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addressing both smoking and GDM in prenatal care, even among generally low-risk

primiparous women.
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1 | INTRODUCTION

Maternal smoking during pregnancy and gestational diabetes
mellitus (GDM) are major risk factors for adverse perinatal out-
comes, including preterm birth, neonatal morbidity, and perinatal
mortality."? Both conditions share common pathophysiological
pathways, such as placental dysfunction, oxidative stress, and in-
flammation, %4 potentially amplifying their adverse effects when
coexisting.

Both maternal smoking and GDM are individually associated
with reduced pregnancy duration and an increased risk of preterm
birth as well as perinatal mortality, encompassing stillbirth and neo-
natal death.>~® Maternal smoking during pregnancy and GDM also
contribute to prolonged hospitalization due to metabolic instability
and feeding difficulties.>? Newborns exposed to maternal smoking
often require extended monitoring for impaired metabolic adapta-
tion,® while those affected by GDM are at increased risk of hypogly-
cemia and respiratory distress, possibly leading to longer stays in the
neonatal intensive care unit (NICU).1°

Despite the well-documented independent risks, the inter-
action and combined impact of maternal smoking and GDM on
perinatal outcomes remains insufficiently studied. Recent findings
indicate that smoking throughout pregnancy compromises the
newborn's head growth and is associated with smaller newborn's
birth weight in women both with and without GDM.' Another
study showed that smoking among women with hyperglycemia
first diagnosed during pregnancy could mask the risk of maternal
hyperglycemia for newborns who are large for gestational age.!?
Further, a study from the United States showed that maternal
smoking and GDM each increased the risk of cesarean delivery,
with a synergistic interaction between the two further elevating
the likelihood.'® Previous literature raises the concern that other
adverse outcomes might be more prevalent during perinatal pe-
riod when maternal smoking and GDM are coexisting. Shared
mechanisms suggest a possible interaction, necessitating further
investigation into their combined effect on preterm birth, perina-
tal mortality, and hospitalization duration.

Previous studies have shown independent effects of GDM and
maternal smoking on perinatal outcomes, but evidence for their
combined effect is limited. Our analyses aim to both replicate estab-
lished findings in a large population and assess whether clinically rel-
evant combined associations exist. Using registry-based longitudinal
cohort data, we assess these outcomes in a population of healthy

primiparous and term newborns.

Key message

Combined exposure to GDM and continued smoking in-
creased absolute risks of shorter gestation, preterm birth,
and delayed newborn discharge, while both exposures also
showed independent adverse associations. These risks

were evident even in a largely low-risk population.

2 | MATERIAL AND METHODS
2.1 | Datasources

The research data on newborn and maternal characteristics were
derived from the Finnish Medical Birth Register and the Finnish
Hospital Discharge Register which are currently maintained by
the Finnish Institute of Health and Welfare (THL). The Medical
Birth Register is considered a complete register of all births and
newborns in Finland. The register data include all live births and
stillborn fetuses with a gestational age of at least 22 weeks or with
a birth weight of at least 500 grams. Register data are collected
from all maternity hospitals (hospital births), auxiliary health care
personnel (home births), the Central Population Register (missing
live births), and the Cause of Death Register (missing stillbirths
and neonatal deaths). The register contains information about
the mother's and newborn's personal identification number; the
mother's background information, previous pregnancies and de-
liveries, as well as health care visits and interventions during preg-
nancy and delivery; and newborn outcome up to 7days of age.
According to data quality studies, most of the content of the reg-
ister data corresponds well or satisfactorily to the information in
the hospital records.**

The Hospital Discharge Register includes information on all ep-
isodes of inpatient care, including all inpatient stays in public and
private hospitals since 1969 and outpatient visits in public hospi-
tals since 1998. The register contains information on the patient's
background, procedures, hospital stays and diagnoses according
to the Tenth Revision of International Classification of Diseases
(ICD) since 1996. ICD-10 classification was used throughout the
study period. A systematic review revealed that the complete-
ness and accuracy of the register range from satisfactory to very

good.?
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2.2 | Studysample

The original study sample comprised 835551 pregnancies in
Finland between 2004 and 2018. We excluded multiparous preg-
nancies (n=487928), pregnancies with pregestational diabetes
(ICD-10 024.0-024.3; n=2685), insulin-treated diabetes dur-
ing pregnancy (n=4535), and observations with missing mater-
nal anthropometrics (n=15321) or missing smoking information
(n=5472).

