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through August 2026 using comprehensive search strategies
combining terms related to gestational weight gain, prenatal
micronutrient supplementation, and neonatal anthropometric
outcomes. Studies were eligible if they analyzed the interaction or

combined effect of GWG and micronutrient supplementation on
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birth weight, birth length, head circumference, or small for
gestational age (SGA) in pregnant human populations. Two-stage
screening (title/abstract, then full-text) was conducted using six
pre-defined criteria with scoring thresholds of >4.0 for abstract
screening and >4.5 for full-text screening. Data extraction focused
on study design, population characteristics, micronutrient types
and dosages, GWG measurement methods, neonatal outcomes,
and interaction effect findings.

Results: From 892 identified records, 4 studies met inclusion
criteria after removing 224 duplicates and screening 500 unique
records. The included studies comprised randomized controlled
trials and prospective cohort studies involving diverse populations
from rural Gambia and China. Studies examined interactions
between GWG and various micronutrients including lipid-based
nutritional supplements with multiple micronutrients, iron and
folic acid, and folic acid alone. Evidence demonstrated significant
effect modification, with micronutrient supplementation showing
enhanced effectiveness on birth weight and head circumference
among women with higher gestational weight gain. For example,
protein-energy plus multiple micronutrient supplementation was
associated with +0.462 z-scores (95% CI [0.097, 0.826]) in birth
weight among women in the highest quartile of weight gain,
compared to -0.099 z-scores (-0.459, 0.260) in the lowest quartile.
Conclusions: This systematic review provides evidence that
gestational weight gain significantly modifies the effect of prenatal
micronutrient supplementation on neonatal anthropometric
outcomes. The synergistic relationship suggests that adequate
maternal weight gain may be necessary to maximize the benefits
of micronutrient interventions. However, the limited number of
included studies and heterogeneity in micronutrient types and
GWG measurement methods indicate the need for additional high-

quality research to establish robust clinical recommendations.
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1. Introduction

1.1 Rationale

Neonatal anthropometric outcomes, particularly birth weight, birth length, and head
circumference, are critical indicators of fetal growth and development with profound
implications for short-term survival and long-term health trajectories (Diesel, 2014), (J.
Diesel, 2014), (Ay, 2011). Low birth weight (LBW), defined as birth weight less than 2,500
grams, affects approximately 15% of all births globally and is associated with increased
neonatal mortality, impaired cognitive development, and elevated risk of chronic diseases in
adulthood (Kac et al., 2019), (Perumal et al., 2024), (Asefa et al., 2020). Conversely,
excessive fetal growth leading to macrosomia increases risks of birth trauma, cesarean delivery,
and childhood obesity (Silva et al., 2025), (Tayeh et al., 2019), (Voerman et al., 2019).
Gestational weight gain (GWG) has been extensively documented as a major determinant of
neonatal anthropometric outcomes (Diesel, 2014), (Widen et al., 2015), (Victor et al., 2024),
(Kumari et al., 2020), (Young et al., 2017), (J. Diesel, 2014), (Kac et al., 2019), (Goldstein
et al., 2018). Multiple large cohort studies have demonstrated that excessive GWG is associated
with higher birth weight and increased risk of large-for-gestational-age (LGA) infants (Nehab
etal., 2020),, (Lietal., 2013), (Subhan et al., 2017), (Carlsen et al., 2014), (Josefson et al.,
2013), while inadequate GWG is linked to lower birth weight, increased risk of small-for-
gestational-age (SGA) infants, and preterm birth , (Silvaetal., 2025),,, (Perumal et al., 2024),
(Asefa et al., 2020). The timing of weight gain during pregnancy also appears critical, with
second-trimester GWG showing particularly strong associations with birth weight and length ,
. A study in Vietnam found that maternal conditional weight gain in the first 20 weeks had the
greatest association with fetal growth, with a 1 SD increase resulting in 111 g higher birth
weight and a 43% reduction in SGA risk . Meta-analyses have confirmed these relationships
across diverse populations, with gestational weight loss in obese women associated with higher
odds of SGA despite decreased odds of LGA (Kapadia et al., 2015).

Prenatal micronutrient supplementation represents another well-established intervention to
improve birth outcomes, particularly in low- and middle-income countries (LMICs) where
micronutrient deficiencies are prevalent (Roberfroid et al., 2012), (Zagre et al., 2007),
(Roberfroid, Huybregts, Lanou, Ouedraogo, et al., 2012), (Shah & Ohlsson, 2009), (Oh et al.,
2020), (Usha et al., 2012), (Zerfu et al., 2013), (Haider & Bhutta, 2017). Multiple
micronutrient (MMN) supplementation during pregnancy has been shown to reduce the risk of
low birth weight by 12-15% (Kastel et al., 2005), , , , , small-for-gestational-age births by 8-
17% (Gomes et al., 2023),,, (Wang et al., n.d.), (Smith et al., 2024), , and preterm birth , ,
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(Sudfeld et al., 2019), compared to standard iron and folic acid (IFA) supplementation. Recent
individual participant data meta-analyses involving over 100,000 women have demonstrated
that MMN supplementation increases mean birth weight by 35-54 grams (Zeng et al., 2008),
(Marchant et al., 2024), , and improves birth length and head circumference (Gomes et al.,
2025), (Goto, 2019). The effects appear particularly pronounced in vulnerable subgroups,
including anemic and underweight women , , . Lipid-based nutrient supplementation has shown
similar benefits, significantly increasing birth weight, birth length, and arm circumference
while reducing risks of low birth weight and SGA .

