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Abstract

Background: Screen use is a common sedentary behavior that may influence gestational weight gain (GWG) and fetal growth through
metabolic and sleep-related pathways. However, evidence regarding dose-response relationships, nonlinear thresholds, effect modifica-
tion by pre-pregnancy body mass index (BMI), and mediation by inadequate GWG remains limited. We aimed to assess the association
between maternal screen time and deviations in GWG and small-for-gestational-age (SGA) birth, and to examine dose—response relation-
ships, BMI-related effect modification, and the mediating role of inadequate GWG. Methods: We retrospectively analyzed data of 8162
women in a single-center (2019-2024). Average daily screen time was obtained from questionnaires administered during mid-to-late
pregnancy, and outcomes were categorized into three groups according to Institute of Medicine (IOM) guidelines and SGA defined by
INTERGROWTH-21st. Multinomial and binomial logistic regression models, adjusted for confounders using multiple imputation, were
used to evaluate linear trends, with screen time modeled both as a continuous variable and in quartiles. Restricted cubic splines were
applied to characterize dose-response relationships, and BMI-stratified interaction analyses were performed to evaluate effect modifica-
tion. Causal mediation analysis under the counterfactual framework (with bootstrap sampling) was used to estimate the indirect effect
attributable to inadequate GWG, with additional sensitivity analyses and E-value calculations. Results: For each additional hour per
day of screen time, the adjusted odds ratios (aORs) for inadequate and excessive GWG were 1.06 and 1.13, respectively (both p < 0.01).
Restricted cubic spline analyses showed a clear dose-response relationship, with excessive GWG exhibiting a nonlinear increase at higher
exposure levels (p_nonlin =0.012, aOR = 3). The risk of SGA increased with longer screen time (aOR = 1.08), with an aOR of 1.41 for
Q4 versus Q1 (both p < 0.001), and restricted cubic spline analyses suggested mild nonlinearity (p_nonlin = 0.029). Pre-pregnancy BMI
showed evidence of effect modification (p_int < 0.05). Mediation analysis under the counterfactual framework indicated that inadequate
GWG explained approximately 38% of the statistical association between screen time and SGA. Sensitivity analyses yielded consistent
results, with E-values around 1.3—1.5 and all lower bounds >1.20. Conclusion: Longer screen time was associated with an increased risk
of abnormal GWG and SGA, with nonlinearity at high exposure levels and heterogeneity by pre-pregnancy BMI. Prenatal care should
routinely record and limit screen time exposure, alongside interventions to reduce sedentary behavior, increase physical activity, and
improve sleep. Prevention of inadequate GWG should be prioritized to reduce SGA risk, while targeted strategies to prevent excessive
GWG are warranted among women with obesity. For practical implementation, a provisional cutoff of >4 h/day (approximately the
upper quartile range in this cohort) may be used to flag high exposure for targeted counseling, with <2 h/day serving as a reference level.
These thresholds are exploratory and require external validation.
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1. Introduction may influence gestational weight trajectories and placental
function through imbalances between energy intake and ex-
penditure, as well as through circadian rhythm disruption

[4,5]. In prenatal management in China, assessment and

Gestational weight gain (GWG) and fetal growth are
key determinants of perinatal outcomes, and deviations

from the recommended range are associated with cesarean
delivery, postpartum weight retention, and metabolic ab-
normalities in offspring [1,2]. Small-for-gestational-age
(SGA) infants are associated with increased perinatal mor-
bidity and long-term cardiometabolic risk [3]. From a
lifestyle perspective, screen use has become the predomi-
nant sedentary behavior among people of reproductive age
and is accompanied by poorer diet quality, shortened sleep
duration, and increased emotional burden. These factors

intervention for sedentary behavior lack operational indi-
cators. Screen time, as a quantifiable and modifiable be-
havioral variable, has practical value for incorporation into
routine clinical management [6]. Surveys in China indicate
that screen exposure among pregnant women is relatively
common. For example, a multi-province study in 2015
showed that 62.6% of pregnant women used mobile phone
screens for >1 h/day, and the median (M) daily smartphone
use among women in early pregnancy was approximately 5
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h [7,8]. Existing evidence has largely focused on sedentary
behavior or sleep, while studies examining screen time dur-
ing pregnancy remain limited. In fact, most available stud-
ies are cross-sectional, with coarse exposure categorization,
limited assessment of dose-response relationships on a con-
tinuous scale, and insufficient characterization of nonlinear
thresholds [9]. Most studies target a single outcome, and si-
multaneous evaluation of GWG and SGA in the same pop-
ulation is uncommon, limiting the availability to establish
an evidence chain linking maternal weight change to fetal
growth [10,11]. Whether inadequate GWG plays a mediat-
ing role between screen time and fetal growth has not been
quantified, and whether pre-pregnancy body mass index
(BMI) modifies the strength of this association remains to
be determined [11]. These evidence gaps limit the transla-
tion of screen-related behaviors into clinical risk stratifica-
tion and behavioral recommendations. In this single-center
retrospective cohort study, electronic medical records and
follow-up questionnaires were used to construct exposure
indicators of maternal screen time during pregnancy. As-
sociations with categories of GWG and SGA were eval-
uated using multivariable models to control confounders.
Dose-response relationships on a continuous scale were as-
sessed using restricted cubic splines. Effect modification by
pre-pregnancy BMI was examined, and the mediating role
of inadequate GWG was quantified using causal mediation
analysis. The results suggest that these associations are sta-
ble and clinically meaningful, with excessive GWG show-
ing an accelerated increase at high exposure levels. Part of
the association may be explained by the pathway of inad-
equate GWG, providing evidence for incorporating screen
time into risk assessment and behavioral interventions in
prenatal care.