The final study population included 318783 singleton
births from primiparous women, of which 15733 were preterm
(<37 +0weeks) and 12448 were post-term (>42 +0weeks). Full-
term births (n=290602) formed the main analytic cohort, repre-
senting 91.2% of eligible cases. In sensitivity analyses, the cohort
was stratified by gestational age category to evaluate whether the
main associations were consistent across different birth-timing

groups.

2.3 | Variables

Information on newborn and maternal background factors was
obtained from the Finnish Medical Birth Register. Smoking status
was self-reported and documented in a structured form at the de-
livery hospital. Smoking was categorized into three classes: (1) did
not smoke during pregnancy, (2) quit during the first trimester, and
(3) continued smoking after the first trimester. GDM was identified
using ICD-10 codes O24.4 and 024.9.

Preterm birth was defined as delivery before 37 completed
weeks of gestation (yes/no). Perinatal mortality was analyzed as a
dichotomous variable and defined in accordance with the Finnish
Medical Birth Register to include both stillbirths (222 + 0 gestational
weeks or birthweight 2500g) and early neonatal deaths. To comple-
ment the binary preterm outcome, pregnancy duration was analyzed
as a continuous variable in days (with 40 +0weeks=280days). Age
at discharge was analyzed both continuously (days) and dichoto-

mously as >7 days vs. <7 days.

2.4 | Statistical analysis

Logistic regression models were used to estimate the association
between GDM, smoking, and the following outcomes: preterm birth,
perinatal mortality, and delayed hospital discharge. Linear regres-
sion model was used to estimate the association between GDM,
smoking, and duration of pregnancy, while Poisson regression model
was applied to assess their association with age at discharge from
the hospital. Beta in the results, regarding duration of pregnancy and
age at discharge from the hospital, indicates differences between
the groups in days. The main analyses were conducted using a popu-
lation of only full-term newborns (n=290602), while the analyses
regarding the risk of preterm birth were performed using the entire
study population (n=306 335).

We analyzed associations between maternal smoking, GDM,
and perinatal outcomes using multivariable logistic regression. The
first model was fitted separately for each perinatal outcome, with
the outcome as the dependent variable and maternal smoking,
GDM, and covariates as independent variables. Maternal age was
modeled continuously and pre-pregnancy BMI categorically. In the
second model, we added a multiplicative interaction term (maternal
smoking x GDM) and evaluated its statistical significance using Wald
Xz tests. When interactions were significant, we derived stratum-
specific adjusted odds ratios with 95% confidence intervals using
model-based linear combinations. To improve interpretability, we
additionally assessed additive effect using established measure: the

).16 RERI was calculated

relative excess risk due to interaction (RERI
from adjusted odds ratios, with confidence intervals estimated using
the delta method. Additive-scale models were adjusted for the same
covariates as the multiplicative models. For the additive interaction
analyses, maternal smoking was additionally recoded into two con-
trast variables to reflect clinically meaningful exposure contrasts: (i)
any prenatal maternal smoking (women who quit during the first tri-
mester plus women who continued after the first trimester) vs non-
smoking, and (ii) continued smoking after the first trimester vs all
others. This specification allowed quantification of departure from
additivity for both “any prenatal maternal smoking” and “continued
maternal smoking” in combination with GDM, using the same covari-
ate set as in the multiplicative models.

Information on socioeconomic status was available for only
53.4% of the population and was therefore not included in the
adjusted models; its implications are addressed in the discussion.
Model assumptions were evaluated using studentized residuals.
Sensitivity analyses were performed using the full gestational age
range to assess robustness and examine whether conditioning on
term births influenced estimates.

All statistical analyses were conducted using SAS version 9.4
(SAS Institute Inc., Cary, NC). Statistical significance was defined as
two-sided p<0.05 and 95% confidence intervals.

3 | RESULTS

Table 1 presents the characteristics of the term pregnancies
(n=290602) according to GDM diagnoses and maternal smoking
status. Continued smoking after the first trimester of pregnancy
was reported in 9.9% (n=28761) of cases, while 8.0% (n=23302)
of women quit smoking during the first trimester, and 82.1%
(n=238539) reported no smoking. Smoking was more common
among younger women and those with lower socioeconomic sta-
tus. GDM was diagnosed in 8.9% (n=25948) of pregnancies. The
prevalence of smoking only during the first trimester of pregnancy
was slightly higher among women with GDM compared with those
without GDM (9.8% vs. 7.8%, respectively), while rates of contin-
ued smoking were nearly identical (9.86% vs. 9.90%, respectively).
Women with GDM were older (mean 29.4years vs. 27.6years) and
had higher BMI (27.6 vs. 23.5) than those without GDM.
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3.1 | Preterm birth and pregnancy duration