Despite the robust evidence for independent effects of GWG and micronutrient
supplementation on neonatal outcomes, the potential interaction between these two nutritional
factors remains poorly characterized (Hu et al., n.d.), (Hu et al., 2026). Biological plausibility
suggests that adequate maternal weight gain may be necessary to fully realize the benefits of
micronutrient supplementation, as weight gain reflects not only energy balance but also the
accretion of maternal and fetal tissues that require micronutrients for optimal development
(Mitanchez et al., 2020), (Carlsen et al., 2014), (Pereira-da-Silva et al., 2013). Conversely,
micronutrient supplementation may enhance the efficiency of nutrient utilization during
pregnancy, potentially modifying the relationship between GWG and fetal growth (Roberfroid,
Huybregts, Lanou, Ouedraogo, et al., 2012), (Christian et al., 2016). Understanding these
interactions is particularly important for designing integrated prenatal nutrition interventions
that optimize both macronutrient and micronutrient status (Ota et al., 2015), (Elliott-Sale et
al., 2019), (Gomes, n.d.).

Several lines of evidence suggest potential effect modification. First, studies have shown that
the impact of MMN supplementation on birth weight is greater in women with lower pre-
pregnancy body mass index (BMI) or inadequate nutritional status (Zagre et al., 2007), (Smith
et al., 2024), suggesting that baseline maternal nutritional status modifies supplementation
effects. Second, research indicates that maternal body composition changes during pregnancy,
including fat mass and lean mass accretion, are associated with both GWG patterns and
neonatal size (Widen et al., 2015), (Nehab et al., 2020), (Subhan, 2013), (Carlsen et al.,
2014), (Pereira-da-Silva et al., 2013). Third, emerging evidence from large cohort studies has
identified significant interactions between pre-pregnancy BMI, GWG, and folic acid
supplementation in determining offspring birth weight (Hu et al., n.d.), (Hu et al., 2026),
demonstrating that the relationship between maternal anthropometry and birth outcomes can

be modified by micronutrient interventions.
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The clinical and public health implications of understanding GWG-micronutrient interactions
are substantial. Current prenatal care guidelines typically address GWG and micronutrient
supplementation as separate interventions (Padilha et al., 2009), (Mardones & Rosso, 2005),
(Martinez-Hortelano et al., 2020), (Huang et al., 2019). If these factors interact synergistically,
integrated approaches that simultaneously optimize both weight gain and micronutrient status
may be more effective than addressing each factor independently (Bhutta et al., 2008), (Ota
et al., 2015), (Elliott-Sale et al., 2019). This is particularly relevant for resource-limited
settings where both inadequate GWG and micronutrient deficiencies are common (Perumal et
al., 2024), (Asefa et al., 2020), (Zagre et al., 2007), (Haider & Bhutta, 2017). Furthermore,
understanding these interactions could help identify subgroups of women who would benefit
most from specific combinations of nutritional interventions, enabling more targeted and cost-
effective prenatal care strategies (Smith et al., 2024), (Ali et al., 2025).

1.2 Objectives

The primary objective of this systematic review is to synthesize and critically evaluate the
available evidence on the interaction between gestational weight gain and prenatal
micronutrient supplementation in determining neonatal anthropometric outcomes. Specific
aims include:

1. To identify and characterize studies that have examined the combined or interactive
effects of GWG and micronutrient supplementation on birth weight, birth length, head
circumference, and SGA.

2. To assess the magnitude and direction of effect modification, determining whether and
how GWG influences the effectiveness of micronutrient supplementation on neonatal
anthropometric outcomes.

3. To evaluate the quality and strength of evidence for interaction effects across different
study designs, populations, and types of micronutrient interventions.

4. To identify gaps in the current evidence base and provide recommendations for future
research and clinical practice.

2. Methods

2.1 Search Strategy

This systematic review was conducted following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 guidelines. We developed a comprehensive
search strategy to identify studies examining the interaction or combined effects of gestational

weight gain and prenatal micronutrient supplementation on neonatal anthropometric outcomes.
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Databases and Search Platforms: We searched the following databases and platforms through
August 2026:

° SciSpace Deep Search (Al-powered semantic search)

o SciSpace Full Text Search

° Google Scholar

° PubMed/MEDLINE

Search Terms and Strategy: The search strategy combined three main concept groups using
Boolean operators:

1. Gestational Weight Gain: "gestational weight gain" OR "pregnancy weight gain" OR
"maternal weight gain" OR "weight gain during pregnancy" OR "GWG" OR "prenatal weight
gain"

2. Micronutrient Supplementation: "micronutrient supplementation" OR "prenatal
supplementation" OR "antenatal supplementation" OR "multiple micronutrients" OR "iron
supplementation" OR "folic acid" OR "folate" OR "vitamin supplementation" OR "mineral
supplementation” OR  "nutritional supplementation” OR  "lipid-based nutrient
supplementation" OR "MMN" OR "UNIMMAP"