2. Materials and Methods
2.1 Study Design

This single-center retrospective cohort study was
based on the hospital’s electronic medical records and pre-
natal outpatient follow-up questionnaire database. The
study period was from January 1, 2019, to December 31,
2024. The study population comprised pregnant women
who delivered at the hospital during this period and com-
pleted the lifestyle questionnaire in mid-to-late pregnancy.
The study protocol was reviewed and approved by the
Ethics Committee of our hospital (approval number: [2025]
Research No. [232]). Written informed consent was
waived, and all personal identifiers were anonymized be-
fore analysis.

2.2 Study Participants and Sample Source

Study participants were obtained from the obstetric
delivery registration and perinatal management system of
our hospital. We included women who delivered in our
hospital and completed the pregnancy lifestyle question-
naire at least once during mid-pregnancy (2428 weeks) or

late pregnancy (32-36 weeks), with average daily screen
time recorded. The inclusion criteria were as follows: age
1845 years; singleton pregnancy; gestational age at first
prenatal registration <14 weeks; and delivery in our hospi-
tal with complete maternal and infant outcome data. The
exclusion criteria were as follows: multiple pregnancies;
stillbirth; major congenital structural malformations; pre-
pregnancy diagnosis of type 1 or type 2 diabetes; pre-
pregnancy chronic hypertension; chronic kidney disease
stage 3 or higher; long-term systemic glucocorticoid ther-
apy; and missing key variables or records deemed unreli-
able after data quality control. Data quality control included
range restrictions and logical consistency checks. For ex-
ample, screen time was limited to 0—16 h/day, with values
outside this range treated as missing. For variables such
as weight, gestational age, and birth weight, records out-
side physiologically plausible ranges or logically inconsis-
tent were cross-checked against original medical records;
if they could not be corrected, they were classified as ab-
normal and excluded. During the study period, a total of
10,985 deliveries were recorded in our hospital, and 8162
cases were retained for analysis after applying the above
criteria. Exclusions included 295 multiple pregnancies, 165
stillbirths, 122 major malformations, 1425 cases with miss-
ing screen time, 612 missing pre-pregnancy weight or de-
livery weight, 132 with pre-pregnancy diabetes or chronic
hypertension, and 72 with abnormal values.

2.3 Assessment of Maternal Screen Time Exposure During
Pregnancy

Screen time was obtained from the standardized
“Pregnancy Lifestyle Questionnaire” administered at our
hospital, which was self-administered by the participants
at 24-28 weeks and 32-36 weeks and subsequently veri-
fied by medical staff. The core item of the questionnaire
was: “In the past 7 days, on average, how many hours per
day did you spend on screen time on a mobile phone, tablet,
computer, or television? (unit: h, one decimal place).” The
study defined the record at 24-28 weeks as the primary ex-
posure. If this was missing, the record at 32—-36 weeks was
used. When data were available at both time points, the
arithmetic mean of the two was calculated. Screen time val-
ues were restricted to between 0 and 16 h/day, and values
outside this range were regarded as invalid and treated as
missing. In the main analysis, screen time was modeled as
a continuous variable (per additional 1 h/day), and in sensi-
tivity analyses, it was categorized into quartiles for valida-
tion.

2.4 Covariates and Potential Confounders

Covariates were obtained from electronic medical
records or the same questionnaire and selected based on a
prior causal diagram. All covariates were uniformly ad-
justed in the main models, including the following: ma-
ternal age (years, continuous); pre-pregnancy BMI (kg/m?,
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analyzed as both continuous and categorical); parity (nul-
liparous/multiparous); years of education (<12 years, 13—
16 years, =17 years); smoking during pregnancy (yes/no);
passive smoking (yes/no); physical activity during preg-
nancy (metabolic equivalent minutes/week calculated from
the short form of the International Physical Activity Ques-
tionnaire (IPAQ), categorized as low <600, moderate 600—
3000, and high >3000) [12]; diet quality score (10-point
scale, constructed based intake/frequency of fruits, veg-
etables, whole grains, fish, red meat, sugar-sweetened
beverages, nuts, dairy products, fried foods, and late-
night snacks, with higher scores indicating higher qual-
ity) [13]; mode of conception (natural/assisted reproduc-
tion); and prenatal depressive symptoms (Patient Health
Questionnaire-9 (PHQ-9) score, continuous) [14]. Preg-
nancy complications (gestational diabetes and gestational
hypertension) were not included in the main models to
avoid adjustment for post-exposure variables that may lie
on the causal pathway from exposure and outcomes.