Continued maternal smoking was associated with a higher risk
for preterm birth (OR=1.20, 95% Cl:=1.13-1.26) compared with
non-smoking. GDM was not associated with higher risk for pre-
term birth (OR=0.98, 95% Cl:=0.92-1.03). The multiplicative
interaction of GDM and maternal smoking on preterm birth was
not significant (p=0.49). Additive interaction analyses showed
significant results for preterm birth in the group of women of any
smoking during pregnancy (RERI=0.24, 95% Cl: =0.05-0.44) and
smoking after the first trimester (RERI=0.44, 95% CI: =0.16-
0.67). The detailed results regarding interaction are presented in
Table 2.

Both GDM (b=-1.20, 95% Cl:=-1.30, -1.09) and continued
maternal smoking (b=-0.29, 95% Cl=-0.41, -0.17, respectively)
were associated with shorter pregnancy duration. The multiplica-
tive interaction of GDM and maternal smoking was significant for
shorter pregnancy duration by days (p=0.008), such that GDM was
associated with a shorter pregnancy duration regardless of smoking,
whereas smoking was associated with pregnancy duration only in
those without GDM. Figure1 illustrates the multiplicative interac-
tion of GDM and maternal smoking on gestational duration (in days)
among full-term newborns.

3.2 | Perinatal mortality

Continued maternal smoking was associated with a higher risk for
perinatal mortality (OR=1.38, 95% Cl=1.01-1.88) compared with
non-smoking. Smoking during only the first trimester was not asso-
ciated with perinatal mortality. A higher risk for perinatal mortality
was not observed with GDM (OR=0.80, 95% Cl=0.56-1.14) com-
pared with newborns of women without GDM. No significant multi-
plicative or additive interactions were observed between GDM and
maternal smoking on perinatal mortality (Table 2).

3.3 | Delayed hospital discharge

Both GDM (OR=1.25, 95% Cl=1.16-1.33) and continued mater-
nal smoking (OR=1.41, 95% Cl=1.32-1.51) were associated with a
higher risk of the dichotomized outcome of hospitalization beyond
1 week. No significant multiplicative interactions were observed be-
tween GDM and maternal smoking on delayed hospital discharge
of the newborn (p=0.80). A significant additive interaction was
observed for delayed hospital discharge in the group of women
smoking after the first trimester (RERI=0.36, 95% Cl: 0.27-0.39).
Detailed interaction results are presented in Table 2.

Figure 2 illustrates the multiplicative interaction of GDM and
maternal smoking on the age of newborn at hospital discharge by
days among full-term newborns. The mean age of newborn at hospi-
tal discharge was among newborns exposed to no smoking 3.59 days
(95% Cl: 3.58-3.61), quit smoking 3.50days (95% Cl: 3.48-3.53), and

continued smoking 3.69days (95% Cl: 3.66-3.71, p<0.0001). The
mean age of newborn at hospital discharge was among women with-
out GDM 3.55days (95% Cl: 3.54-3.57) and with GDM 3.63days
(95% Cl: 3.61-3.66, p<0.001). The multiplicative interaction of ma-
ternal smoking and GDM on the age at hospital discharge by days
was statistically insignificant (p=0.36).

3.4 | Supporting information

We performed sensitivity analyses on the characteristics of the
study population and interaction models of maternal smoking and
GDM on the perinatal outcomes with the entire study population
(n=318783), including also preterm (n=15733, 4.93%) and post-
term (n=12448, 3.90%) pregnancies (Tables S1 and S2; Figures S1
and S2). The primary observed results remained statistically signifi-
cant and valid.

4 | DISCUSSION

This study examined the independent and joint associations of GDM
and maternal smoking during pregnancy with perinatal outcomes in
a large national cohort of primiparous women. GDM and continued
smoking were each associated with shorter pregnancy duration, a
higher age of the newborn at discharge, and an increased risk of hos-
pitalization lasting longer than 1 week. Continued maternal smoking
was also associated with higher odds of preterm birth and perinatal
mortality, consistent with earlier research identifying smoking as
one of the most important preventable risk factors for adverse preg-
nancy outcomes.”

