al., 2013; Mindell et al., 2015). Of the variety of medications that are used both on and off 

label to promote sleep, non-benzodiazepine medications (zolpidem, zaleplon and zopiclone) 

were specifically designed to have fewer adverse effects on the central nervous system 

and a reduced potential for abuse compared with benzodiazepines (Creeley & Denton, 

2019; Lie et al., 2015; Neubauer et al., 2018). Zolpidem (e.g. Ambien®, Zolpimist®) is 

one of the most commonly prescribed non-benzodiazepines (Creeley & Denton, 2019); it 

was approved in the USA in 1992 as an immediate-release formulation, and in 2005 as a 

modified-release formulation (Norman et al., 2017). Data on the prevalence of zolpidem 

use during pregnancy are unavailable, and data on the risks or benefits of its use during 

pregnancy are limited (Creeley & Denton, 2019; Okun et al., 2015). Zolpidem crosses the 

placenta so could potentially have teratogenic effects on the fetus, although there is no 

evidence of an increased risk in animal studies (Okun et al., 2015; Sasaki et al., 1993). 

Comparing the few existing epidemiological studies that have explored zolpidem use in 

pregnancy is challenging. These studies have examined different birth defect groupings, used 

a single combined birth defect outcome, or have grouped zolpidem use with the use of other 

sleep aid medications (Ban et al., 2014; Juric et al., 2009; Wikner et al., 2007; Wikner & 

Källén, 2011).
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Investigators with the National Birth Defects Prevention Study (NBDPS), a large, 

population-based case–control study of risk factors for birth defects, periodically conduct 

screen-based exploratory analyses of the study database to detect signals for increased 

risks between medication components and specific birth defects (Louik et al., 2015). These 

analyses offer a useful method for generating new hypotheses. This is especially important 

as pre-marketing clinical trials generally do not include pregnant persons, and research 

on fetal safety is limited to animal studies. Hence, post-marketing surveillance of the 

teratogenicity of medications takes a long time to assess (Lisi et al., 2010). In a recent 

screen, elevated crude associations were observed between early-pregnancy zolpidem use 

(defined as 1 month before conception through to the end of the third month of pregnancy) 

and tetralogy of Fallot, a congenital heart defect.

Given the gap in the literature and the potential signal from the recent NBDPS screen, we 

sought to formally analyse self-reported zolpidem use in early pregnancy with a wide range 

of birth defects using data from two multi-site, case–control studies of birth defects, NBDPS 

and the Slone Epidemiology Center Birth Defects Study (BDS).

2 | METHODS

The NBDPS and BDS were both case–control studies designed to investigate risk factors 

for birth defects. Detailed methods can be found elsewhere (Parker et al., 2018; Reefhuis 

et al., 2015; Werler et al., 1999). Briefly, the NBDPS included pregnancies ending on 

or after 1 October 1997, with estimated delivery dates on or before 31 December 2011 

(Reefhuis et al., 2015). Liveborn, stillborn or terminated pregnancies affected by one or 

more of 30 categories of major structural birth defects (“cases”), excluding those attributed 

to a known chromosomal or single-gene abnormality, were ascertained through birth defects 

surveillance programs in 10 states (Arkansas, California, Georgia, Iowa, Massachusetts, 

New Jersey, New York, North Carolina, Texas and Utah). Clinical geneticists reviewed cases 

to determine study eligibility, and to classify cases as isolated (one major birth defect or 

organ system involved), multiple (major birth defects in more than one organ system) or 

complex (Rasmussen et al., 2003). Congenital heart defect cases were further classified 

according to a protocol that considered cardiac phenotype, complexity and presence of 

non-cardiac defects (Botto et al., 2007). Oral clefts, glaucoma, cataracts, ventricular septal 

defects (VSDs) and pulmonary valve stenosis (PVS) were not ascertained by all sites for 

all years (Rasmussen et al., 2003). Only second- and third-degree hypospadias cases were 

included. Liveborn infants without any major birth defects (“controls”) were randomly 

selected from hospital records or birth certificates in the same catchment area as the cases.

From 1976 to 2015, BDS identified pregnancies with any major birth defect by review 

of discharge records at participating hospitals or birth defect registry data in greater 

metropolitan Boston, Massachusetts (1976–1998); areas of Massachusetts and greater 

metropolitan Boston (1998–2015); greater metropolitan Philadelphia, Pennsylvania (1977–

2015); greater metropolitan Toronto, Ontario (1979–2006); San Diego County, California 

(2001–2015); parts of New York State (2004–2015); and Nashville, Tennessee (2012–2015; 

Parker et al., 2018; Werler et al., 1993; Werler et al., 1999). Liveborn infants without birth 

defects identified from study hospitals and birth certificates in the same catchment areas as 
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cases served as controls. For the present analysis, study subjects were restricted to those 

interviewed 1998–2015.