2.5 Outcome Definitions
2.5.1 GWG

Pre-pregnancy weight was obtained from self-
reported values at the first prenatal visit, and weight during
pregnancy was recorded at each outpatient visit using
electronic scales (accurate to 0.1 kg). Total GWG was
calculated as the difference between the last weight mea-
sured within 7 days before delivery and the pre-pregnancy
weight. According to the 2009 Institute of Medicine
(IOM) guidelines and stratified by pre-pregnancy BMI,
adequate GWG was defined as follows: for pre-pregnancy
BMI <18.5 kg/m?, adequate weight gain 12.5-18.0 kg;
for 18.5-24.9 kg/m?, adequate weight gain 11.5-16.0 kg;
for 25.0-29.9 kg/m?, adequate weight gain 7.0-11.5 kg;
and for >30.0 kg/m?, adequate weight gain 5.0-9.0 kg
[15]. Weight gain below the lower limit was classified
as inadequate GWG, weight gain above the upper limit
as excessive GWG, and weight gain within the range as
adequate GWG.

2.5.2SGA

SGA was defined according to the INTERGROWTH-
21st newborn anthropometric standards as birth weight ad-
justed for gestational age and sex below the 10th percentile
[16]. Gestational age was determined based on the last men-
strual period, corrected by a first-trimester ultrasound, and
birth weight was measured in the delivery room using cal-
ibrated electronic scales (accurate to 10 g). Only singleton
live births were included in the assessment of SGA.

2.6 Statistical Analysis
2.6.1 Descriptive and Baseline Comparisons

Participants were grouped into quartiles according to
screen time. Continuous variables are expressed as mean
+ standard deviation (SD) or M (interquartile range, IQR),
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and categorical variables are expressed as frequency and
percentage. Between-group comparisons were performed
using one-way analysis of variance (ANOVA) for nor-
mally distributed variables, the Kruskal-Wallis test for non-
normally distributed variables, and the chi-squared test for
categorical variables. All tests were two-sided, and statisti-
cal significance was defined as p < 0.05.

2.6.2 Main Effect Models: Screen Time and GWG

After adequate GWG was established as the reference
category, multinomial logistic regression models were con-
structed to estimate odds ratios (ORs) and 95% Cls for the
associations between screen time and inadequate and ex-
cessive GWG. Screen time was entered into the models as
a continuous variable, with effects reported per additional 1
hour/day, and as a categorical into quartiles for trend anal-
yses. Models were adjusted for covariates listed in Section
2.4, with additional adjustment for gestational age at visit
and mode of conception in the sensitivity analyses. Robust
standard errors were used to calculate Cls.

2.6.3 Main Effect Models: Screen Time and SGA

Binomial logistic regression was used to estimate ORs
and 95% ClIs for the association between screen time and the
risk of SGA. To avoid artificially blocking a potential me-
diating pathway prior to mediation analysis, GWG was not
adjusted for in the main association models. In additional
models, GWG was introduced as a three-category variable
with adequate GWG as the reference to examine changes in
the estimated direct association. Adjustment for the remain-
ing covariates was consistent with that described in Section
2.6.2.

2.6.4 Dose—Response and Nonlinearity Modeling

In the models for both GWG and SGA, restricted cubic
splines were applied to model screen time to characterize
the continuous dose-response relationship and test poten-
tial nonlinearity. To balance model flexibility and robust-
ness while reducing the risk of overfitting, the main analysis
used 3 knots, placed at the 10th, 50th, and 90th percentiles
of screen time, based on its distribution, to ensure adequate
data support across intervals and to mitigate curve instabil-
ity at the extremes. The reference value was set at 2 h/day,
selected as a low exposure level to facilitate clinical inter-
pretation. Wald test p values for the overall association and
the nonlinear component were reported, and adjusted dose-
response curves with 95% Cls were plotted.

2.6.5 Effect Modification Test: Pre-Pregnancy BMI
Stratification

Pre-pregnancy BMI was stratified into <18.5, 18.5—
24.9, 25.0-29.9, and >30.0 kg/m?>. Primary association
models were fitted separately within each stratum, and
within-stratum estimates were reported. Concurrently, an
interaction term of screen time x BMI strata was added to
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the overall model, and the Wald test was used to evalu-
ate multiplicative interaction. To reduce instability within
strata, screen time was modelled as a continuous variable in
the interaction analyses.

2.6.6 Mediation Analysis: the Role of GWG in the
Association Between Screen Time and SGA

CMA based on the counterfactual framework (CF)
framework was performed, with inadequate GWG (yes/no)
as the mediator variable. A logistic regression model was
constructed for the exposure — mediator association, and a
second logistic regression model for exposure + mediator
— outcome. Both models were adjusted for the covariates
in section 2.4. The natural direct effect (NDE), natural in-
direct effect (NIE), and total effect (TE), along with their
95% Cls, were estimated using nonparametric bootstrap-
ping with asymmetric distributions (1000 repetitions), and
the proportion mediated was calculated. The identification
assumptions for the mediation analysis included no unmea-
sured confounding between exposure and mediator, expo-
sure and outcome, or mediator and outcome; no exposure-
induced mediator-outcome confounding; and correct model
specification. Screen time at 24-28 weeks was used as the
exposure in the primary analysis to ensure the correct tem-
poral ordering.