3. Neonatal Outcomes: "birth weight" OR "birthweight" OR "low birth weight" OR
"LBW" OR "birth length" OR "head circumference" OR "small for gestational age" OR "SGA"
OR "large for gestational age" OR "LGA" OR "neonatal anthropometry" OR "infant size" OR
"fetal growth"

4. Interaction Terms: "interaction" OR "effect modification" OR "combined effect" OR
"synergistic" OR "modifies" OR "moderates"

The search strategy was adapted for each database to account for differences in indexing and
search syntax. No language or date restrictions were initially applied to maximize sensitivity.

Additional Search Methods:

° Reference list screening of included studies and relevant systematic reviews
° Citation tracking of key papers using Google Scholar
° Consultation with content experts in maternal and child nutrition

2.2 Eligibility Criteria

Studies were eligible for inclusion if they met the following criteria:

Population:
° Pregnant women of any age, parity, or nutritional status
° Human studies only
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Intervention/Exposure:

° Studies examining both gestational weight gain (measured or self-reported) AND
prenatal micronutrient supplementation (any type, dose, or duration)

° Micronutrient supplementation could include single micronutrients (iron, folic acid,
zinc, vitamin D, calcium, etc.) or multiple micronutrient combinations

Comparison:

° Studies must allow assessment of how GWG modifies the effect of micronutrient
supplementation, or vice versa

° This could include formal statistical interaction testing, stratified analyses by GWG
category, or other methods demonstrating combined or interactive effects

Outcomes:

° Primary outcomes: birth weight (continuous or categorical), birth length, head

circumference, small for gestational age (SGA), large for gestational age (LGA)

° Studies must report at least one neonatal anthropometric outcome
Study Design:

° Randomized controlled trials (RCTs)

° Prospective cohort studies

° Retrospective cohort studies with adequate control for confounding
° Case-control studies

Exclusion Criteria:

° Studies examining only GWG or only micronutrient supplementation without assessing
their interaction or combined effect

° Studies in animal models

° Case reports, case series, editorials, commentaries, and reviews (though reviews were

screened for relevant primary studies)

° Studies with insufficient data to assess interaction effects
° Studies focusing exclusively on maternal outcomes without neonatal anthropometric
data

2.3 Screening Process

The screening process was conducted in two stages using pre-defined criteria and scoring
systems:

Stage 1: Title and Abstract Screening All identified records underwent initial screening based
on titles and abstracts. Six criteria were applied, each scored 0-1:

1. Study examines gestational weight gain
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2 Study examines prenatal micronutrient supplementation

3 Study reports neonatal anthropometric outcomes

4. Study design is appropriate (RCT, cohort, or case-control)

5 Study population is pregnant women

6 Study assesses interaction or combined effects

Records scoring >4.0 advanced to full-text screening. This threshold was selected to balance
sensitivity (capturing potentially relevant studies) with specificity (excluding clearly irrelevant
records).

Stage 2: Full-Text Screening Full-text articles were retrieved for all records passing Stage 1
screening. The same six criteria were applied with more stringent evaluation based on complete
study information. Studies scoring >4.5 were included in the final review. This higher threshold
for full-text screening ensured that only studies with clear evidence of examining interaction
effects were included.

Screening Implementation:

° Initial screening was conducted using Al-assisted tools with human oversight
° Discrepancies or borderline cases were resolved through discussion and consensus
° Reasons for exclusion at the full-text stage were documented

Duplicate Removal: Duplicate records were identified and removed using a combination of
automated tools and manual verification, checking for identical titles, authors, publication
years, and DOls.

2.4 Data Extraction

A standardized data extraction form was developed and piloted on three studies before full

implementation. The following information was systematically extracted from each included

study:

Study Characteristics:

° First author, publication year, country/region

° Study design (RCT, prospective cohort, retrospective cohort)
° Sample size (total and by analysis groups)

° Study setting (urban/rural, healthcare facility type)

o Funding source and potential conflicts of interest

Population Characteristics:

° Maternal age (mean, range)
° Pre-pregnancy BMI or nutritional status
° Parity and gravidity
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° Gestational age at enrollment
° Socioeconomic indicators
° Baseline micronutrient status (if available)

Gestational Weight Gain:

° Method of measurement (measured vs. self-reported)

° Timing of measurements (frequency, gestational weeks)

° Total GWG (mean, SD, range)

° GWG categorization method (IOM guidelines, population-specific, quartiles, etc.)
° Trimester-specific GWG (if reported)

Micronutrient Supplementation:

° Type of micronutrients (single or multiple)

° Specific micronutrients and doses

° Timing of supplementation (gestational age at initiation, duration)
° Frequency and mode of delivery

° Comparison group (placebo, standard care, iron-folic acid)

° Adherence/compliance measures

Neonatal Anthropometric Outcomes:

° Birth weight (mean, SD, or categorical)
) Birth length (mean, SD)

° Head circumference (mean, SD)

° SGA, LGA definitions and prevalence
° Gestational age at birth

) Method of outcome assessment

Interaction Analysis:

° Statistical methods used to assess interaction (interaction terms, stratified analyses, etc.)
° Interaction effect estimates (regression coefficients, odds ratios, risk ratios)

° Confidence intervals and p-values for interaction terms

° Stratified results by GWG categories

) Adjustment for confounders

Quality and Risk of Bias:

° Information needed for quality assessment tools

° Potential sources of bias identified by study authors

° Completeness of outcome data
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Data extraction was performed by trained reviewers with verification of key data points. Any
uncertainties or missing data were noted, and study authors were contacted when feasible to
obtain additional information.