Although both studies had centres in Massachusetts, California and New York, differences 

in catchment areas and eligibility criteria prevented participants from being included in both 

studies (Parker et al., 2018). Although BDS included cases with chromosomal abnormalities 

and single-gene disorders, they were excluded from the present analysis to match the 

inclusion/exclusion criteria of NBDPS. Institutional review board approval was obtained 

for both NBDPS and BDS, as appropriate, and mothers provided informed consent.

The NBDPS and BDS collected self-reported pregnancy exposure information up to 24 

months after delivery for NBDPS and 6 months after delivery for BDS via computer-assisted 

telephone interviews. In NBDPS, 67% of eligible case and 64% of eligible control mothers 

participated in the interview; in BDS, the participation rate approximated 65%. Neither 

study included specific questions about zolpidem use or sleep disorders. For both studies, 

participants were asked to report the name, dates and frequency of any medications used 

during pregnancy, but were not always asked specifically about dose or indication for each 

medication. Both studies used the Slone Epidemiology Center Drug Dictionary to code 

reported medications and link products to their active ingredient components.

Pregnancy timing was defined differently in the two studies. The NBDPS used the estimated 

date of conception as the reference date, defined pregnancy months as 30-day time periods 

around the estimated date of conception, and collected medication exposures in the 3 months 

before conception to the end of pregnancy. The BDS used the last menstrual period (LMP) 

date as the reference date, defined pregnancy months as 28-day time periods (lunar months) 

around the LMP, and collected medication exposures in the two lunar months before the 

LMP through to the end of pregnancy. To harmonise exposure dates between both studies, 

we calculated the estimated date of conception for BDS participants, and used the date of 

conception and 30-day months to define exposure periods, as was done in the NBDPS. Thus, 

we considered a woman exposed if she reported using zolpidem at any time in the month 

before pregnancy through to the end of the third month of pregnancy (“early pregnancy”). 

The first 3 months of pregnancy include the critical period in embryonic development 

associated with most structural birth defects. We included the month before conception 

because the exact date of conception is typically not known.

We calculated adjusted odds ratios (aORs) and profile likelihood 95% confidence intervals 

(CIs) using unconditional logistic regression with Firth’s penalised likelihood for defects 

with five or more exposed cases. Firth’s penalised likelihood estimates of model coefficients 

and 95% CIs do not assume symmetry of the CI around the coefficient estimate and are 

more appropriate for small samples (Firth, 1993). We identified potential confounders 

a priori based on the literature and hypothesised causal pathways in a directed acyclic 

graph (DAG; Figure S1), which included age at delivery, race/ethnicity, educational 

attainment, pre-pregnancy body mass index (BMI; kg m−2), parity, early-pregnancy use of 

antipsychotics, anxiolytics or antidepressants, early-pregnancy opioid use, early-pregnancy 

smoking, and study (NBDPS or BDS). Given that there were small numbers of exposed 

for each birth defect, we minimised covariates in the final multivariable model for each 
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birth defect by comparing the aOR for zolpidem use from the full model with all covariates 

from the DAG to the aORs for zolpidem use from multivariable models with the various 

combinations of these potential confounders. The final multivariable model for each birth 

defect was selected using a change-in estimate approach such that the final multivariate 

model was the most parsimonious model for which the aOR and width of the CI were 

essentially the same as the full model (Kleinbaum & Klein, 2010). For defects with three 

or four exposed cases, we calculated crude odds ratios (cORs) and 95% CIs using logistic 

regression with Firth’s penalised likelihood. We did not calculate ORs for defects with one 

or two exposed cases.

We conducted three sensitivity analyses. First, due to small numbers for certain birth defects, 

we used propensity scores to adjust for all covariates identified in the DAG described above 

(Glynn et al., 2006). We fit a logistic regression model among controls for the probability 

of zolpidem exposure conditional on the covariates, and used the parameter estimates to 

calculate the predicted probability of zolpidem exposure in all case and control mothers 

given their observed covariate values and checked balance of covariables across exposure 

groups (Austin, 2009; Kainz et al., 2017; Månsson et al., 2007). We adjusted exposure-

outcome logistic regression models for quintiles of the propensity score, and compared 

the estimates from the main analysis that used standard multivariable adjustment with the 

estimates from the propensity score-adjusted approach.

