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Purpose: To explore a potential interaction between the effect of specific maternal smoking patterns and the presence of antenatal 
depression, as independent exposures, in causing postpartum depression (PPD).
Methods: This case–control study of participants with singleton term births (N = 51220) was based on data from the 2017–2018 
Pregnancy Risk Assessment Monitoring System. Multivariable log-binomial regression models examined the main effects of smoking 
patterns and self-reported symptoms of antenatal depression on the risk of PPD on the adjusted risk ratio (aRR) scale and tested a two- 
way interaction adjusting for covariates selected in a directed acyclic graph (DAG). The interaction effects were measured on the 
additive scale using relative excess risk due to interaction (RERI), the attributable proportion of interaction (AP), and the synergy 
index (SI). Causal effects were defined in a counterfactual framework. The E-value quantified the potential impact of unobserved/ 
unknown covariates, conditional on observed covariates.
Results: Among 6841 women in the sample who self-reported PPD, 35.7% also reported symptoms of antenatal depression. Out of 
3921 (7.7%) women who reported smoking during pregnancy, 32.6% smoked at high intensity (≥10 cigarettes/day) in all three 
trimesters and 36.6% had symptoms of antenatal depression. The main effect of PPD was the strongest for women who smoked at high 
intensity throughout pregnancy (aRR 1.65; 95% CI: 1.63, 1.68). A synergistic interaction was detected, and the effect of all maternal 
smoking patterns was augmented, particularly in late pregnancy for Increasers and Reducers.
Conclusion: Strong associations and interaction effects between maternal smoking patterns and co-occurring antenatal depression 
support smoking prevention and cessation interventions during pregnancy to lower the likelihood of PPD.
Keywords: maternal smoking patterns, antenatal depression, postpartum depression, interaction, directed acyclic graph, DAG

Introduction
Between 7% and 20% of women in the United States with a recent live birth reported symptoms of depression during 
pregnancy (antenatal depression),1 and nearly 13% (1 in 7) reported symptoms of depression after giving birth (postpartum 
depression).1,2 Moreover, evidence from longitudinal studies indicated that about 40% of women who experience antenatal 
depression had postpartum depression (PPD) and 47% of those with PPD had antenatal depression.1–3 Antenatal depression 
can compromise fetal growth and negatively influence birth outcomes and is one of the strongest risk factors for PPD.4 PPD 
can last between two weeks and up to a year and if not detected and not treated it can severely impair maternal functioning, 
child development, and parenting.1–5 Research finds a strong association between maternal smoking, antenatal depression 
and PPD.1–3,6,7 Despite an overall decline in smoking rates in the US general population from 20.9% in 2005 to 12.5% in 
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2020, about 6.5% of women smoked in the last trimester of pregnancy and 8.8% smoked in postpartum.8 A decline in 
smoking can be in part because some women switch to e-cigarette use upon recognition of pregnancy.9 Adverse birth 
outcomes related to tobacco use during pregnancy are also well documented.10–12 Pregnancy and postpartum periods 
increase maternal vulnerability to depression3 and smoking is over four times more common among pregnant women with 
depression than without depression.6,7 Maternal survey data show a substantial variability in smoking patterns during 
pregnancy and in early postpartum, when women typically change their smoking habit to minimize potential risks.13,14 

Fluctuation in smoking and quitting attempts can trigger symptoms of depression due to acute nicotine withdrawal. Self- 
medication with smoking helps reduce negative affect.15,16 Heavy and nonpersistent moderate smokers reported higher 
level of antenatal depression, compared to light smokers,13 and were also more likely to have symptoms of PPD.12,17 

However, Mendelian randomization studies did not support causal association between high-intensity smoking and anxiety 
and depression.18–20 Antenatal depressive symptoms are as common as symptoms of postnatal depression.5,21,22 The 
presence of antenatal depression is considered a predictor of PPD,5,21 yet, a proportion of women develop PPD regardless of 
antenatal depression.23 It is important to identify modifiable risk factors that contribute to PPD, such as smoking, to help 
develop targeted interventions and protect health of the mothers and families.