A key aim of the study was to assess whether GDM and ma-
ternal smoking have an interaction effect on perinatal risk factors.
On the multiplicative scale, the only interaction was detected for
gestational duration, where GDM was consistently associated with
moderate shorter pregnancy duration, regardless of smoking status,
whereas continued smoking was associated with shorter pregnancy
duration only in pregnancies without maternal GDM. Multiplicative
interactions were not observed for preterm birth, perinatal mortal-
ity, or prolonged hospitalization, suggesting that smoking did not
modify the relative associations between GDM and these outcomes.

However, on the additive scale - more relevant for public-health
impact—important joint effects were observed. Additive interaction
analyses showed that the combined exposure to GDM and maternal
smoking was associated with a higher absolute risk of preterm birth
than would be expected from their individual effects. These find-
ings indicate that women exposed to both GDM and smoking face a
higher absolute risk of preterm birth than would be expected from
either exposure alone.

Additive interaction was also observed for gestational duration,
where the combined exposure resulted in a greater reduction in
pregnancy length than anticipated from the independent effects.
These results suggest that the coexistence of GDM and smoking
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FIGURE 1 The association of GDM and maternal smoking on the duration of pregnancy by days among full-term newborns. The figure

presents p-estimates (days) and 95% ClI for each exposure group.

accelerates the timing of delivery to a degree that reflects more than
the sum of their separate associations.

Previous studies have consistently reported an increased risk
of preterm birth among women with GDM, potentially reflect-
ing metabolic disturbances, co-morbidities, or suboptimal glyce-
mic control.>>78 In our study, however, GDM was not associated
with elevated odds of preterm birth. While the Finnish GDM care
model—based on early identification and dietary management—may
contribute to lower preterm birth risk, this remains speculative.17
Several methodological considerations must also be acknowledged.
First, misclassification of GDM is possible because diagnoses were
based solely on ICD codes, and individual oral glucose tolerance test
(OGTT) laboratory values or detailed measures of glycemic control
were not available. Second, variation in GDM severity may have
influenced the findings, particularly since insulin-treated pregnan-
cies were excluded, limiting generalizability to milder cases. Third,
residual confounding by unmeasured lifestyle, metabolic, or clinical
factors cannot be excluded. Future studies with more detailed met-
abolic data, including OGTT values or severity indicators, may clarify
these associations further.

In contrast, continued maternal smoking was associated with
20% higher odds of preterm birth, consistent with earlier literature
identifying smoking as a primary contributor to spontaneous preterm
labor, likely mediated through placental insufficiency, chronic fetal
hypoxia, and systemic inflammation.*®*?

A significant multiplicative interaction between GDM and ma-
ternal smoking was observed for pregnancy duration. Duration of
pregnancy in full-term pregnancies was on average 1.3days shorter
in women with GDM, regardless of maternal smoking status. This

reduction is minor and likely of limited clinical significance, but it
may reflect obstetric management practices such as earlier induc-
tion or planned cesarean section—information that was not available
in the register data. In contrast, in women without GDM, smoking
was associated with shorter duration of pregnancy, consistent with
findings from previous studies.®*®!? While preterm birth is a well-
established risk factor for neonatal morbidity and mortality, recent
evidence suggests that even modest reductions in gestational age
within the term range (37-38 weeks) are associated with increased
risks of respiratory distress, hypoglycemia, jaundice, and feeding
difficulties.2>%! These risks are particularly relevant in pregnancies
affected by GDM or maternal smoking, where fetal metabolic reg-
ulation and placental function may already be compromised. In our
study, the gestational age was also analyzed as a continuous variable
(days) to capture subtle differences in pregnancy duration within the
term range. Thus, maintaining optimal gestational length is essential
not only for preventing preterm birth but also for reducing newborn
complications among early term deliveries.

For delayed hospital discharge, additive interaction was seen in
the group of women who continued smoking after the first trimester.
This indicates that infants born to women with both exposures have
an increased absolute likelihood of requiring prolonged hospital care.
Both smoking and GDM contribute to prolonged hospitalization for ex-
ample due to metabolic instability and feeding difficulties. Newborns
exposed to maternal smoking often require extended monitoring for

622 \while those af-

impaired metabolic and respiratory adaptation,
fected by GDM are at increased risk of hypoglycemia and NICU days
due to respiratory distress.?® Our findings were consistent with prior

research, showing that GDM and maternal smoking each significantly
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FIGURE 2 The association between GDM and maternal smoking on the age at hospital discharge by days among full-term newborns. The

figure presents B-estimates (days) and 95% Cl for each exposure group.

were associated with increased odds of newborn hospitalization be-
yond 1 week and with slightly higher mean newborn age at hospital
discharge. These findings underline the clinical relevance of consider-
ing combined maternal risk profiles in early postnatal care planning.