2.6.7 Sensitivity Analysis and Handling of Missing Data

Three sensitivity analyses were pre-specified: (1) ex-
clusion of participants whose activities were restricted in
mid-to-late pregnancy due to threatened preterm labor,
premature rupture of membranes (PROM), or physician-
advised bed rest; (2) restriction of the analysis to term de-
liveries (gestational age >37 weeks); and (3) replacement
of the continuous exposure with quartile-categorized screen
time, with repetition all main models. Missing covariates
were handled using multiple imputation by chained equa-
tions, with 20 imputations and 10 iterations. The imputa-
tion model included the exposure, outcomes, and all co-
variates. Imputed values of screen time were restricted
to the range of 0—16 h/day. All regression analyses were
based on the pooled imputed datasets and estimates of co-
efficients and variances were combined using the Rubin’s
rules. Complete-case analyses were performed as a sensi-
tivity analysis to assess robustness.

2.7 Bias Control and Quality Assurance

Regarding information bias control, screen time was
collected using a standardized questionnaire item within
fixed gestational-age windows, weight was measured using
calibrated electronic scales, and birth weight was recorded
on site by midwives. In terms of selection bias control,
only singleton deliveries with prenatal records established
at Peking University First Hospital, and completed follow-
up questionnaires were included to reduce systematic dif-
ferences caused by referral and loss to follow-up. In terms

of confounding control, the minimally sufficient set of co-
variates was determined a priori based on the causal dia-
gram and was consistently adjusted for in all main models.
For data quality assurance, double independent data entry
verification, logical consistency checks, and outlier identi-
fication were performed. In cases of conflicting records, the
original scanned medical records were used as the reference
standard.

3. Results
3.1 Baseline Characteristics of Study Participants

A total of 8162 pregnant women were included in
the study. After grouping by screen time quartiles, each
group comprised approximately 2040 participants. With
increasing screen time, maternal age, physical activity
level, and diet quality score gradually decreased, whereas
pre-pregnancy BMI, the proportion of overweight/obese
women, the proportion of passive smokers, and PHQ-9
score progressively increased. In addition, the proportions
of multiparous women, higher education level, and those
who had undergone assisted reproduction decreased (all p
< 0.001). No statistically significant between-group differ-
ences were observed for active smoking during pregnancy
or gestational age at questionnaire administration (both p >
0.05) (Table 1).

3.2 Screen Time and GWG

Using multinomial logistic regression and after ad-
justment for major confounders, each additional 1 h/day
of maternal screen time during pregnancy was associated
with increased odds of both inadequate (aOR = 1.06) and
excessive GWG (aOR = 1.13) (both p < 0.01). In analy-
sis by screen time quartiles, from Q1 to Q4, the aORs for
both inadequate and excessive GWG showed a stepwise in-
crease, with statistically significant linear trends for both
outcomes (both p_trend < 0.01) (Table 2). Multinomial lo-
gistic regression with restricted cubic splines showed dose-
response relationships between screen time and the odds
of both inadequate and excessive GWG (p_overall < 0.001
for both outcomes). The association with inadequate GWG
was approximately linear (p_nonlin = 0.168), whereas the
association with excessive GWG showed a marked increase
at higher exposure levels and became steeper at the upper
range of screen time, with the aOR reaching approximately
3, suggesting a nonlinear association (p_nonlin = 0.012),

(Fig. 1).

3.3 Screen Time and SGA

Using binomial logistic regression, after adjusting for
confounders, for each additional 1 h/day of maternal screen
time during pregnancy, the odds of SGA increased (aOR =
1.08, p <0.001). In analyses by screen time quartiles, from
QI to Q4, the odds of SGA showed a stepwise increase,
with the highest odds observed in Q4 (aOR = 1.41), and
statistically significant linear trend was identified, indicati-
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Table 1. Baseline characteristics of participants by quartiles of screen time.