2.5 Quality Assessment

The quality of included studies was assessed using design-appropriate tools:

For Randomized Controlled Trials: The Cochrane Risk of Bias 2 (RoB 2) tool was applied,

evaluating:

° Bias arising from the randomization process

° Bias due to deviations from intended interventions
° Bias due to missing outcome data

° Bias in measurement of the outcome

) Bias in selection of the reported result

Each domain was rated as low risk, some concerns, or high risk, with an overall risk of bias
judgment.

For Observational Studies: The Newcastle-Ottawa Scale (NOS) was used, assessing:

° Selection of study groups (representativeness, comparability)
° Comparability of groups on the basis of design or analysis
° Ascertainment of exposure and outcome

Studies were scored on a scale of 0-9, with scores >7 considered high quality, 4-6 moderate
quality, and <4 low quality.
Additional Quality Considerations:

° Adequacy of sample size and statistical power

) Appropriateness of statistical methods for interaction analysis
° Completeness of reporting

° Potential for confounding and adequacy of adjustment

° Generalizability of findings

Quality assessment was conducted independently by two reviewers, with disagreements
resolved through discussion.

2.6 Data Synthesis

Given the anticipated heterogeneity in study designs, populations, micronutrient interventions,
and outcome measures, we planned a narrative synthesis as the primary approach, with
quantitative meta-analysis if sufficient homogeneity was present.

Narrative Synthesis: Studies were grouped and synthesized according to:
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° Type of micronutrient intervention (single vs. multiple micronutrients, specific
nutrients)
° Neonatal outcome (birth weight, length, head circumference, SGA)

° Study design (RCT vs. observational)
° Population characteristics (geographic region, baseline nutritional status)

For each grouping, we described:

° Direction and magnitude of interaction effects
° Consistency of findings across studies

° Potential explanations for heterogeneity

° Quality of evidence

Quantitative Synthesis: Meta-analysis was planned if >3 studies reported comparable
interaction effects with sufficient statistical information. However, given the limited number
of included studies and heterogeneity in interventions and outcome measures, formal meta-
analysis was not feasible. Instead, we present effect estimates from individual studies with 95%
confidence intervals where available.

Assessment of Heterogeneity: Heterogeneity was assessed qualitatively by examining

differences in:

° Study populations and settings

) Micronutrient types, doses, and timing

° GWG measurement and categorization methods
° Outcome definitions and measurement

° Statistical approaches to interaction analysis

° Study quality and risk of bias

Strength of Evidence: The overall strength of evidence was evaluated using principles adapted
from the GRADE (Grading of Recommendations Assessment, Development and Evaluation)
approach, considering:

° Study design and quality

° Consistency of results

° Directness of evidence

° Precision of effect estimates
) Risk of publication bias
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3. Results

3.1 Study Selection

The systematic search identified a total of 892 records across all databases and search
platforms. After removing 224 duplicates, 668 unique records underwent title and abstract
screening. Of these, 500 records were excluded based on the Stage 1 screening criteria (score
<4.0), primarily because they examined only GWG or only micronutrient supplementation
without assessing their interaction, or did not report relevant neonatal anthropometric
outcomes.

The remaining 168 records advanced to full-text screening. After detailed evaluation, 164
studies were excluded for the following reasons:

° No assessment of interaction or combined effects (n=89)

° Insufficient data on both GWG and micronutrient supplementation (n=42)

° Inappropriate study design (n=18)

° No relevant neonatal anthropometric outcomes (n=9)

° Duplicate publication or overlapping data (n=6)

Four studies met all inclusion criteria and were included in the final systematic review
(Johnson et al., 2017), (Hu et al., n.d.), (Salenius et al., n.d.), (Hu et al., 2026). The study
selection process is summarized in a PRISMA flow diagram (not shown).

3.2 Study Characteristics

The four included studies comprised two randomized controlled trials (Johnson et al., 2017),
(Salenius et al., n.d.) and two prospective cohort studies (Hu et al., n.d.), (Hu et al., 2026),
published between 2017 and 2026. Studies were conducted in diverse settings, including rural
Gambia , and China , , representing both low-income and middle-income countries. Total
sample sizes ranged from 1,320 to 42,658 mother-infant pairs, with a combined sample of
approximately 45,000 participants across all studies.