Hence, our study interest is to investigate how the joint effect of maternal smoking and antenatal depression, as 
independent exposures, can potentially influence PPD. Our research question is whether the effect of specific maternal 
smoking patterns in causing PPD can be amplified in the presence of co-occurring antenatal depression. This is an 
exploratory study, and we are unaware of any other studies that have investigated these relationships. We utilized 
a directed acyclic graph (DAG) as a tool to capture relations among variables and to guide regression model specifica-
tions on identified potential confounding. Evidence based on significant effect estimates obtained from the statistical 
models allowed drawing conclusions on causal inference in line with current epidemiological research practices.24–29

Materials and Methods
Study Population and Study Design
This case–control study was based on data from the 2017–2018 Pregnancy Risk Assessment Monitoring System 
(PRAMS).30,31 The PRAMS is an ongoing state- and population-based survey system designed to monitor behaviors 
and experiences before, during, and after pregnancy among women in the US who recently (within 2–6 months) gave 
birth to a liveborn infant.30,31 Data collected between March 2017 and February 2018 implemented the Phase 8 version of 
the PRAMS questionnaire with an overall response rate of 61%. Details on the PRAMS survey data collection and 
sampling design representative of each site’s birth population are described elsewhere.30,31 PRAMS data sets are 
deidentified and available to researchers upon request. In this retrospective case–control study, data were restricted to 
participants with live singleton term births (37–41 completed weeks gestation) to ensure a similar duration of exposure to 
smoking and antenatal depression across pregnancy and to avoid bias. About 14% of data involved one or more missing 
variables and were deleted, leaving complete-case data for the analyses. (Figure 1).

The Exposure and Outcome Variables
For the purpose of this study, there were two exposures affecting the outcome independently of one another. The primary 
exposure consisted of six unique and mutually exclusive maternal smoking patterns created based on self-reported 
variability in smoking intensity in early (first and second trimester) and late (third trimester) pregnancy, as described in 
a prior study,14 and included: (1) Quitters-Low (1st and 2nd trimester, 1–9 cigarettes/day); (2) Quitters-High (1st and 2nd 
trimester, ≥10 cigarettes/day); (3) Maintainers-Low (all trimesters, 1–9 cigarettes/day); (4) Maintainers-High (all 
trimesters, ≥10 cigarettes/day); (5) Reducers (1st and 2nd trimester ≥10 cigarettes/day, and 3rd trimester 1–9 cigar-
ettes/day); (6) Increasers (1st and 2nd trimester 1–9 cigarettes/day, and 3rd trimester ≥10 cigarettes/day); and (7) 
Nonsmokers (reference). The secondary exposure was antenatal depression status, a dichotomous variable that was self- 
reported in the PRAMS as “yes” or “no” by asking the following question: “During your most recent pregnancy, did you 
have depression?”30
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The outcome variable was PPD, a dichotomous variable that was self-reported in the PRAMS as “yes” or “no” using 
a modified version of the Patient Health Questionnaire-2 (PHQ-2) that consisted of two questions: “Since your new baby 
was born, have you felt down, depressed, or hopeless?” and since your new baby was born, have you had little interest or 
little pleasure in doing things? 30 A mother’s response was “yes” to both questions.

Covariates
Covariates were selected based on prior research1–3,5,6 and on availability in the dataset and included race categories (ie, 
non-Hispanic White, non-Hispanic Black, Asian, American Indian/Alaska Native, Native Hawaiian, Pacific Islander or 
mixed race) and Hispanic ethnicity, age categories (<20, 20–29, 30–34, and ≥35 years old), educational attainment (high 
school or less, some college, bachelor’s degree or higher), prenatal care (inadequate or adequate/intermediate), marital 

Respondents with live births from 
Pregnancy Risk Assessment 

Monitoring System (2017-2018)
N=72116

Excluded missing values n=10,126 (14.0%)
Race n=675
Age n=2
Hispanic ethnicity n=382
Marital status  n=68 
Health insurance n=556
Education  n=695
Parity n=142
Antenatal depression n=1931
Depressed postpartum n=1684
Prenatal care  n=1195
Substance use n=1377
Smoked in first trimester n=456
Smoked in second trimester n=447
Smoked in third trimester n=444
Gestational age n=72

Participants with singleton births 
Complete case analysis

n=51220

Excluded multiple births n=2011

Participants with singleton live births
n=69851

Excluded infants not living n=254

Excluded women with <37 and >41 
completed weeks gestation n=8505

Figure 1 Flow diagram of the study population.
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status (married, unmarried), health insurance (Medicaid, private insurance, none/self-pay, other), parity (1 or ≥2), 
smoking and substance use (Yes, No).