Perinatal mortality is most commonly linked to preterm birth,
but it also occurs among term newborns?* and remains a meaning-
ful contributor to newborn mortality in high-income countries.?
Among term births, perinatal death is often related to intrapartum
complications, unrecognized fetal growth restriction, placental in-
sufficiency, or maternal conditions such as hypertension, obesity,
and smoking.?*%¢ Smoking during pregnancy is a well-established
modifiable risk factor for stillbirth and neonatal death, even in
otherwise low-risk term pregnancies.?>?” In our study of healthy
primiparous women, continued smoking was associated with 38%
higher odds in perinatal mortality, underscoring its importance as
a preventable risk factor. In contrast, GDM alone did not increase
mortality among term newborns, suggesting that well-managed
GDM may not substantially elevate risk. The absence of interaction
associations between smoking and GDM on perinatal mortality may
reflect methodological and biological factors, including measure-
ment limitations, systematic screening and proactive management,
and limited statistical power for rare outcomes.*

A major strength of this study is the use of comprehensive na-
tional register data covering 88% of all primiparous singleton births
over a 14-year period, providing a large and population-based cohort
with detailed information on maternal characteristics and key pre-
existing conditions. Excluding women with pregestational diabetes
strengthened internal validity by clearly separating gestationally ac-
quired hyperglycemia.

However, several limitations must be acknowledged. Smoking
data were self-reported and therefore vulnerable to underreport-
ingzg'30 and information on the amount of smoking or use of newer
nicotine products, such as e-cigarettes or nicotine pouches, was
not available. Although these products were uncommon in Finland
during the study years, the lack of detailed tobacco exposure data
may lead to underestimation of nicotine-related risks. Paternal
smoking was also unavailable despite its potential relevance through
secondhand exposure.

For GDM, diagnostic detail was limited because the Medical
Birth Register does not include OGTT laboratory values, fasting
glucose measurements, or individual-level treatment information.
Information on GDM treatment was limited to aggregate data
from a survey conducted by the Finnish Diabetes Association.%*
According to the survey, women with GDM, 82% were treated
with diet alone, while 8% received metformin, 11% insulin, and 8%
a combination of insulin and metformin. Despite potential treat-
ment, women diagnosed with GDM in our study showed statis-
tically significant differences in pregnancy duration and perinatal
outcomes compared with those without GDM. Unfortunately, the
Medical Birth Register does not include information on maternal
weight gain, dietary intake, or physical activity during pregnancy—
factors that would provide more comprehensive insight into mod-
ifiable risks for GDM.

The study also lacks information on whether women received
treatment to prevent preterm birth or on specific delivery details,
such as the proportion of induced births or elective vs. emergency
cesarean sections. Furthermore, reasons for prolonged newborn

hospitalization were not available, which limits the interpretation of
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these outcomes. For example, newborns of women with GDM are at
increased risk of hypoglycemia, which frequently requires admission
to the NICU.32%3

Residual confounding remains possible because socioeconomic
status, lifestyle factors, and other potential confounders were in-
completely captured. The primary analyses focused on term births
to reduce heterogeneity but restricting analyses to full-term infants
may introduce collider bias, as both smoking and GDM influence
the likelihood of preterm delivery. Sensitivity analyses including all
gestational ages supported the robustness of the findings, although
some bias cannot be entirely excluded.

Overall, these limitations should be considered when interpreting
the results, and future studies would benefit from more detailed clin-
ical measures—particularly OGTT values, maternal lifestyle factors,

and comprehensive assessments of tobacco and nicotine exposure.

5 | CONCLUSION

In our study, interaction analyses showed that combined expo-
sure to GDM and maternal smoking—particularly continued smok-
ing after the first trimester—was associated with higher absolute
risks than expected from either exposure alone, including shorter
gestation, increased risk of preterm birth, and delayed newborn
discharge. Our findings also confirm patterns reported in earlier lit-
erature; independent associations with GDM and SDP on perinatal
outcomes were observed concerning shorter pregnancy duration
and increased risk of prolonged newborn hospitalization above
1 week. Maternal smoking was also associated with higher risk of
preterm birth and perinatal mortality. These findings demonstrate
that clinically meaningful perinatal risks are evident even in low-risk
pregnancies and underline the importance of addressing both ma-
ternal smoking and GDM in prenatal care, with particular focus on

women exposed to both risk factors.
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