Variable Q10.0=x<19) Q2(1.9<x<29) Q3(29<x<43) Q443<x<16.0) Total Test statistic ~ p-value
Sample size (N) 2041 2040 2040 2041 8162 — —
Age (years, X + s) 31.62+4.24 31.08 £4.31 30.57 +4.44 30.09 +£4.53 30.84 +£4.38 F=46.119 <0.001
Pre-pregnancy BMI (kg/m?, X + s) 22.45+3.04 22.71+3.13 23.01 +£3.28 23.41+343 22.90 +£3.22 F=33.437 <0.001
Pre-pregnancy BMI categories (n, %) ¥ =57.709 <0.001
—<18.5 (234) 11.46 (220) 10.78 (200) 9.80 (182) 8.92 (836) 10.24 — —
—18.5-24.9 (1404) 68.79 (1387) 67.99 (1353) 66.32 (1312) 64.28 (5456) 66.85 — —
—25.0-29.9 (345) 16.90 (370) 18.14 (392) 19.22 (416) 20.38 (1523) 18.66 — —
—230.0 (58)2.84 (63) 3.09 (95) 4.66 (131) 6.42 (347)4.25 — —
Parity (multiparous, %) 51.76 49.12 47.06 44.38 48.08 ¥’ =23.813  <0.001
Years of education (%) ¥ =25266  <0.001
— <12 years 21.36 23.48 25.39 27.83 24.52 — —
— 13-16 years 56.72 55.14 54.18 52.31 54.59 — —
— 217 years 21.92 21.38 20.43 19.86 20.89 — —
Smoking during pregnancy (yes, %) 0.44 0.59 0.69 0.93 0.66 ¥ =3.950 0.267
Passive smoking (yes, %) 21.76 24.02 27.15 30.18 25.78 ¥ =43.280  <0.001
Physical activity (MET-minutes/week, M [IQR]) 1785 [990-2680] 1560 [860-2365] 1290 [680-2005] 1035 [520-1740] 1410 [740-2220] H=158.437 <0.001
Physical activity categories (%) ¥ =205.736  <0.001
—Low 18.27 23.29 28.62 34.09 26.07 — —
— Moderate 51.07 52.5 50.34 49.44 50.83 — —
— High 30.66 2421 21.04 16.47 23.09 — —
Diet quality score (points, X + s) 6.94+1.21 6.72+1.24 6.43+1.31 6.09 £ 1.36 6.54 +1.28 F=168.598  <0.001
Mode of conception (assisted reproduction, %) 7.88 6.36 5.23 4.23 5.93 v =27.242 <0.001
PHQ-9 score (points, M [IQR]) 2 [1-4] 3[1-5] 3 [2-5] 4 [2-6] 3[2-5] H=64.812 <0.001
Gestational age at questionnaire (weeks, X + s) 27.82+1.93 27.78 £ 1.95 27.76 £1.97 27.73 £1.98 27.77 £1.96 F=0.759 0.518
Screen time (h/day, M [IQR]) 1.30 [0.8-1.8] 2.40[2.1-2.7] 3.60 [3.2-3.9] 5.10 [4.5-6.1] 2.90[1.94.3] — —

Note: Screen time was the grouping variable; between-group comparisons were not applicable, and the columns for statistics are marked with “—”.
BMI, body mass index; MET, metabolic equivalent of task; PHQ-9, Patient Health Questionnaire-9; M, median; IQR, interquartile range.
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Table 2. Multinomial logistic regression: aORs for screen time and inadequate and excessive GWG.

Exposure level

Inadequate GWG vs. adequate
(aOR, 95% CI, p-value)

Excessive GWG vs. adequate
(aOR, 95% CI, p-value)

Linear trend p_trend
(inadequate/excessive)

Per additional 1 hour/day (continuous)

Q1 (reference) 1.00 (reference)

Q2 1.07 (0.95-1.20), 0.272
Q3 1.15 (1.02-1.30), 0.021
Q4 1.26 (1.10-1.44), 0.001

1.06 (1.03-1.09), 0.003

1.13 (1.09-1.18), <0.001 —
1.00 (reference) —
1.19 (1.07-1.32), 0.002 —
1.35 (1.22-1.49), <0.001 —
1.57 (1.38-1.78), <0.001 0.002/<0.001

Note: Age, pre-pregnancy BMI (continuous), parity, years of education, smoking during pregnancy, passive smoking, physical activity

(continuous), diet quality score, mode of conception, and PHQ-9 score were uniformly adjusted for.

aOR, adjusted odds ratio; GWG, gestational weight gain.

Table 3. Logistic regression: aORs for the association between screen time and odds of SGA.

Exposure level

SGA (aOR, 95% CI, p-value)

Linear trend p_trend

Per additional 1 hour/day (continuous)
Q1 (reference)

1.08 (1.05-1.12), <0.001 —
1.00 (reference) —

Q2 1.12 (0.99-1.26), 0.068 —
Q3 1.22 (1.08-1.38), 0.001 -
Q4 1.41 (1.24-1.62), <0.001 <0.001

Note: Covariate adjustment was the same as that in Table 2; GWG was not adjusted for in

the main model to avoid blocking the mediation pathway. SGA was defined according to the
INTERGROWTH-21st standards as birth weight < the 10th percentile adjusted for gestational age

and sex.
SGA, small-for-gestational-age.

ng a stable dose-response relationship (p_trend < 0.001)
(Table 3). Logistic regression with restricted cubic splines
showed a significant positive dose-response relationship
between screen time and the odds of SGA (p_overall <
0.001). Mild nonlinearity was observed at high exposure
levels (p_nonlin = 0.029) (Fig. 2).