Second, to attempt to partially control for factors prompting treatment with zolpidem, we 

compared the risk of each defect among early-pregnancy zolpidem users with the risk 

among those who reported zolpidem use only later in pregnancy (pregnancy month 4 or 

later).

Given the retrospective exposure assessment, misreporting of the presence or timing of sleep 

aid use is possible. In a third sensitivity analysis, we performed a probabilistic bias analysis 

to assess the impact of misclassification of zolpidem use. No internal validation data exist 

for the self-report of medications in the NBDPS or BDS. Instead, we used estimates from 

the literature for sensitivity and specificity of maternal recall of sleep aid medications in 

early pregnancy, and assigned bias parameters based on these values. Our bias analysis 

was largely informed by a medication validation conducted among a sample of participants 

in the Birth Defects Study To Evaluate Pregnancy exposureS (BD-STEPS; Howley et al., 

2023). BD-STEPS is a subsequent study to NBDPS with similar methods and conducted at 

a subset of NBDPS sites (Tinker et al., 2015). A BD-STEPS medication validation study 

among a subset of participants from New York found that, when comparing self-reports with 

medical records, agreement and validity of medication use in early pregnancy did not differ 

by case/control status. Thus, we conducted a non-differential misclassification bias analysis. 

Using estimates from the BD-STEPS validation and two other studies comparing medication 

use in early pregnancy from self-report and medical records/pharmacy claims, we assumed 

that the sensitivities of self-reported zolpidem use were lower than specificities (Evandt et 

al., 2019; Howley et al., 2023; Sarangarm et al., 2012). We used the methods and SAS 

macro developed by Fox et al. to obtain bias-adjusted, confounder-aOR estimates (adjusting 

for the same confounders for each defect from the main analysis), assigning a trapezoidal 

distribution (minimum, mode 1, mode 2 and maximum) to the sensitivity (0.55, 0.65, 0.75, 
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0.90) and specificity (0.998, 0.999, 0.9995, 1.0) for use of zolpidem use (Fox et al., 2005). 

We sampled each bias parameter 5000 times and calculated 5000 aORs. We summarised 

the 5000 aORs as the median aOR and 95% simulation interval (SI), the 2.5th and 97.5th 

percentile of the OR distribution (Fox et al., 2005; Lash et al., 2009). We incorporated both 

random and systematic error into the bias-adjusted estimates by multiplying the standard 

error from the conventional analyses by a random standard normal deviate (Fox et al., 2005; 

Lash et al., 2009). We conducted all analyses in SAS (9.4; SAS, Cary, NC).

3 | RESULTS

Our analysis included 39,711 cases and 23,035 controls (30,644 cases and 11,614 controls 

from NBDPS; 9067 cases and 11,421 controls from BDS). Early-pregnancy zolpidem 

use was reported by mothers of 84 (0.2%) cases and 46 (0.2%) controls. The overall 

prevalence of use among mothers of controls was similar across both studies. Table 1 

contains the distributions of selected characteristics among mothers of controls and cases 

with specific defects (defects with ≥ 5 exposed cases). Compared with control mothers, 

case mothers more frequently reported early-pregnancy antidepressant, antipsychotic or anti-

anxiety medication use; early-pregnancy smoking; and early-pregnancy opioid use. Case 

mothers more frequently reported having lower educational attainment, and overweight or 

obese BMI than controls.

Among controls, zolpidem use was more frequent among women with non-Hispanic White 

race/ethnicity, higher education attainment, overweight BMI, early-pregnancy smoking, 

early-pregnancy antidepressant, antipsychotic or anti-anxiety medication use, and early-

pregnancy opioid use (Table S1). The majority of case mothers reported sustained zolpidem 

use for more than 60 days in early pregnancy (n = 58, 69%), whereas 43% (n = 24) of 

control mothers reported sustained use in early pregnancy (Table 2).

We initially considered 47 specific birth defects (29 non-cardiac birth defects and 18 cardiac 

birth defects), of which seven had five or more exposed cases, and five had three or four 

exposed cases (Tables 3 and 4). As shown in Table 4, aORs ranged from 0.72 for cleft lip 

to 2.18 for gastroschisis. aORs were greater than 1.8 for cleft palate (OR = 1.83), anorectal 

atresia (OR = 1.89), gastroschisis (OR = 2.18) and tetralogy of Fallot (OR = 2.07). The 

corresponding 95% CIs for all defects included the null.