Statistical Analysis
SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA) was used in all statistical analyses accounting for the 
complex sampling design in the PRAMS. Statistical significance was set at α=0.05. The percentages of women who self- 
reported PPD (cases) and who did not report PPD (controls) were calculated, and the prevalence of each smoking pattern 
was estimated across maternal sociodemographic characteristics. The DAG approach was utilized to identify potential 
covariates that were common causes for the exposure and outcome to be used for adjustment in the logistic regression 
models.24,26,32 The structure of a DAG provided a graphical representation of the “backdoor” criterion24 with several 
paths by which the effect of exposure to smoking during pregnancy and the presence of antenatal depression may be 
causally related to PPD (Figure 2). We assumed that all essential paths to common effects and common causes, including 
observed and unobserved/unmeasured confounding, were identified in the DAG to guide statistical model specifications 
for valid effect estimates. Multivariable log-binomial regression models examined the adjusted risk ratios (aRRs) and 
their 95% confidence intervals (CIs) for the individual (main) effects of all smoking patterns and the antenatal depression 
status. Separate regression models tested two-way interaction effects. The interaction effects were assessed on the 
additive scale using measures of the relative excess risk due to interaction (RERI), the attributable proportion of 
interaction (AP), and the synergy index (SI).28,33,34 The RERI was calculated using the formula: [RR11 – RR10 – 
RR01 + 1], the AP was calculated using the formula: [RERI/RR11], the SI was calculated using the formula: 
[(RR11 – 1)]/[(RR10 – 1) + (RR01 – 1)], and their 95% CIs were based on the delta method.35 It was expected that 
when a synergistic interaction occurs, the effect of the two exposures will be greater than the sum of their individual 
effects.28,33,34 Additionally, the percentages and their corresponding 95% CIs of the total effect attributable to the 
interaction were computed for Increasers and Reducers who had the highest effect estimates. The following formulas 
were used to calculate the contribution of smoking alone: [RR10-1/RR11-1], of antenatal depression alone: [RR01-1/ 
RR11-1], and the contribution of their joint effect: [RERI/RR11-1].34,36 Causal effects were defined in a counterfactual 
framework.37 Variables with missing values of more than 1.9% were imputed using multiple imputation by chained 
equations (MICE) and fitting regression models with variables from the primary complete-case analysis38 following the 
3-step Rubin’s rule.39 PROC MI and PROC MIANALYZE in SAS version 9.4 were employed in the analyses. The 

Figure 2 Directed acyclic graph (DAG). Primary exposure (X): smoking patterns; Secondary exposure (W): antenatal depression; Outcome (Y): postpartum depression; 
Interaction term (XxW): smoking x antenatal depression; Confounding variables: age, race/ethnicity, education, prenatal care, health insurance, and marital status. (U) other 
measured and unobserved/unmeasured confounders.
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impact of unobserved/unmeasured confounding was assessed in a sensitivity analysis using the E-value for interaction 
based on the adjusted risk ratios and the upper or lower 95% CIs.40–42 The E-value represents a minimum strength of 
association that unobserved/unmeasured confounders would need to have with the exposure and the outcome to explain 
away the observed association, conditional on measured covariates. This was a secondary analysis of deidentified data, 
and the study did not require approval by the Mercer University Institutional Review Board.