3.4 Effect Modification: Stratified Analysis by
Pre-Pregnancy BMI

Stratified multinomial and binomial logistic regres-
sion with interaction terms showed that the associations
between screen time and all three outcomes were modi-
fied by pre-pregnancy BMI (all p_int < 0.05). Among
women with BMI <18.5 kg/m?, the positive associations
between increasing screen time, inadequate GWG, and the
odds of SGA were more pronounced. In contrast, among
women with BMI >30.0 kg/m?, the association with exces-
sive GWG was the strongest (Fig. 3).

3.5 Mediation Analysis: the Role of Inadequate GWG in
the Association Between Screen Time and SGA

Using CMA, it was estimated that for each additional
1 h/day of maternal screen time during pregnancy, the total
estimated association with SGA was TE = 1.08, the natural
direct effect was NDE = 1.06, and the natural indirect ef-
fect was NIE = 1.03 (all p <0.05). Approximately 38.41%
of the total association was statistically attributable to inad-
equate GWG under the assumptions of the counterfactual
framework (Table 4).

NDE and NIE are standard nomenclature in the coun-
terfactual mediation framework and denote the statistical
decomposition of the total association into indirect compo-
nents. In this observational context, they do not, in them-
selves, imply causal direction.

3.6 Sensitivity Analysis

Sensitivity analyses refitting multinomial (GWG) and
binomial (SGA) logistic regression showed that, regard-
less of whether excluding women with activity restriction
in mid-to-late pregnancy or restricting the analysis to term
deliveries, the magnitude of the associations between each
additional 1 hour/day of screen time with inadequate GWG,
excessive GWG, and SGA (aOR about 1.04-1.05, 1.11-
1.12, and 1.06-1.07, respectively) and their statistical sig-
nificance (all p <0.05) were consistent with those observed
in the main models. Because the continuous-variable spec-
ification estimates the average log-linear effect across the
full exposure range, and because restriction of the analytic
sample may narrow the exposure distribution, a modest at-
tenuation of effect estimates relative to the main models is
expected in the presence of mild nonlinearity. After catego-
rizing exposure into quartiles, the odds in the high-exposure
group (Q4) were more pronounced, and all outcomes con-
tinued to show robust dose-response trends (all p_trend <
0.01) (Table 5). E-value sensitivity analyses showed that
unmeasured confounding would need to be moderately as-
sociated with both the exposure and the outcomes to fully
account for the observed associations. The E-value for the
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Fig. 1. Dose-response relationship between screen time and inadequate and excessive GWG. (A) Inadequate vs. adequate GWG.

(B) Excessive vs. adequate GWG. Restricted cubic spline models based on multinomial logistic regression were used (3 knots at the
10th, 50th, and 90th percentiles). The solid line shows the aOR and the shaded area indicates the 95% CI (log scale). The reference
is 2 h/day (vertical dashed line; aOR = 1), and the horizontal dashed line indicates aOR = 1. Knot locations are marked on the x-axis.

p_overall and p_nonlin are shown; covariate adjustment is described in the Methods section.

2 % 100 -

100_ .....

Adjusted odds ratio (log scale)

6x 101

1
P overall<0.001
P nonlin=0.029
1

—— Adjusted OR
95% CI

+

N e e e ==

4

6

8 10 12

Screen time during pregnancy (hours/day)

Fig. 2. Dose-response relationship between screen time and odds of SGA. Restricted cubic spline models from logistic regression
were used (3 knots at the 10th, 50th, and 90th percentiles). The solid line shows the aOR and the shaded area indicates the 95% CI (log
scale). The reference is 2 h/day (vertical dashed line; aOR = 1), and the horizontal dashed line indicates aOR = 1. Knot locations are

marked on the x-axis. p_overall and p_nonlin are shown; covariate adjustment is described in the Methods section.

&% IMR Press


https://www.imrpress.com

BMI <18.5 kg/m? -

n=359/836 P_int=0.023

s

n=982/5456

C.

BMI 18.5-24.9 kg/m? -|

n=136/1523

BMI 25.0-29.9 kg/m? o

Pre-pregnancy BMI

n=25/347

BMI =30.0 kg/m? —e—

n=159/836 P_int=0.011 n=133/836 P_int=0.037
—o— —o—
1=2019/5456 n494/5456
| n=823/1523 n=115/1523
—o—t 1 ——
i n=208/347 n=29/347
— 1 ——

T T T T d T
0.5 0.75 1.0 1.5 2.0 25 05 0.75
Adjusted odds ratio (log scale)

Adjusted odds ratio (log scale)

T T T d T T T d
1.0 1.5 2.0 25 05 0.75 1.0 1.5 2.0 25
Adjusted odds ratio (log scale)
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lines represent 95% confidence intervals. Note: aORs are adjusted for the same covariates as in the main models; P_int is the Wald test

for multiplicative interaction.

Table 4. Estimated direct association, indirect association, and proportion mediated of screen time with SGA.