Results were generally similar in our sensitivity analysis that adjusted for a larger set of 

covariates using propensity scores (Table S2) in that the CIs for all defects included the null 

value. Yet, there were some differences. Of the four defects with aORs greater than 1.8 in 

the main analysis, the propensity score-aOR was further from the null for cleft palate (OR 

= 1.97), anorectal atresia (OR = 1.95) and tetralogy of Fallot (OR = 2.40). The propensity 

score-aOR for gastroschisis was attenuated (OR = 1.95). Additionally, the propensity score-

aOR for PVS was 1.25, which is strengthened compared with the main analysis (OR = 0.99). 

Given the wide CIs, all of the propensity-aORs failed to reach statistical significance.

To partially control for underlying disease and factors prompting treatment, we compared 

early zolpidem users with those who reported only later-pregnancy zolpidem use (Table S3). 
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Results were largely similar to our main analysis. The ORs for cleft palate, anorectal atresia, 

gastroschisis and tetralogy of Fallot were all further from the null than in the main analysis, 

and were greater than 2.0. The biggest difference was for gastroschisis, where the aOR in 

this sub-analysis was 4.44 (compared with 2.18 in the main analysis) and the lower limit of 

the CI was 1.0. All the CIs in this sub-analysis were wide due to small numbers.

Analyses to assess the impact of misclassification bias were reassuring in that there was 

minimal impact of exposure misclassification on the estimates, assuming the assumptions 

and values assigned to the bias parameters underlying these analyses were accurate. The 

results were of similar magnitude and in the same direction (or null, in the case of 

PVS) as results that adjusted only for confounding (Figure 1). The ORs adjusted for 

confounding and non-differential exposure misclassification bias for cleft palate, anorectal 

atresia, gastroschisis and tetralogy of Fallot were further from the null and all greater than 

2.8, although the 95% SIs were wide, reflecting the rare exposure and greater uncertainty. 

The SIs largely included the null value, although the lower bound of the 95% SI for cleft 

palate and tetralogy of Fallot were both slightly above 1.0.

4 | DISCUSSION

In our analysis of data from two large case–control studies, NBDPS and BDS, early-

pregnancy use of zolpidem was rare and reported by 0.2% of control participants. For the 

vast majority of the 47 specific birth defects examined, we did not have enough exposed 

cases to calculate estimates. We had sufficient sample size (> 5 exposed cases) to calculate 

adjusted estimates for the association of early-pregnancy zolpidem use compared with no 

treatment for seven specific defects. aORs for specific defects ranged from 0.72 for cleft 

lip to 2.18 for gastroschisis. We observed elevated adjusted associations greater than 1.8 

for four specific defects: cleft palate only, anorectal atresia, gastroschisis, and tetralogy of 

Fallot. The corresponding 95% CIs were wide, and all CIs included the null value of 1.0, 

so should be interpreted cautiously. While we cannot rule out residual confounding, the 

elevated associations for these four defects were robust to multiple approaches to control for 

a range of measured confounders.

This analysis was partially motivated by a recent NBDPS medication screen that flagged 

a statistical association between zolpidem use and tetralogy of Fallot (cOR > 2). Such 

screens can yield important information that can generate new hypotheses about medication 

use in pregnancy that were not assessed in pre-marketing clinical trials, especially when 

post-marketing surveillance does not exist (Lisi et al., 2010; Louik et al., 2015). In our 

analysis of combined data from NBDPS and BDS, the association with tetralogy of Fallot 

was one of the strongest observed (aOR = 2.07). The estimate was consistently elevated 

and further from the null in our three sub-analyses (propensity score-adjusted analysis, 

misclassification bias analysis, and when comparing with those who used zolpidem only 

later in pregnancy). While the CIs for tetralogy of Fallot included the null value in the 

main analysis, the propensity score analysis, and in the sub-analysis comparing with later 

in pregnancy, the CI for the estimate adjusted for confounding and misclassification bias 

excluded the null.
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Similar to the estimate for tetralogy of Fallot, the association between zolpidem use and 

gastroschisis was greater than 2.0 (aOR = 2.18) and remained consistently elevated in our 

three sub-analyses. Younger women have a much higher risk of gastroschisis compared with 

older women (Jones et al., 2016), and others have identified maternal age as an important 

modifier of risks between other maternal exposures and gastroschisis (Feldkamp et al., 