Results
Out of 51,220 women in the study, 6,841 women self-reported PPD and among them 35.7% reported antenatal depression 
(Table 1). Among 3,921 (7.7%) women who reported smoking during pregnancy, the most prevalent smoking patterns 
were: high-intensity smoking (more than 10 cigarettes/day) (Maintainers-High) and low-intensity smoking (less than 10 
cigarettes/day) (Maintainers-Low) in all three trimesters (Table 2). The prevalence of antenatal depression and PPD was 

Table 1 Participants with Live Singleton Term Births Who Reported (Cases) and Did Not Report 
(Controls) Postpartum Depression (Total N = 51220) (Unweighted N, Weighted %)

Characteristics Postpartum Depression  
n=6841 (13.4%)

No Postpartum Depression  
n=44,379 (86.6%)

P-value

n (%) n (%)

Race/ethnicity <0.0001

Non-Hispanic White 2674 (39.1) 21,801 (49.1)

Non-Hispanic Black 1642 (24.1) 7512 (16.9)

Hispanic 1117 (16.3) 8536 (19.3)

Other race/ethnicity a 1408 (20.5) 6530 (14.7)

Age (years) <0.0001

<20 555 (8.1) 1927 (4.3)

20–29 3782 (55.3) 21,161 (47.7)

30–34 1619 (23.7) 13,409 (30.2)

≥35 885 (12.9) 7882 (17.8)

Education <0.0001

High school or less 3184 (46.6) 15,194 (34.2)

Some college 2061 (30.1) 12,697 (28.6)

Bachelor’s or higher 1596 (23.3) 16,488 (37.2)

Marital status <0.0001

Married 3310 (48.4) 27,484 (61.9)

Unmarried 3531 (51.6) 16,895 (38.1)

Health Insurance <0.0001

Medicaid 3872 (56.6) 18,268 (41.2)

Private 2545 (37.2) 22,907 (51.6)

None/Self-pay 185 (2.7) 1397 (3.1)

Other b 239 (3.5) 1807 (4.1)

(Continued)
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Table 1 (Continued). 

Characteristics Postpartum Depression  
n=6841 (13.4%)

No Postpartum Depression  
n=44,379 (86.6%)

P-value

Prenatal care c <0.0001

Inadequate 972 (14.2) 4695 (10.6)

Adequate/Intermediate 5869 (85.8) 39,684 (89.4)

Parity 0.7833

Parity 1 2604 (38.1) 17,114 (38.6)

Parity ≥2 4237 (61.9) 27,265 (61.4)

Substance use d 0.3023

Yes 5573 (81.5) 36,081 (81.3)

No 1268 (18.5) 8298 (18.7)

Smoking <0.0001

Yes 826 (12.1) 3095 (7.0)

No 6015 (87.9) 41,284 (93.0)

Antenatal depression <0.0001

Yes 2442 (35.7) 4365 (9.8)

No 4399 (64.3) 40,014 (90.2)

Notes: aAsian, American Indian/Alaska Native, Native Hawaiian, Pacific Islander or mixed race; b Government insurance, Tricare; c 

Inadequate: late care and ≤10 visits and Adequate/Intermediate: early care and >10 visits; d Any use of alcohol, marijuana, opiates, 
cocaine, amphetamines.

Table 2 Prevalence of Smoking Patterns During Pregnancy Among Study Participants (Total Smokers N = 3921; 7.7%) (Unweighted N, 
Weighted %)

Characteristics Non-smokers  
n=47,299 
(92.3%)

Quitters - 
Low  

n=606 
(15.5%)

Quitters - 
High  

n=228  
(5.8%)

Maintainers - 
Low  

n=1265  
(32.3%)

Maintainers - 
High  

n=1280  
(32.6%)

Reducers  
n=528 

(13.5%)

Increasers  
n=14 

(0.3%)

P-value

Race/ethnicity <0.0001

Non-Hispanic White 22,216 (47.0) 271 (44.7) 136 (59.7) 590 (46.7) 922 (72.0) 331 (62.7) 9 (64.3)

Non-Hispanic Black 8513 (18.0) 122 (20.1) 32 (14.0) 299 (23.6) 121 (9.5) 64 (12.1) 3 (21.4)

Hispanic 9399 (19.9) 63 (10.4) 19 (8.3) 95 (7.5) 47 (3.7) 29 (5.5) 1 (7.1)

