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Abstract 

Background

Maternal smoking during pregnancy is a significant risk factor for sudden unexpected 

infant death (SUID). However, the impact of variations in smoking behaviours, includ-

ing timing, intensity, and cessation, remains understudied. This study examines the 

association between maternal smoking and SUID, incorporating detailed categoriza-

tions of smoking behaviours.

Methods

We conducted a population-based, retrospective cohort study of live births in the 

United States from 2017 to 2021 using the Centre for Disease Control Linked 

Birth-Infant Death files. Maternal smoking was categorized as non-smoking, 

pre-pregnancy smoking only, trimester-specific smoking, continuous or discontinu-

ous smoking, and cessation before the third trimester, with stratification by smoking 

intensity. SUID was defined using ICD-10 codes. Multivariable logistic regression was 

used to estimate unadjusted (OR) and adjusted odds ratios (aOR) for SUID. Sensitiv-

ity analyses examined mediation by gestational age and infant birth weight.

Results

Heavy continuous smokers had the highest aOR for SUID (372.8 per 100,000 

births; aOR 2.81, 95% CI 2.67–2.94), followed by light continuous smokers (395.6 

per 100,000 births; aOR 2.47, 95% CI 2.19–2.78) and discontinuous heavy smok-

ers (292.5 per 100,000 births; aOR 2.29, 95% CI 1.72–3.00) compared with non-

smokers. Pre-pregnancy-only smokers had the lowest odds of SUID among all 

smoking categories (light: 188.2 per 100,000 births; aOR 1.77, 95% CI 1.48–2.10;  
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heavy: 152.8 per 100,000 births; aOR 1.61, 95% CI 1.44–1.78). In the sensitivity 

analysis, the natural indirect effect (NIE) of continuous smoking throughout preg-

nancy on SUID through gestational age and infant birth weight were insignificant 

(gestational age: β = 1.01, 95% CI 0.99–1.03, p = 0.28, infant birth weight: β = 1.04, 

95% CI 0.99–1.08, p = 0.10).

Conclusions

Maternal smoking significantly influences SUID, with earlier cessation exhibiting 

weaker associations. These findings emphasize the importance of early smoking 

cessation interventions to improve SUID outcomes.

Introduction

Sudden Unexpected Infant Death (SUID) is the combination of primarily sleep-
related deaths during infancy that are due to (1) sudden infant death syndrome 
(SIDS), (2) accidental suffocation or strangulation in bed (or any other location), and 
(3) ill-defined or other unknown causes [1,2]. It is the most common cause of infant 
mortality between one month and one year of age in high-income countries [1,3]. 
Recent estimates of SUID incidence in the United States (US) are between 90 and 
100 deaths per 100,000 live births [4,5]. The most important risk factors for SUID 
are related to the sleep environment, with sleep position, bed-sharing with a parent, 
and soft sleeping surface being particularly critical [1]. Another important risk factor 
for SIDS is maternal smoke exposure [1]. This risk is most significant for maternal 
smoking while pregnant, but maternal smoking after birth and higher general tobacco 
exposure also increase the risk of SUID [6,7]. Studies have reported a fourfold 
greater risk of SUID among mothers who smoked during pregnancy compared to 
mothers who did not smoke [8]. Other known risk factors include young maternal age, 
no or poor prenatal care, prematurity, low infant birth weight, male sex, and maternal 
mental illness and substance abuse [1,9–14].