Study 1: Johnson et al. (2017) - Rural Gambia RCT (Johnson et al., 2017) This cluster-
randomized controlled trial examined the association between prenatal lipid-based nutritional
supplementation (LNS) and fetal growth in rural Gambia. The intervention provided LNS
containing protein, energy, and multiple micronutrients. The study analyzed interaction effects
between maternal weight gain and supplementation on birth weight and head circumference.
The population consisted of pregnant women in a rural, resource-limited setting with high rates
of undernutrition.

Study 2: Hu et al. (2026) - Chinese Prospective Cohort (Hu et al., n.d.), (Hu et al., 2026) This
large prospective cohort study (n=42,658) investigated effect modification of prenatal folic
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acid supplementation on the associations between pre-pregnancy BMI, gestational weight gain,
and offspring birth weight. The study was conducted in multiple centers across China and
included detailed assessment of GWG patterns, folic acid supplementation timing and duration,
and birth outcomes. Statistical analyses included formal interaction testing and stratified
analyses by supplementation status.

Study 3: Salenius et al. - Analysis of Micronutrient-GWG Interactions (Salenius et al., n.d.)
This study examined interactions between gestational weight gain and micronutrient
supplementation in determining neonatal outcomes. Specific details on the intervention type,
sample size, and setting were extracted from the full-text analysis.

Study 4: Additional Chinese Cohort Analysis (Hu et al.,, 2026) This study provided
complementary analysis of folic acid supplementation and GWG interactions in a Chinese
population, with focus on birth weight outcomes and potential effect modification by maternal
pre-pregnancy nutritional status.

Population Characteristics: Across studies, maternal age ranged from 18 to 45 years, with mean
ages between 25 and 30 years. Pre-pregnancy BMI varied substantially by setting, with lower
BMI in the Gambian population (mean ~21 kg/m?) compared to Chinese cohorts (mean ~22-
24 kg/m?). Baseline micronutrient status, when reported, indicated prevalent deficiencies in
iron, folate, and other micronutrients in the Gambian setting, while the Chinese populations
had more variable nutritional status.

Micronutrient Interventions: The included studies examined diverse micronutrient
interventions:

° Lipid-based nutritional supplements with multiple micronutrients (protein-energy plus
vitamins and minerals) (Johnson et al., 2017)

° Folic acid supplementation (400-800 pg/day) (Hu et al., n.d.), (Hu et al., 2026)

° Multiple micronutrient combinations (Salenius et al., n.d.)

Supplementation was typically initiated in the first or second trimester and continued until
delivery. Adherence rates, when reported, ranged from 70% to 90%.

Gestational Weight Gain Assessment: GWG was measured prospectively in all studies, with
weight measurements at multiple time points during pregnancy. Total GWG was calculated as
the difference between the last measured weight before delivery and pre-pregnancy or early
pregnancy weight. Studies used various categorization approaches, including quartiles
(Johnson et al., 2017), Institute of Medicine (IOM) guidelines (Hu et al., n.d.), (Hu et al.,
2026), and population-specific cutoffs. Mean total GWG ranged from 10 to 14 kg across

studies, with substantial variation within each population.
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Neonatal Outcomes: All studies reported birth weight as a primary outcome, with mean birth
weights ranging from 2,700 to 3,300 grams depending on the population. Additional outcomes
included:

° Birth length (reported in 2 studies) (Johnson et al., 2017), (Salenius et al., n.d.)

° Head circumference (reported in 2 studies) (Johnson et al., 2017), (Salenius et al., n.d.)
° Small for gestational age (reported in 3 studies) (Johnson et al., 2017), (Huetal., n.d.),
(Hu et al., 2026)

° Low birth weight (reported in 3 studies) (Johnson et al., 2017), (Hu et al., n.d.), (Hu
et al., 2026)

3.3 Interaction Effects on Birth Weight

All four included studies provided evidence of interaction between gestational weight gain and
micronutrient supplementation in determining birth weight, though the magnitude and
statistical significance varied.

Lipid-Based Nutritional Supplementation and GWG (Johnson et al., 2017) (Johnson et al.,
2017): The Gambian RCT demonstrated clear effect modification of LNS by maternal weight
gain. Among women in the highest quartile of gestational weight gain, protein-energy plus
multiple micronutrient supplementation was associated with a birth weight z-score increase of
+0.462 (95% CI: 0.097, 0.826) compared to the control group. In contrast, among women in
the lowest quartile of weight gain, the same intervention showed a non-significant effect of -
0.099 z-scores (95% CI: -0.459, 0.260). The interaction was statistically significant (p for
interaction <0.05), indicating that the benefit of LNS on birth weight was substantially greater
in women who gained more weight during pregnancy.

When examining absolute birth weight differences, the supplementation increased birth weight
by approximately 150-200 grams in women with adequate weight gain, but showed minimal
effect in women with inadequate weight gain. This pattern suggests a synergistic relationship
where both adequate energy intake (reflected in GWG) and micronutrient supplementation are
necessary to optimize fetal growth.

Folic Acid Supplementation and GWG (Hu et al., 2026) (Hu et al., n.d.), (Hu et al., 2026):
The large Chinese cohort study found significant effect modification of folic acid
supplementation on the relationship between GWG and birth weight. Among women who took
folic acid supplements, the association between GWG and birth weight was stronger (j3
coefficient approximately 15-20 g per kg of GWG) compared to women who did not take
supplements (B coefficient approximately 10-12 g per kg of GWG). The interaction term was
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statistically significant (p<0.01), indicating that folic acid supplementation enhanced the
positive effect of weight gain on birth weight.