Other race/ethnicitya 7171 (15.1) 150 (24.8) 41 (18.0) 281 (22.2) 190 (14.8) 104 (19.7) 1 (7.1)

Age (years) <0.0001

<20 2268 (4.8) 41 (6.8) 18 (7.9) 83 (6.6) 44 (3.4) 26 (4.9) 2 (14.2)

20–29 22,550 (47.7) 384 (63.4) 148 (64.9) 777 (61.4) 745 (58.2) 333 (63.1) 6 (42.9)

30–34 14,126 (29.9) 131 (21.6) 35 (15.4) 289 (22.8) 321 (25.1) 120 (22.7) 6 (42.9)

35+ 8355 (17.7) 50 (8.2) 27 (11.8) 116 (9.2) 170 (13.3) 49 (9.3) 0 (0.0)

(Continued)
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highest among Maintainers-High (36.6% and 22.6%, respectively), followed by Increasers (ie, low-intensity smoking in 
the first and second trimesters and high-intensity smoking in the third trimester) (35.7% and 21.4%, respectively), and 
Reducers (ie, high-intensity smoking in the first and second trimesters and low-intensity smoking in the third trimester) 
(32.8% and 20.8%, respectively). The main effect on PPD was highest among Maintainers-High (aRR 1.65, 95% CI: 

Table 2 (Continued). 

Characteristics Non-smokers  
n=47,299 
(92.3%)

Quitters - 
Low  

n=606 
(15.5%)

Quitters - 
High  

n=228  
(5.8%)

Maintainers - 
Low  

n=1265  
(32.3%)

Maintainers - 
High  

n=1280  
(32.6%)

Reducers  
n=528 

(13.5%)

Increasers  
n=14 

(0.3%)

P-value

Education <0.0001

High school or less 15,827 (33.5) 354 (58.4) 119 (52.2) 870 (68.8) 849 (66.3) 349 (66.1) 10 (71.4)

Some college 13,527 (28.6) 210 (34.6) 95 (41.7) 363 (28.7) 395 (30.9) 165 (31.3) 3 (21.4)

Bachelor’s or higher 17,945 (37.9) 42 (6.9) 14 (6.1) 32 (2.5) 36 (2.8) 14 (2.6) 1 (7.2)

Marital status <0.0001

Married 29,771 (62.9) 144 (23.8) 62 (27.2) 297 (23.5) 383 (29.9) 135 (25.6) 2 (14.3)

Unmarried 17,528 (37.1) 462 (76.2) 166 (72.8) 968 (76.5) 897 (70.1) 393 (74.4) 12 (85.7)

Health Insurance <0.0001

Medicaid 19,141 (40.5) 427 (70.5) 155 (68.0) 994 (78.6) 998 (78.0) 415 (78.6) 10 (71.4)

Private 24,713 (52.2) 149 (24.6) 58 (25.4) 215 (17.0) 221 (17.3) 93 (17.6) 3 (21.4)

None/Self-pay 1517 (3.2) 6 (1.0) 2 (0.9) 26 (2.0) 22 (1.7) 8 (1.5) 1 (7.2)

Otherb 1928 (4.1) 24 (3.9) 13 (5.7) 30 (2.4) 39 (3.0) 12 (2.3) 0 (0.0)

Prenatal carec <0.0001

Inadequate 5144 (10.9) 122 (20.1) 91 (39.9) 246 (19.4) 263 (20.5) 122 (23.1) 2 (14.3)

Adequate/Intermediate 42,155 (89.1) 484 (79.9) 137 (60.1) 1019 (80.6) 1017 (79.5) 406 (76.9) 12 (85.7)

Parity <0.0001

Parity 1 18,585 (39.3) 228 (37.6) 100 (43.9) 359 (28.4) 287 (22.4) 153 (29.0) 6 (42.8)

Parity ≥2 28,714 (60.7) 378 (62.4) 128 (56.1) 906 (71.6) 993 (77.6) 375 (71.0) 8 (57.2)

Substance used <0.0001

Yes 38,172 (80.7) 525 (86.6) 211 (92.5) 1143 (90.3) 1124 (87.8) 465 (88.1) 14 (100.0)