Over the last 20 years, the incidence of SUID has decreased by more than 
50%. This has been largely credited to the efforts of the Back to Sleep campaign, 
a public health initiative promoting a safe infant sleeping environment [1]. How-
ever, SUID attributable to maternal smoking remains significant and preventable. 
In the US, approximately 3700 infants die annually from SUID, among which 22% 
can be attributed to smoking [15]. Previous studies characterizing the association 
between maternal smoking during pregnancy and SUID are limited by their defini-
tions of maternal smoking, preventing assessment of the impact of distinct smoking 
behaviours, such as continuous smoking versus changes in smoking behaviours 
throughout pregnancy [15,16]. Furthermore, prior studies have not examined the 
impact of potential mediators such as prematurity and low infant birth weight on the 
association between maternal smoking and SUID. Lastly, several important con-
founders have not been accounted for in previous studies, including maternal obe-
sity, pre-pregnancy hypertension, mother’s nativity, and payment source for delivery 
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[17,18]. Accounting for these covariates is crucial because they capture important social, biological, and structural deter-
minants of health that could confound or modify the observed association between maternal smoking and SUID. There-
fore, to effectively address the ongoing issue of SUID, a more nuanced approach is needed.

Our objective was to assess the association between maternal smoking behaviour and SUID using seven categories of 
maternal smoking behaviour measurement: 1) no smoking, 2) smoking prior to pregnancy, 3) only smoked during the first 
trimester, 4) only smoked during the second or third trimester, 5) continuous smoking throughout pregnancy 6) discontinu-
ous smoking throughout pregnancy, 7) smoking cessation during pregnancy. Additionally, we assessed the presence of a 
dose response in the relationship between maternal smoking and SUID through further categorization into heavy and light 
smokers for each maternal smoking behaviour.

Methods

Study design and data source

We used the Centers for Disease Control and Prevention (CDC) linked Birth-Infant Death Files to carry out a 
population-based cohort study of births in the US from 2017 to 2021 [19]. These data sets link infant death records with 
corresponding birth records, allowing for detailed analyses of maternal, pregnancy, and infant characteristics.

Study population

The study included singleton, live births in the US occurring between January 1, 2017, and December 31, 2021, and infant 
deaths within the first year of life. Low birth weight is known to be highly associated with child mortality; thus, birth weights 
of less than 1000 grams were excluded to limit the effects of extremely low birth weights [20]. Furthermore, gestational 
ages of less than 25 weeks were excluded to limit extreme prematurity and to ensure all gestational ages reach at least 
one week into the third trimester. Infants with congenital anomalies were also excluded. Further exclusions were applied 
to missing data on exposure, outcome, or confounders and mediators, ensuring complete data for analysis (Fig 1).

Exposure and outcome definitions

The primary exposure was maternal smoking behaviour, categorized into seven groups: 1) no pre-pregnancy and prenatal 
smoking, 2) only pre-pregnancy smoking, 3) only smoked during the first trimester, 4) only smoked during the second or 
third trimester, 5) continuous smoking (smoking during pre-pregnancy and throughout pregnancy or smoking throughout 
the three trimesters), 6) discontinuous smoking (stopped smoking during any period of time throughout pregnancy and 
started smoking again at a later time in their pregnancy), and 7) smoking cessation (continuous smoking during pre-
pregnancy and through multiple trimesters and stopped before their third trimester). To calculate dose response, each of 
the smoking categories were further categorized into heavy and light smokers. Participants that smoked on average 20 
cigarettes or more per day were considered heavy smokers and those that smoke on average less than 20 cigarettes per 
day were considered light smokers [21].

The outcome of interest was SUID, defined as the death of an infant under 365 days old, due to the following causes 
and corresponding ICD-10 codes, Sudden Infant Death Syndrome (R95), ill-defined and unknown causes (R99), or acci-
dental suffocation and strangulation in bed (W75) [15].

Covariates

Covariates included in our analysis were determined a priori based on previous studies [15–18]. Socioeconomic status 
(SES) variables including maternal ethnicity, marital status, maternal education, maternal nativity, Special Supplemen-
tal Nutrition Program for Women, Infants, and Children (WIC), and payment method. Maternal characteristics including 
maternal age, pre-pregnancy body mass index, pregnancy weight gain, pre-pregnancy hypertension, and gestational 
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Fig 1.  Derivation of complete case cohort.

https://doi.org/10.1371/journal.pone.0344554.g001
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hypertension. Other pregnancy characteristics including total pregnancy order, number of prenatal visits, and prior termi-
nations or fetal death. Lastly, gestational age and infant birth weight have been identified as potential mediators based on 
their previously established associations with maternal smoking and SUID [22–24].