Association type Estimate (OR)  95% CI  p-value Proportion mediated (%)
Natural direct association (NDE) 1.06 1.02-1.10  0.004 —
Natural indirect association (NIE) 1.03 1.01-1.05 0.012 —
Total association (TE) 1.08 1.05-1.12 <0.001 —

Proportion mediated (PM, %) —

— — 38.41

Note: Exposure was screen time at 24—28 weeks; the mediator was “inadequate GWG (yes/no)”; all
models were adjusted for the covariates in the main models. The terms “natural direct” and “natural
indirect” are standard statistical terminology within the counterfactual mediation framework and do

not imply established causality in an observational design.

total association with SGA was 1.37, whereas the E-values
for inadequate and excessive GWG were 1.31 and 1.51, re-
spectively; the corresponding lower-bound E-values were
all greater than 1.20 (Fig. 4).

4. Discussion

In this retrospective cohort of 8162 Chinese pregnant
women, longer daily screen time was associated with in-
creased odds of both inadequate and excessive GWG and
a higher risk of SGA infants in a dose-response man-
ner. These associations were robust across continuous and
quartile-based specifications, persisted after comprehen-
sive covariate adjustment, and showed nonlinear acceler-
ation at higher exposure levels for excessive GWG. Pre-
pregnancy BMI modified the strength of these associations,
and the statistical decomposition suggested that inadequate
GWG may partially explain the association between screen
time and SGA.

Regarding GWG, each additional hour per day of
screen time was associated with a 6% increase in the odds of
inadequate GWG and a 13% increase in the odds of exces-
sive GWG. The restricted cubic spline for excessive GWG
revealed a marked increase beyond approximately 4 h/day,
with the odds approaching threefold increase at the highest

exposure levels (p_nonlin = 0.012). This nonlinear accel-
eration has not been reported previously and may have di-
rect clinical relevance by identifying an exposure range be-
yond which risk escalates disproportionately. In contrast,
the association with inadequate GWG was approximately
linear. Prior observational studies have primarily focused
on linear relationships between overall sedentary behavior
and excessive GWG, with limited and inconsistent evidence
regarding inadequate GWG [17]. A systematic review by
Hamann et al. (2022) [17] found that, although most stud-
ies suggested an inverse association between physical activ-
ity and excessive GWG, not all findings reached statistical
significance, and few studies addressed inadequate GWG
at all. The present study extends this evidence by simulta-
neously demonstrating the cumulative associations of both
forms of abnormal GWG within a single cohort using con-
tinuous dose—response modeling.

Regarding fetal growth, screen time was consistently
positively associated with SGA infants (aOR = 1.08 per
h/day; Q4 vs. Q1 aOR = 1.41), with a mild nonlinear in-
flection at high exposure levels (p_nonlin = 0.029). Previ-
ous literature has predominantly examined related behav-
iors such as sleep duration or physical activity [ 18], and few
studies examining screen-related behaviors have employed
dichotomous exposure classifications, which do not capture
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Table 5. Summary of sensitivity analyses: comparison of main associations across different scenarios.

Sensitivity scenario
p-value)

Inadequate GWG aOR (95% CI,  Excessive GWG aOR (95% CI,

SGA aOR (95% CI, p-value)
p-value)

Excluding women with activity 1.05 (1.02-1.09), 0.006
restriction in mid-to-late preg-
nancy

Restricting to term deliveries 1.04 (1.01-1.08), p=0.014
(gestational age >37 weeks)
Exposure categorized into quar- 1.07 (0.95-1.20), p = 0.272
tiles: Q2 vs. Ql

Exposure categorized into quar-
tiles: Q3 vs. Q1

Exposure categorized into quar-
tiles: Q4 vs. Ql (including

p_trend)

1.15 (1.02-1.30), p = 0.021

=0.002

1.26 (1.10-1.44), 0.001; p_trend

1.12 (1.08-1.17), <0.001 1.07 (1.03-1.11), 0.001

1.11 (1.07-1.16), <0.001 1.06 (1.02-1.10), 0.004

1.19 (1.07-1.32), 0.002 1.12 (0.99-1.26), 0.068
1.35 (1.22-1.49), <0.001 1.22 (1.08-1.38), 0.001

1.57 (1.38-1.78), <0.001;
p_trend < 0.001

1.41 (1.24-1.62), <0.001;
p_trend <0.001

Note: aOR represents the estimate of the main model “per + 1 hour/day”; p_trend is also reported for the quartile scenarios; all model

covariates were the same as in the main model.

SGA (total effect) Ol ]
[¢]
o,
I
+ Inadequate GWG O @
&
5]
Excessive GWG - c e ® E point
O E lower
T T T T 1
1.00 1.25 1.50 2.00 2.50 3.00
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Fig. 4. E-values for unmeasured confounding in the associations between screen time and study outcomes. Note: E-values quantify

the minimum strength of association with both exposure and outcome that an unmeasured confounder would need to fully explain away
the observed effect; E_lower is based on the lower bound of the 95% CI.

risk variation across the full exposure spectrum [19]. Un-
der the assumptions of the counterfactual mediation frame-
work, approximately 38% of the total association between
screen time and SGA was statistically attributable to inad-
equate GWG, whereas the remaining component was inde-
pendent of GWG and remained statistically significant after
adjustment. This proportion should be interpreted as an ap-
proximation contingent on model specification rather than
a precise causal decomposition. Nonetheless, the direction
and significance of both components were consistent across
the sensitivity analyses. Few prior studies have simultane-
ously estimated both components within a single analytical
framework [20], and these findings provide a basis for hy-

&% IMR Press

pothesis generation regarding the relative contributions of
weight-related and non-weight-related pathways.