No 9127 (19.3) 81 (13.4) 17 (7.5) 122 (9.7) 156 (12.2) 63 (11.9) 0 (0.0)

Antenatal depression <0.0001

Yes 5578 (11.8) 148 (24.4) 65 (28.5) 363 (28.7) 468 (36.6) 173 (32.8) 5 (35.7)

No 41,721 (88.2) 458 (75.6) 163 (71.5) 902 (71.3) 812 (63.4) 355 (67.2) 9 (64.3

Postpartum depression <0.0001

Yes 6015 (12.7) 116 (19.1) 47 (20.6) 261 (20.6) 289 (22.6) 110 (20.8) 3 (21.4)

No 41,284 (87.3) 490 (80.9) 181 (79.4) 1004 (79.4) 991 (77.4) 418 (79.2) 11 (78.6)

Notes: Quitters-Low (1st + 2nd trimester, 1–9 cigarettes/day); (2) Quitters-High (1st + 2nd trimester, ≥10 cigarettes/day); (3) Maintainers-Low (all trimesters, 1–9 
cigarettes/day); (4) Maintainers-High (all trimesters, ≥10 cigarettes/day); (5) Reducers (1st + 2nd trimester ≥10 cigarettes/day and 3rd trimester 1–9 cigarettes/day); (6) 
Increasers (1st + 2nd trimester 1–9 cigarettes/day and 3rd trimester ≥10 cigarettes/day; a Asian, American Indian/Alaska Native, Native Hawaiian, Pacific Islander or mixed 
race; b Government insurance, Tricare; c Inadequate care: late and ≤10 visits and Adequate/Intermediate care: early and >10 visits; d Any use of alcohol, marijuana, opiates, 
cocaine, amphetamines;
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1.63, 1.68) and among Quitters-Low (ie, low-intensity smoking in first and second trimester only) (aRR 1.22, 95% CI: 
1.18, 1.25), whereas among Increasers the main effect was 42% lower (aRR 0.58, 95% CI: 0.45, 0.74), compared to 
nonsmokers (Table 3). A synergistic interaction was detected for all maternal smoking patterns in the presence of 
antenatal depression, and the effect was strongest among Increasers (aRR 5.19; 95% CI: 1.67, 16.10) and Reducers (aRR 
3.69, 95% CI: 2.93, 4.65) (Table 4). Among Increasers, the RERI was 2.84 (95% CI: 1.74, 3.93), the AP was 55% (95% 
CI: −0.54, 1.64) (not significant), and the SI was 3.10 (95% CI: 2.01, 4.20) (Table 5). Likewise, among Reducers, the 
RERI was 0.59 (95% CI: 0.41, 0.77), the AP was 16% (95% CI: −0.02, 0.34) (not significant), and the SI was 1.28 (95% 
CI: 1.10, 1.46) (Table 5). Regarding the attributable effect, among Increasers very little effect (−21%) was attributed to 

Table 3 Multivariable Log Binomial Regression 
Models for the Main Effects

Variables aRR 95% CI

Smoking patterns

Nonsmoker (ref.) 1.00 1.00

Quitters-Low 1.22 1.18, 1.25

Quitters-High 1.21 1.17, 1.26

Maintainers-Low 1.17 1.15, 1.19

Maintainers-High 1.65 1.63, 1.68

Reducers 1.13 1.10, 1.17

Increasers 0.58 0.45, 0.74

Antenatal depression

Reported 3.28 3.12, 3.45

Not reported (ref.) 1.00 1.00

Notes: Adjusted for: race/ethnicity, age, education, prenatal 
care, health insurance, and marital status. 
Abbreviations: aRR, adjusted relative risk ratios; CI, confi-
dence interval.