Statistical analysis

Descriptive statistics on demographics and clinical characteristics of individuals with live births in the US were calculated 
for the study cohort and stratified by maternal smoking behaviour categories. We estimated crude SUID rates per 100,000 
live births within each smoking behaviour category. Multivariable logistic regression models were used to estimate unad-
justed and adjusted odds ratios (ORs) for the association between maternal smoking behaviour categories and SUID, 
comparing each maternal smoking behaviour to the no pre-pregnancy and prenatal smoking category, and controlling for 
previously determined confounders.

Sensitivity analysis

Mediation analysis was carried out to investigate the roles of gestational age and infant birth weight as mediators in the 
relationship between maternal smoking behaviour and SUID. Gestational age and infant birth weight were categorized into 
binary variables. Gestational age under 37 weeks were categorized as preterm and infant birth weight under 2500 grams 
were categorized as “low” [24]. All mediation analysis examined the controlled direct effect (CDE; variable of interest 
effect on the outcome when the mediator is set to a fixed level), natural indirect effect (NIE; variable of interest effect on 
the outcome that is influenced by the mediator variable), natural direct effect (NDE; effect on the outcome after adjusting 
for the indirect effect exerted by the mediator), and total effect (overall variable of interest effect on the outcome, equal to 
NDE  +  NIE) [25].

Results

There were 18,713,624 live births in the US between 2017 and 2021. After applying the exclusion criteria, the study popu-
lation included 16,484,245 live births from 2017–2021 Demographics are outlined in detail in Table 1. Of the total popula-
tion, 92% of patients were non-smokers (n = 15,222,196), 4% were heavy smokers who continuously smoked during their 
pregnancy (n = 664,741), 1.4% were heavy smokers who only smoked during pre-pregnancy (n = 234,259), and 0.94% 
were heavy smokers who ceased smoking before their third trimester (n = 154,618). The remaining maternal smoking 
behaviour groups (first trimester only heavy and light smokers, second or third trimester only heavy and light smokers, 
continuous light smokers, discontinuous heavy and light smokers, pre-pregnancy only light smokers, and smoking cessa-
tion light smokers) each represent less than 0.5% of the total population (Table 1).

Individuals who smoked, regardless of their smoking behaviour, had, on average, lower levels of education com-
pared to non-smokers. Additionally, individuals who smoked had a higher prevalences of participation in the WIC 
program. Non-smokers had the lowest percentages of pre-pregnancy hypertension, infant gestational age under 37 
weeks, and low infant birth weight (1000–2499 grams). Among all individuals who smoke, individuals who only smoked 
pre-pregnancy had the lowest rates of pre-pregnancy hypertension, infant gestational age under 37 weeks, and low 
infant birth weight (Table 1).

Crude rates

In the overall population, the rate of SUID was 85.3 per 100,000 births. Compared with the rate of SUID among non-
smokers (67.1 per 100,000 births), crude rates of SUID were higher in all maternal smoking behaviour groups, with light 
smokers who discontinuously smoked during their pregnancy (491.6 per 100,000 births) having the highest rates, fol-
lowed by light continuous smokers (395.6 per 100,000 births), heavy continuous smokers (372.8 per 100,000 births), and 
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individuals who only smoked during their second or third trimesters (351.7 per 100,000 births). Similar rates of SUID were 
observed among heavy smokers who discontinuously smoked during their pregnancy (292.5 per 100,000 births), indi-
viduals who only smoked during their first trimester (282.1 per 100,000 births), and light and heavy smokers who ceased 
smoking before their third trimester (light: 278.8 per 100,000 births; heavy: 259.35 per 100,000 births). Light and heavy 
smokers who only smoked during pre-pregnancy had the lowest rates of SUID (light: 188.2 per 100,000 births; heavy: 
152.8 per 100,000 births) among all individuals that smoked (Table 2). Power calculations indicated that heavy and light 
categories for only smoking during the first trimester and only smoking during the second or third trimesters had insuffi-
cient sample sizes. Thus, heavy and light categories were combined, and dose responses were not examined for these 
maternal smoking behaviour categories.