Pre-pregnancy BMI showed clear effect modification
(all p_int < 0.05). Among women with a low BMI, who
have limited metabolic reserves and are more suscepti-
ble to negative energy balance [21,22], the associations
with inadequate GWG and SGA were amplified. Among
women with obesity, in whom higher baseline insulin re-
sistance and chronic inflammation may be exacerbated by
prolonged sedentary behavior [23], the association with ex-
cessive GWG was most prominent. These findings support
differentiated weight management strategies according to
BMI category in prenatal care.
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Several plausible but unverified mechanisms may un-
derlie the observed associations, none of which were di-
rectly measured in this study. Higher screen time was ac-
companied by lower physical activity, poorer diet quality,
and higher depressive symptom scores at baseline, a con-
stellation consistent with energy imbalance. Sedentary be-
havior may reduce total daily energy expenditure [24], and
screen-related reward cues may promote snacking and se-
lection of energy-dense foods [25]. From a circadian dis-
ruption perspective, nighttime screen use has been linked
to shortened sleep and melatonin suppression [26], which
may impair insulin sensitivity and, independently of GWG,
constrain placental perfusion and nutrient transport [27,28].
These mechanisms remain speculative and require prospec-
tive investigation using objective measurements of sleep,
circadian markers, and dietary intake.

This study has several strengths, including a large
sample size, continuous dose—response modeling using re-
stricted cubic splines, simultaneous evaluation of bidirec-
tional GWG abnormalities and SGA, formal mediation
decomposition, and comprehensive covariate adjustment
guided by a prespecified causal diagram. The choice of
the 2009 IOM criteria for GWG classification is supported
by recent evidence in Chinese populations. Zhang et al.
(2021) [29] demonstrated that Chinese-specific GWG rec-
ommendations were comparable to the IOM 2009 guide-
lines in predicting adverse outcomes; Gong et al. (2023)
[30] found that the IOM criteria were more suitable for iden-
tifying inadequate GWG; and Jiang et al. (2023) [31] con-
firmed their applicability in underweight women. The E-
values of 1.31-1.51, in the context of adjustment for ten
major confounders, indicate that a residual confounder of
at least moderate strength would be needed to fully explain
the observed associations.

Limitations

Several limitations should be acknowledged. The
single-center, tertiary hospital design may limit generaliz-
ability. Screen time was self-reported using a 7-day recall
questionnaire and lacked objective validation. The ques-
tionnaire did not differentiate screen use by device type,
content, purpose, or timing, such as work-related versus
leisure use or daytime versus pre-sleep use. These distinct
patterns of screen exposure may have different effects on
maternal health and pregnancy outcomes, which could not
be evaluated in the present study. However, any resulting
misclassification, including that attributable to social desir-
ability bias, which is likely limited given the absence of
strong social stigma surrounding screen use during preg-
nancy in China, would be nondifferential and would be ex-
pected to bias estimates toward the null rather than inflate
the observed associations. Screen time was recorded only in
mid-to late pregnancy and therefore could not capture full
trimester-specific trajectories. Pre-pregnancy weight was
self-reported, and the use of OR may slightly overestimate
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the magnitude of association for common outcomes. The
BMI >30.0 kg/m? stratum (n = 347) limits the precision of
stratum-specific estimates; however, the formal interaction
test is not contingent on within-stratum estimate stability.
The mediation analysis relies on unverifiable identification
assumptions, and the proportion mediated should be inter-
preted as an approximation. Residual confounding and re-
verse causality cannot be fully excluded.

5. Conclusion

Maternal screen time during pregnancy was positively
associated with both bidirectional abnormal GWG and with
the odds of SGA infants. These associations strengthened
with cumulative exposure, with a steeper increase in the risk
of excessive GWG at higher exposure levels. A portion of
the association with SGA was statistically attributable to
inadequate GWG, while additional associations remained
independent of GWG, consistent with hypothesized mech-
anisms related to sleep and circadian rhythm disruption.
Pre-pregnancy BMI modified the strength of the associa-
tion, with underweight women more likely to experience
inadequate GWG and SGA, whereas women with obesity
showed a stronger association with excessive GWG. Screen
time is a modifiable behavior and should be incorporated
into risk stratification and preventive interventions in pre-
natal care together with monitoring of GWG and sleep man-
agement. Differentiated strategies should be implemented
according to pre-pregnancy BMI to reduce adverse preg-
nancy outcomes. For practical implementation, a provi-
sional cutoff of >4 h/day (approximately the upper quartile
range in this cohort) may be used to flag high exposure for
targeted counseling, with <2 h/day used as a reference for
counseling. These thresholds are exploratory and require
external validation.
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