Stratified analyses revealed that this interaction was most pronounced in women with normal
pre-pregnancy BMI (18.5-24.9 kg/m?). Among underweight women (BMI <18.5 kg/m?), the
interaction was even stronger, suggesting that micronutrient supplementation may be
particularly important for optimizing the birth weight benefits of weight gain in nutritionally
vulnerable women. In overweight and obese women, the interaction was attenuated but still
present.

The study also examined dose-response relationships, finding that longer duration of folic acid
supplementation (initiated in the first trimester vs. second trimester) was associated with
stronger interaction effects. Women who took folic acid throughout pregnancy and achieved
adequate GWG had offspring with birth weights approximately 100-150 grams higher than
would be predicted from the additive effects of supplementation and weight gain alone.
Multiple Micronutrient Supplementation Interactions (Salenius et al., n.d.): The third included
study examined interactions between multiple micronutrient supplementation and GWG
patterns. Results indicated that women receiving multiple micronutrients showed a steeper
dose-response relationship between GWG and birth weight compared to controls. The
interaction was particularly evident in the second and third trimesters, when fetal growth is
most rapid and micronutrient demands are highest.

Consistency Across Studies: Despite differences in populations, interventions, and analytical
approaches, all included studies demonstrated a consistent pattern: the positive effect of
micronutrient supplementation on birth weight was enhanced in women with higher gestational
weight gain. Conversely, in women with inadequate weight gain, micronutrient
supplementation alone was insufficient to fully optimize birth weight. This suggests that
adequate energy and macronutrient intake, reflected in appropriate GWG, is necessary to
realize the full benefits of micronutrient interventions.

The magnitude of interaction effects varied across studies, likely reflecting differences in
baseline nutritional status, types and doses of micronutrients, and population characteristics. In
the Gambian population with high rates of undernutrition, the interaction effect was particularly
pronounced, while in the better-nourished Chinese populations, the interaction was more

modest but still statistically significant and clinically meaningful.
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3.4 Interaction Effects on Other Anthropometric Outcomes

Beyond birth weight, two studies provided data on interactions affecting other neonatal
anthropometric measures, including head circumference, birth length, and small for gestational
age status.

Head Circumference: Johnson et al. (Johnson et al., 2017) reported significant interaction
effects for head circumference. Among women in the highest quartile of gestational weight
gain who received lipid-based nutritional supplementation, head circumference z-scores were
significantly higher (+0.38, 95% CI: 0.05, 0.71) compared to controls. In contrast, women in
the lowest quartile of weight gain showed no significant benefit from supplementation on head
circumference (-0.05, 95% CI: -0.38, 0.28). The interaction was statistically significant
(p=0.03), indicating that adequate maternal weight gain was necessary for micronutrient
supplementation to improve fetal head growth.

This finding is particularly important given that head circumference at birth is a marker of brain
growth and is associated with neurodevelopmental outcomes in childhood. The interaction
suggests that both adequate energy intake and micronutrients are required for optimal brain
development during the prenatal period.

Birth Length: Data on birth length interactions were more limited. One study (Salenius et al.,
n.d.) reported trends suggesting that the relationship between GWG and birth length was
modified by micronutrient supplementation, with stronger associations in supplemented
women, but the interaction did not reach statistical significance (p=0.08). This may reflect the
fact that birth length is more strongly determined by genetic factors and is less sensitive to
nutritional interventions than birth weight.

Small for Gestational Age (SGA): Two studies examined interactions for SGA outcomes
(Johnson et al., 2017), (Hu et al., n.d.). In the Gambian trial , the protective effect of LNS
against SGA was significantly greater in women with adequate GWG (OR 0.62, 95% CI: 0.45-
0.85) compared to women with inadequate GWG (OR 0.88, 95% CI: 0.65-1.19; p for
interaction = 0.04). This translates to a 38% reduction in SGA risk with supplementation among
women with adequate weight gain, but only a 12% non-significant reduction among women
with inadequate weight gain.

Similarly, the Chinese cohort (Hu et al., n.d.) found that folic acid supplementation reduced
SGA risk more effectively in women who gained weight according to IOM guidelines (OR
0.71, 95% CI: 0.58-0.87) compared to women with inadequate GWG (OR 0.85, 95% CI: 0.70-
1.03). These findings reinforce the concept that micronutrient supplementation and adequate

weight gain work synergistically to reduce the risk of fetal growth restriction.
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Patterns Across Outcomes: The interaction effects were most consistently observed and
statistically significant for birth weight and head circumference, with more variable findings
for birth length and SGA. This pattern may reflect differences in the sensitivity of these
outcomes to nutritional interventions, measurement precision, and the statistical power
available in each study. Nevertheless, the overall pattern across outcomes supports the
hypothesis that GWG and micronutrient supplementation interact to influence multiple
dimensions of fetal growth and development.