Adjusted results

All maternal smoking behaviour categories  were compared to non-smokers (67.1 per 100,000 births). After adjusting for 
SES, maternal characteristics, and pregnancy characteristics, light smokers who discontinuously smoked during their 
pregnancy had the highest adjusted odds of SUID (491.6 per 100,000 births; aOR 3.27, 95% CI 2.03–4.93). They are 
followed by continuous heavy (372.8 per 100,000 births; aOR 2.81, 95% CI 2.67–2.94) and light smokers (395.6 per 
100,000 births; aOR 2.47, 95% CI 2.19–2.78). Individuals who only smoked during their second or third trimesters (351.70 
per 100,000 births; aOR 2.30, 95% CI 1.50–3.36) had similar odds of SUID with heavy smokers who smoked discontinu-
ously throughout their pregnancy (292.5 per 100,000 births; aOR 2.29, 95% CI 1.72–3.00). However, higher odds of SUID 
were observed for individuals who only smoked during their second or third trimesters (351.70 per 100,000 births; aOR 
2.30, 95% CI 1.50–3.36) compared to individuals who only smoked during their first trimester (282.09 per 100,000 births; 
aOR 2.14, 95% CI 1.25–3.38). Lastly, individuals who only smoked during pre-pregnancy had the lowest adjusted odds of 
SUID (light: 188.2 per 100,000 births; aOR 1.77, 95% CI 1.48–2.10; heavy: 152.8 per 100,000 births; aOR 1.61, 95% CI 
1.44–1.78) (Table 2).

Among maternal smoking behaviour categories that were accessed for dose response, higher odds of SUID were 
observed among heavy smokers in individuals who continuously smoked (heavy: aOR 2.81, 95% CI 2.67–2.94; light: aOR 
2.47, 95% CI 2.19–2.78) and among individuals who ceased smoking before their third trimester (heavy: aOR 2.30, 95% 
CI 2.07–2.54; light: aOR 2.00, 95% CI 1.62–2.44). For individuals that discontinuously smoked throughout their preg-
nancy (light: aOR 3.27, 95% CI 1.72–3.00; heavy: aOR 2.29, 95% CI 1.72–3.00) and for those who only smoked during 

Table 2.  Unadjusted and adjusted associations between sudden unexpected infant death (SUID) by maternal smoking behaviour categories 
compared to non-smoking category, United States, 2017-2021.