2019; Fisher et al., 2022; Haddow et al., 1993; Siega-Riz et al., 2009). In our analysis, 

however, there were not enough exposed gastroschisis cases to formally analyse additive 

or multiplicative interaction between zolpidem and maternal age. Among the six exposed 

zolpidem cases, four occurred in women older than 25 years at delivery. This corresponds 

to an unadjusted OR of 5.8 (1.9, 14.0) when the analysis is restricted to women older than 

25 years. This estimate is much further from the null than the gastroschisis finding in our 

main analysis [unadjusted OR of 1.80 (0.72, 3.81), aOR of 2.18 (0.81, 5.03)]. This suggests 

that there may be some interaction worth exploring in future analyses of zolpidem and 

gastroschisis. Past studies have not observed statistically significant associations between 

zolpidem and tetralogy of Fallot or any other specific birth defect, although these studies 

have grouped zolpidem with other medications and assessed grouped birth defects (Ban 

et al., 2014; Juric et al., 2009; Wikner et al., 2007; Wikner & Källén, 2011). A cohort 

study conducted using data from a large UK primary care database explored benzodiazepine 

and hypnotic non-benzodiazepine medications (which included zopiclone, zaleplon and 

zolpidem) and the risk of system-specific birth defects (Ban et al., 2014). The authors did 

not observe an association between first trimester prescriptions for benzodiazepines and 

non-benzodiazepines and any defect groups (including heart defects), although they did 

not specifically examine zolpidem use or more specific defects. Similarly, a cohort study 

using data from the Swedish Medical Birth Register examined the association between 

hypnotic non-benzodiazepine medications and birth defects, finding largely null associations 

for this combined medication exposure group (Wikner et al., 2007; Wikner & Källén, 

2011). An update of the same data identified a possible association with intestinal defects 

(not intestinal atresia/stenosis) based on four exposed cases. The authors stressed that this 

may be due to chance because of multiple testing (Wikner & Källén, 2011). The Swedish 

Medical Birth Register analyses did not explore specific non-benzodiazapines (Wikner et 

al., 2007; Wikner & Källén, 2011). Lastly, a smaller study compared birth outcomes among 

45 zolpidem-exposed and 45 unexposed pregnant people; none of these pregnancies was 

affected by a major birth defect (Juric et al., 2009).

Zolpidem is known to cross the placenta, so theoretically could have an impact on fetal 

development (Juric et al., 2009). Sleep is important for metabolism, tissue restoration, 

memory consolidation and homeostatic balance (Fuller et al., 2006). Poor sleep quality 

has been associated with elevations in pro-inflammatory cytokine levels (Okun & Coussons-

Read, 2007; Okun, Kline et al., 2013) and depressive symptoms in pregnancy (Okun et 

al., 2009; Okun et al., 2011; Okun, Luther et al., 2013). Poor sleep quality has also been 

associated with preterm birth and preeclampsia (Okun et al., 2009, 2011; Okun Luther et al., 

2013), but the association between poor sleep quality or sleep disorders and birth defects has 

not been examined.

The NBDPS and BDS relied on detailed clinical review of all birth defect cases, so we 

expect very little to no disease misclassification within our study. Both studies, however, 
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relied on maternal self-reported exposure information, up to 2 years after the delivery for 

some NBDPS participants. Thus, there is potential for recall error and possibly inaccurate 

reporting of maternal zolpidem use. We do not believe that we have underestimated early-

pregnancy zolpidem use because our prevalence estimates (0.2% of both NBDPS and BDS 

controls) are similar to other estimates of the prevalence of zolpidem use in pregnancy based 

on prescription claims data (Askaa et al., 2014; Wikner & Källén, 2011). We explored 

the impact of potential exposure misclassification through a quantitative bias analysis, 

relying on the literature for parameter estimates (Evandt et al., 2019; Howley et al., 2023; 

Sarangarm et al., 2012). A recent validation study among birth defect cases and controls 

in New York found that there was no difference in agreement by case/control status for 

medications used chronically or those used episodically. Thus, we assumed that exposure 

misclassification of early-pregnancy medication use within NBDPS and BDS would be 

non-differential. While our probabilistic bias analysis suggested that the main results could 

have been biased towards the null under the assumption of high specificity and lower 

sensitivity of self-reported zolpidem use, SIs were wide and changes to the point estimates 

were relatively small.