Table 4 Log-Binomial Regression Model for the Interaction Effects

Interaction terms Adjusted model

aRR 95% CI

Nonsmokers*without antenatal depression (ref.) 1.00 1.00

Nonsmokers*with antenatal depression 3.25 3.08, 3.44

Quitters-Low *without antenatal depression 0.92 0.69, 1.21

Quitters-Low*with antenatal depression 3.64 2.84, 4.65

Quitters-High*without antenatal depression 0.71 0.43, 0.99

Quitters-High*with antenatal depression 3.06 2.08, 4.51

Maintainers-Low*without antenatal depression 0.74 0.61, 0.86

Maintainers-Low*with antenatal depression 3.15 2.65, 3.73

(Continued)
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smoking alone in the absence of depression; 54% of the effect was attributed to depression alone in the absence of 
smoking; and 68% (95% CI: −0.42, 1.77) of effect was attributed to interaction. Similarly, among Reducers, very little 
effect (−5%) was attributed to smoking alone in the absence of depression; 84% was attributed to depression alone in the 
absence of smoking; and 22% was attributable to interaction. The repeated analysis using multiply-imputed data showed 
negligible differences (data not shown). The E-value was assessed for Increasers and Reducers because their interaction 
effects with the presence of antenatal depression were the strongest (Table S1). For Increasers the E-value was 9.85 and 
for Reducers was 6.84 indicating that the association of unobserved/unmeasured confounder with an exposure and 
outcome will have to be at least a 10-fold and a 7-fold stronger, respectively, to explain away observed risk ratio 
estimates in the presence of antenatal depression, compared to the absence of antenatal depression. This suggested that 
even if the assumptions are violated, the estimates remain robust and valid to infer causality.

Discussion
To our knowledge, there are no prior studies that explore the joint effect of diverse patterns of smoking in pregnancy and 
antenatal depression in causing PPD. Our findings reveal that the effect of smoking patterns could be amplified in 
a synergistic interaction with co-occurring antenatal depression. Despite a very little effect from smoking alone among 
Increasers and Reducers, the interaction effect was strongest and statistically significant, which could potentially be 
attributed to a high prevalence (17%) of depression in late pregnancy reported in prior studies.43,44 Increasing variability 

Table 4 (Continued). 

Interaction terms Adjusted model

aRR 95% CI

Maintainers-High*without antenatal depression 1.09 0.89, 1.34

Maintainers-High*with antenatal depression 3.61 3.12, 4.20

Reducers*without antenatal depression 0.85 0.61, 1.19

Reducers*with antenatal depression 3.69 2.93, 4.65

Increasers*without antenatal depression 0.10 0.06, 0.18

Increasers*with antenatal depression 5.19 1.67, 16.10

Notes: Adjusted for: race/ethnicity, age, education, prenatal care, health insurance, and marital 
status. 
Abbreviations: aRR, adjusted risk ratio; CI, confidence interval.

Table 5 Additive Scale Measures for Interaction

Interaction terms Additive scale measures

RERI (95% CI) AP (95% CI) SI (95% CI)

Quitters-low and antenatal depression 0.47 (0.28, 0.66) 0.12 (−0.06, 0.32) 1.21 (1.03, 1.40)

Quitters-high and antenatal depression 0.10 (−0.18, 0.38) 0.03 (−0.25, 0.31) 1.05 (0.77, 1.33)

Maintainers-low and antenatal depression 0.16 (0.03, 0.28) 0.05 (−0.07, 0.17) 1.08 (0.95, 1.20)

Maintainers-high and antenatal depression 0.27 (0.15, 0.39) 0.07 (−0.04, 0.19) 1.11 (1.00, 1.23)

Reducers and antenatal depression 0.59 (0.41, 0.77) 0.16 (−0.02, 0.34) 1.28 (1.10, 1.46)

Increasers and antenatal depression 2.84 (1.74, 3.93) 0.55 (−0.54, 1.64) 3.10 (2.01, 4.20)

Abbreviations, CI, confidence interval; RERI, the relative excess risk due to interaction; AP, the attributable proportion of 
interaction; SI, synergy index.
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in smoking patterns and a rising level of antenatal depression toward the end of pregnancy may likely trigger an 
interaction and amplification of smoking effects.