3.5 Quality of Evidence

Risk of Bias Assessment:

Randomized Controlled Trials (Johnson et al., 2017), (Salenius et al., n.d.): The two RCTs
were assessed using the Cochrane Risk of Bias 2 tool. Overall, both studies were judged to be
at low to moderate risk of bias:

° Randomization process: Low risk. Both studies used appropriate randomization
methods with adequate allocation concealment.

° Deviations from intended interventions: Low risk. Adherence to supplementation
protocols was monitored and reported. Intention-to-treat analyses were conducted.

° Missing outcome data: Low risk. Outcome data were available for >85% of randomized
participants, with similar attrition rates across groups.

° Measurement of outcomes: Low risk. Birth weight and other anthropometric measures
were assessed using standardized protocols by trained personnel blinded to intervention status.
° Selection of reported results: Some concerns. Pre-specified analysis plans for
interaction effects were not always clearly documented, raising the possibility of selective
reporting.

Prospective Cohort Studies (Hu etal., n.d.), (Huetal., 2026): The cohort studies were assessed
using the Newcastle-Ottawa Scale, with scores of 7-8 out of 9, indicating high quality:

° Selection: Cohorts were representative of pregnant women in the study regions, with
clearly defined inclusion criteria and adequate sample sizes.

° Comparability: Studies controlled for important confounders including maternal age,
parity, pre-pregnancy BMI, socioeconomic status, and other factors. Propensity score methods
or multivariable regression were used appropriately.

° Outcome assessment: Birth outcomes were ascertained from medical records using
standardized definitions. Outcome assessors were blinded to exposure status.

Strengths:

° Large sample sizes providing adequate statistical power for interaction analyses
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° Prospective data collection minimizing recall bias

° Standardized measurement of anthropometric outcomes

° Appropriate statistical methods for interaction testing

° Control for key confounding variables

Limitations:

° Limited number of included studies (n=4)

° Heterogeneity in micronutrient interventions precluding meta-analysis
° Variation in GWG measurement and categorization methods
° Limited geographic diversity (only two countries represented)
° Potential for residual confounding in observational studies

) Lack of data on specific mechanisms underlying interactions

Overall Quality Assessment: The overall quality of evidence was judged to be moderate. While
individual studies were generally well-designed and conducted, the small number of studies,
heterogeneity in interventions, and limited geographic representation reduce confidence in the
generalizability of findings. The consistency of interaction effects across different settings and
interventions strengthens the evidence, but additional high-quality studies are needed to
confirm and extend these findings.

4. Discussion

4.1 Summary of Main Findings

This systematic review identified four studies examining the interaction between gestational
weight gain and prenatal micronutrient supplementation in determining neonatal
anthropometric outcomes. Despite the limited number of studies, the evidence consistently
demonstrates significant effect modification, with micronutrient supplementation showing
enhanced effectiveness on birth weight and head circumference among women with higher
gestational weight gain (Johnson et al., 2017), (Hu et al., n.d.), (Salenius et al., n.d.), (Hu et
al., 2026).

The key findings can be summarized as follows:

1. Synergistic Effects on Birth Weight: Across all included studies, the positive effect of
micronutrient supplementation on birth weight was significantly greater in women with
adequate or high GWG compared to women with inadequate GWG (Johnson et al., 2017),
(Huetal.,n.d.), (Huetal.,2026). This pattern was observed for diverse interventions including
lipid-based nutritional supplements with multiple micronutrients and folic acid
supplementation , , suggesting that the interaction is not specific to a particular micronutrient

but reflects a more general biological principle.
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2. Effect Modification Magnitude: The magnitude of interaction effects was substantial
and clinically meaningful. For example, in the Gambian trial, the difference in birth weight z-
scores between high and low GWG groups receiving supplementation was approximately 0.56
standard deviations (Johnson et al., 2017), equivalent to roughly 200-250 grams in absolute
terms. In the Chinese cohort, folic acid supplementation enhanced the birth weight benefit of
each kilogram of GWG by approximately 5-10 grams (Hu et al., n.d.), (Hu et al., 2026).

3. Consistency Across Populations: The interaction pattern was observed in both low-
income (rural Gambia) and middle-income (China) settings, despite substantial differences in
baseline nutritional status, dietary patterns, and healthcare systems (Johnson et al., 2017), (Hu
et al., n.d.), (Hu et al., 2026). This consistency suggests that the interaction is a robust
biological phenomenon rather than an artifact of specific study conditions.

4. Multiple Anthropometric Outcomes: Interaction effects were observed not only for
birth weight but also for head circumference (Johnson et al., 2017) and SGA risk , (Hu et al.,
n.d.), indicating that the synergistic relationship between GWG and micronutrient
supplementation influences multiple dimensions of fetal growth and development.

5. Timing and Dose-Response: Limited evidence suggests that the interaction may be
influenced by the timing of supplementation initiation and the duration of supplementation (Hu
et al., n.d.), with stronger effects observed when micronutrients are provided throughout
pregnancy and when GWG is adequate across multiple trimesters.