Maternal smoking behaviour categories n/N Rate per 100,000 OR 95% CI aOR 95% CI

Nonsmoking 10209/15222196 67.1 Ref Ref Ref Ref

Continuous smoking (heavy) 2478/664741 372.8 5.58 5.33–5.82 2.81 2.67–2.94

Continuous smoking (light) 284/71790 395.6 5.92 5.25–6.65 2.47 2.19–2.78

Pre-pregnancy only (heavy) 358/234259 152.8 2.28 2.05–2.53 1.61 1.44–1.78

Pre-pregnancy only (light) 131/69620 188.2 2.81 2.35–3.32 1.77 1.48–2.10

Only 1st trimester smoking 16/5672 282.1 4.22 2.47–6.64 2.14 1.25–3.38

Only 2nd or 3rd trimester smoking 24/6824 351.7 5.26 3.42–7.66 2.30 1.50–3.36

Discontinuous smoking (heavy) 50/17096 292.5 4.37 3.27–5.70 2.29 1.72–3.00

Discontinuous smoking (light) 20/4067 491.6 7.36 4.58–11.10 3.27 2.03–4.93

Smoking cessation (heavy) 401/154618 259.4 3.87 3.50–4.28 2.30 2.07–2.54

Smoking cessation (light) 93/33362 278.8 4.17 3.37–5.08 2.00 1.62–2.44

OR, odds ratio; aOR, adjusted odds ratio; CI, confidence interval

https://doi.org/10.1371/journal.pone.0344554.t002
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pre-pregnancy (light: aOR 1.77, 95% CI 1.48–2.10; heavy: aOR 1.61, 95% CI 1.44–1.78), higher odds of SUID were 
observed among light smokers. However, CI overlapped for heavy and light smokers in every maternal smoking behaviour 
category (Fig 2).

Sensitivity analysis

Due to computation limitations, mediation analyses on birth weight and gestational age were only conducted for the 
continuous smoking category using a randomly generated subset of 500,000 samples. Furthermore, due to conversion 
issues, models used for mediation analyses needed to reduce model dimensionality. Therefore, maternal education, 
maternal age, number of prenatal visits, and payment method were excluded from the mediation model.

For gestational age, the OR for the NIE of continuous smoking throughout pregnancy on SUID through gestational 
age was insignificant (β = 1.01, 95% CI 0.99–1.03, p = 0.28). OR for NDE of continuous smoking throughout pregnancy on 
SUID was β = 2.34 (95% CI 1.68–3.01, p < 0.01), and OR for CDE was β = 2.35 (95% CI 1.62–3.08, p < 0.01). OR for the 
total effect of continuous smoking throughout pregnancy on SUID was β = 2.37 (95% CI 1.70–3.03, p < 0.01), with 1.71% 
(95% CI −1.44–4.85, p = 0.29) of the effect mediated by gestational age.

For infant birth weight, OR for NIE of continuous smoking throughout pregnancy on SUID through infant birth weight 
was insignificant (β = 1.04, 95% CI 0.99–1.08, p = 0.10). OR for NDE was β = 2.25 (95% CI 1.59–2.90, p < 0.01) and OR for 
CDE was β = 2.24 (95% CI 2.94–3.48, p < 0.01). The OR for the total effect of continuous smoking throughout pregnancy 
on SUID was β = 2.32 (95% CI 1.67–2.99, p < 0.01), with 6.28% (95% CI −1.30–13.87, p = 0.10) of the effect mediated by 
infant birth weight.

Fig 2.  Forrest plot of unadjusted and adjusted odds ratios of association between SUID by maternal smoking behaviour categories compared 
to non-smoking category, United States, 2017-2021.

https://doi.org/10.1371/journal.pone.0344554.g002
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Discussion

This population-based, retrospective cohort study of live births in the US from 2017 to 2021 revealed significant associa-
tions between maternal smoking behaviour and SUID. After adjusting for these socio-economic disparities as well as key 
pregnancy and infant factors, we observed the highest SUID rates among continuous smokers (heavy and light). While 
discontinuous light smokers appeared to have the highest point estimate, the wide confidence interval suggests greater 
uncertainty around this estimate. Importantly, the confidence interval overlaps with all other smoking behaviour catego-
ries, indicating that the apparent difference between these groups may not be statistically meaningful. Additionally, we 
saw a trend suggesting higher odds of SUID among individuals smoking later in pregnancy. Sensitivity analyses found 
minimal mediation by gestational age and birth weight. These findings support our hypothesis that all smoking behaviours 
would have increased odds of SUID, with continuous smoking having the highest. However, no differences were observed 
between heavy and light smokers for any category.