Given that causal relations cannot be fully established using observational data, we followed a systematic process by 
combining structural, counterfactual and graphical approaches, making several assumptions, and using interaction 
methodology to raise the probability of obtaining estimates valid for causal inference. It was assumed that both exposures 
(smoking and antenatal depression) are independent of one another; one exposure does not influence the probability of 
the other to occur; both exposures have a causal (not preventive) effect on the outcome; the effect on the outcome is 
amplified by a potential interaction between exposures and is unconfounded.29,34 Attia et al45 proposed that in addition to 
the outcome arising from each of two individual exposures, there is also a common exposure effect represented by an 
interaction term that directly influences the outcome. The authors suggested that for clarity the main effects and the 
interaction term node in the causal pathway should all be displayed in a single DAG (as shown in Figure 2). The 
interaction term in a DAG specifies a probabilistic causal relationship between parents/ancestors (X and W) and a child/ 
descendant (XxW) and can be conceptualized as a potential collider and a mediator. A DAG provides theoretical basis to 
causal associations between variables and helps identify potential confounding by blocking the “backdoor” path and 
facilitating the process of causal inference.24,25 This approach has been used in epidemiology to identify a set of 
confounding factors (a minimal sufficient adjustment set) under hypothesized causal relationships.24,25,32 Adjustment in 
the regression model for common effects of exposures and the outcome, such as a potential collider and a mediator, can 
open a backdoor path and introduce bias. Adjusting for a mediator can additionally decompose and decrease the total 
effect. However, an adjustment made for common causes will remove their effects (confounding) from the final 
estimates.34 A counterfactual (or potential outcomes) framework clarified causal relationships observed when all 
individuals in the population are equally exposed and unexposed, assuming no unmeasured confounding conditional 
on observed covariates and allowing to interpret estimates as causal effects at the population level.29,34,46,47

From a biological perspective, both smoking during pregnancy and antenatal depression can contribute to PPD. 
Pregnancy is an immunomodulatory state with significant immune and inflammatory activity across trimesters and 
postpartum.48 Smoking-prompted release of inflammatory mediators can lead to systemic inflammation.49 An inflam-
matory response has been suggested as a mechanism in the signaling pathway underlying the effects of stress and 
depression.50 Elevated levels of immune biomarkers in maternal serum in the final trimester of pregnancy were found to 
be associated with symptoms of antenatal depression.51 Provided that smoking, antenatal depression and the immune 
system share a common physiological inflammatory pathway, it is plausible that they are likely to contribute to PPD.

This study is based on observational data and has some limitations that should be considered. First, although the 
PRAMS database is relatively standardized, self-reported survey data on smoking and depression are prone to under-
reporting, recall, social-desirability bias, and potential misclassification error. However, in a previously published 
validation study,52 self-reported information in the PRAMS was found to be in high agreement with clinical records. 
Second, small sample sizes imply low statistical power and findings have to be interpreted with caution. Nonetheless, 
despite a small sample size for the Increasers category, the joint effect of smoking and co-occurring depression was 
amplified and statistically significant. Third, other risk factors (eg, alcohol, drugs) have been linked to PPD and their 
effect needs to be investigated. Fourth, no information was available in the dataset regarding temporal associations 
between the occurrence of depression and the severity of antenatal and postnatal depression. Fifth, as assumptions cannot 
be fully tested statistically, background knowledge and existing evidence are essential in drawing causal 
inferences.29,34,53 Additionally, these findings require further replication in a larger sample considering relationships 
between the occurrence, measures, and severity of both antenatal and postnatal depression. Finally, there are also 
limitations inherent to DAGs. While DAGs can identify possible sources of bias, they do not provide measures of 
bias. Even in correctly specified models, residual confounding may be present due to measurement error.54–56 More 
information about the limitations of using DAGs can be found in prior research.24,29,34,55–57 Despite these limitations, our 
study findings add supportive evidence about the effect of maternal smoking in causing PPD amplified by the presence of 
antenatal depression, and inform future research on causal inference using observational data.
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Conclusions
This study provides new insight into complex associations between diverse maternal smoking patterns and comorbid 
antenatal depression in causing PPD. Strong associations and interaction effects support smoking prevention and 
cessation interventions in pregnant women to lower the risk of PPD.
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