Other limitations stem from the lack of specific questions within NBDPS and BDS on 

zolpidem use or its indications. We were unable to estimate associations with sleep disorders 

and cannot rule out the possibility of confounding by the underlying disease or by factors 

that influence one’s decision to use a medication. Based only on reported medication use, 

with no information on indication or dose, it is difficult to understand the severity of 

sleep disorders, as medication use is influenced by disease severity, patient preferences, 

medication compliance and by pregnancy itself. Nevertheless, we at least partially attempted 

to control for this unmeasured confounding in a sub-analysis by comparing early-pregnancy 

zolpidem users with those who reported using zolpidem only in later pregnancy. We 

observed OR estimates similar to the main analysis in terms of direction, but CIs were 

more imprecise. The ORs for some birth defects were further elevated when later exposure 

was the comparator, raising the question as to whether use of early-pregnancy zolpidem is 

indeed associated with those birth defects or whether confounding is exacerbated due to 

difference in underlying disease severity or control among those who reported early versus 

later zolpidem use.

Participants using zolpidem in our analysis reported taking other medications as well, most 

notably antidepressants, anxiolytics, antipsychotics and opioids. While we included these as 

variables in DAGs, we narrowed down the covariates in the final model based on changes to 

the point estimate due to the small number of exposed. This resulted in the final model for 

anorectal atresia and secundum atrial septal defect being unadjusted as the adjusted models 

yielded point estimates and CI widths that were similar to unadjusted estimates. Thus, 

there may be uncontrolled confounding by unmeasured factors or residual confounding by 

measured factors. To address residual confounding by measured factors, we conducted a 

sub-analysis using propensity score adjustment, finding results that were largely similar in 

direction, significance and magnitude.

Our relatively large sample in this analysis relied on harmonising and combining data from 

two large case–control studies that collected exposure information similarly. The NBDPS 
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was population-based while the BDS was hospital/registry-based, and both studies had 

clinical review of eligible cases. The large size of these studies allowed us to consider risk 

for some specific birth defects, even with this rare exposure. Yet, the number of exposed 

cases in most of our analyses was small, leading to imprecise estimates and the inability to 

assess risk for all defects. We had limited statistical power to assess many of the associations 

with specific defects, resulting in an inability to estimate ORs for most of the 47 examined 

defects and unstable OR estimates with wide CIs for the associations we were able to 

examine. Additionally, we required a minimum number of exposed cases within the analysis 

so were more likely to observe associations above the null. Nevertheless, we were able 

to calculate adjusted estimates of the associations with seven specific defects, including 

tetralogy of Fallot, which was the observed signal from the NBDPS medication screen. The 

adjusted estimates for the defects that were calculated did not support a large increase in 

risk; however, smaller increases in risk of cleft palate, anorectal atresia, gastroschisis and 

tetralogy of Fallot were suggested but not conclusive. Although we cannot entirely rule 

out increased risks for some specific defects analysed due to the imprecise estimates and 

potential bias, our results add to the evidence supporting the safety of zolpidem use during 

pregnancy. We conducted analyses to explore the impact of common systematic errors on the 

main results and did not find large impacts. Nevertheless, our results should be interpreted 

cautiously given the above limitations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Comparison of odds ratio (OR) estimates for association between early-pregnancy zolpidem 

use and specific birth defects, adjusting for different potential biases in the National Birth 

Defects Prevention Study (NBDPS; 1997–2011) and Birth Defects Study (BDS; 1998–

2015). Adjusted models were built based on a change-in estimate approach for each birth 

defect. The confounder-adjusted (a)ORs for cleft palate, cleft lip and tetralogy of Fallot 

were adjusted for early-pregnancy opioid use. The confounder-aOR for anorectal atresia was 

adjusted for parity. The confounder-adjusted model for gastroschisis was adjusted for early-

pregnancy opioid use and maternal age at delivery. The confounder-aOR for pulmonary 

valve stenosis (PVS) was adjusted for early-pregnancy opioid use and early-pregnancy use 

of an antidepressant, anti-anxiety or antipsychotic. The confounder-aOR for atrial septal 

defect was adjusted for maternal age at delivery. Non-differential misclassification bias 

models for each birth defect were adjusted for the same confounders as the adjusted 

models, and used a trapezoidal distribution (minimum, mode 1, mode 2, maximum) and the 

following parameters: sensitivity: 0.55, 0.65, 0.75, 0.90; specificity: 0.998, 0.999, 0.9995, 

1.0
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