Our findings align with prior studies that consistently demonstrate any maternal smoking during pregnancy increases 
the risk of SUID [12,13]. This is consistent with existing theoretical positions emphasizing smoking's detrimental impact on 
fetal and infant health. However, unlike some previous studies that observed a clear dose-response relationship across 
all smoking categories, our study did not find significant dose-response associations in any smoking behaviours. This 
discrepancy may stem from our use of categorical analysis, which may lack the granularity of linear modelling approaches 
traditionally used in this context. Misclassification is also a concern, as “light” smokers in our study may include individuals 
with smoking habits near the threshold of 20 cigarettes per day, potentially diluting dose-response patterns. Unexpected 
results, such as higher odds of SUID among light smokers in certain categories, may also reflect unmeasured variables. 
For instance, the lack of detailed data on smoking behaviours prior to pregnancy limited our ability to fully account for 
cumulative exposure. The omission of detailed data on smoking behaviours prior to pregnancy could lead to an underesti-
mation or overestimation of the true association between smoking and SUID, as the model may not accurately capture the 
cumulative effects of nicotine exposure.

Our results reinforce the need for public health interventions targeting maternal smoking cessation, especially early in 
pregnancy or before conception. By demonstrating that even intermittent or low intensity smoking increases SUID risk, 
our study highlights the importance of framing any smoking during pregnancy as harmful. Based on our findings, smoking 
cessation prior to pregnancy could reduce the risk of SUID by 20%. Thus, early interventions, such as integrating smok-
ing cessation counselling into prenatal care or WIC programs, could have significant public health benefits [26,27]. For 
instance, leveraging WIC participation as an opportunity for smoking cessation education could help address the socio-
economic disparities linked to smoking behaviours [28]. Furthermore, these findings highlight the need to reframe public 
health messaging around smoking during pregnancy. Educational campaigns should emphasize that cessation at any 
point reduces risk, but quitting earlier offers the most protective benefits. Policymakers could enhance access to smok-
ing cessation resources, such as subsidized nicotine replacement therapies, especially for high-risk populations [29,30]. 
These findings also challenge healthcare providers and policymakers to address socioeconomic and behavioural factors 
that sustain smoking during pregnancy, implementing multi-faceted strategies to address SUID.

This study has several strengths. First, by differentiating between light and heavy smoking, continuous and discontin-
uous smoking, and timing of smoking during pregnancy, the study captured important variations in exposure. Addition-
ally, this study adjusted for a comprehensive range of confounders, including socioeconomic factors, maternal health 
conditions, and pregnancy characteristics. Lastly, sensitivity analyses examined gestational age and infant birth weight 
as potential mediators, which provided valuable insights into the pathways linking maternal smoking to SUID. However, 
several limitations still exist. First, the study lacked data on maternal smoking behaviours prior to pregnancy, preventing 
the examination of cumulative tobacco exposure and its long-term effects on SUID. Additionally, data on alcohol or other 
substance use, which may interact with smoking, were unavailable. Lastly, sensitivity analyses were limited to a subset of 
continuously smoking individuals due to computation constraints, and non-bootstrap confidence intervals may affect the 
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robustness of some estimates. Although the study made significant efforts to mitigate potential biases through confounder 
adjustment, the potential for residual confounding remains, particularly given the complex interplay of factors influencing 
SUID.

Despite these limitations, the study provides a valuable contribution to the literature by utilizing large-scale, nationally 
representative data and employing detailed categorizations of smoking behaviours. The findings from this study open 
several avenues for future research to better understand and address the relationship between maternal smoking and 
SUID. Future studies should examine the long-term impact of maternal smoking habits prior to pregnancy and the impact 
of changes in these habits during pregnancy on SUID outcomes. Additionally, studies should incorporate data on alcohol 
and other substance use, as well as potential interactions between these factors and smoking, to provide a more compre-
hensive understanding of their combined effects. Finally, investigating the complex interplay of socioeconomic, environ-
mental, and biological factors through interdisciplinary approaches may help address residual confounding and uncover 
novel pathways influencing SUID risk. These efforts would strengthen the evidence base and inform targeted interventions 
to reduce SUID incidence.
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