These findings have important implications for understanding the determinants of fetal growth
and for designing prenatal nutrition interventions. The evidence suggests that adequate
maternal weight gain and micronutrient supplementation are not independent factors but rather
work together synergistically to optimize neonatal anthropometric outcomes (Johnson et al.,
2017), (Huetal.,n.d.), (Huetal., 2026). This challenges the traditional approach of addressing
these nutritional factors separately in clinical practice and public health programs.

4.2 Biological Mechanisms

Several interconnected biological mechanisms may explain the observed interaction between
gestational weight gain and micronutrient supplementation in determining neonatal
anthropometric outcomes.

Nutrient Utilization and Metabolic Efficiency: Gestational weight gain reflects not only energy
balance but also the accretion of maternal and fetal tissues, including placental growth,
expansion of blood volume, and deposition of maternal fat stores (Mitanchez et al., 2020),
(Widen et al., 2015), (Subhan, 2013), (Carlsen et al., 2014). These physiological adaptations

require micronutrients as cofactors for numerous metabolic processes. For example, iron is
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essential for hemoglobin synthesis and oxygen transport (Finkelstein et al., 2020), folate and
vitamin B12 are required for DNA synthesis and cell division (Hu et al., n.d.), (Hu et al.,
2026), and zinc plays critical roles in protein synthesis and cellular growth (Liu et al., 2018).
When micronutrient status is adequate, the energy and macronutrients provided through
maternal diet and reflected in GWG can be more efficiently utilized for tissue synthesis and
fetal growth (Roberfroid, Huybregts, Lanou, Ouedraogo, et al., 2012), (Christian et al., 2016).
Conversely, in the absence of adequate micronutrients, even when energy intake is sufficient
to support weight gain, the efficiency of nutrient utilization may be impaired. This could
explain why women with adequate GWG but without micronutrient supplementation do not
achieve the same birth weight outcomes as women with both adequate GWG and
supplementation (Johnson et al., 2017), (Hu et al., n.d.). The interaction thus reflects the
complementary roles of macronutrients (energy, protein) and micronutrients in supporting the
complex metabolic processes of pregnancy.

Placental Development and Function: The placenta is the critical interface for nutrient transfer
from mother to fetus, and its development and function are influenced by both maternal
nutritional status and micronutrient availability (Johnson etal.,2017), (Roberfroid, Huybregts,
Lanou, Ouedraogo, et al., 2012). Adequate gestational weight gain, particularly in early
pregnancy, is associated with larger placental size and improved placental blood flow
(Hellebust et al., 2011). Micronutrients, particularly iron, folate, and zinc, are essential for
placental angiogenesis, trophoblast proliferation, and the expression of nutrient transporters
(Christian et al., 2016), (Christian, 2003).

The interaction between GWG and micronutrient supplementation may be mediated through
enhanced placental development and function. Women with adequate weight gain and
micronutrient supplementation may develop larger, more efficient placentas capable of
transferring more nutrients to the fetus (Johnson et al., 2017), (Roberfroid, Huybregts, Lanou,
Ouedraogo, et al., 2012). This hypothesis is supported by the finding that interaction effects
were observed for head circumference , an outcome that is particularly sensitive to placental
function and nutrient delivery to the fetal brain.

Maternal Body Composition and Nutrient Stores: Gestational weight gain comprises multiple
components, including maternal fat mass, lean mass, and body water (Widen et al., 2015),
(Nehab et al., 2020), (Subhan, 2013), (Carlsen et al., 2014), (Pereira-da-Silva et al., 2013).
The composition of weight gain may be influenced by micronutrient status. For example,
adequate iron status may support greater lean mass accretion by facilitating oxygen delivery to

tissues and supporting protein synthesis (Finkelstein et al., 2020). Adequate folate and vitamin
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B12 may influence fat metabolism and the partitioning of energy between maternal fat stores
and fetal growth (Hu et al., n.d.), (Hu et al., 2026).

Studies have shown that women with excessive GWG have newborns with higher body fat
mass (Nehab et al., 2020), (Carlsen et al., 2014), (Josefson et al., 2013), and that maternal
body composition changes during pregnancy are associated with neonatal size (Widen et al.,
2015), (Pereira-da-Silva et al., 2013). Micronutrient supplementation may modify these
relationships by influencing how gained weight is partitioned between maternal and fetal
compartments and between fat and lean tissue. This could explain why the interaction effects
were particularly pronounced for birth weight and head circumference, outcomes that reflect
both fetal lean mass and fat mass (Johnson et al., 2017), (Lee et al., 2009).

Hormonal and Metabolic Regulation: Pregnancy involves profound changes in hormonal and
metabolic regulation, including insulin sensitivity, glucose metabolism, and lipid metabolism
(Mitanchez et al., 2020), (Ott et al., 2018), (Lindsay et al., 2018). Micronutrients play
important roles in these regulatory processes. For example, vitamin D influences insulin
secretion and sensitivity (Sablok et al., 2015), (Roth et al., 2018), chromium affects glucose
metabolism, and various B vitamins are involved in energy metabolism (Haider & Bhutta,
2017).

The interaction between GWG and micronutrient supplementation may be mediated through
effects on maternal metabolism and hormonal regulation. Adequate micronutrient status may
improve insulin sensitivity and glucose utilization, allowing the energy from maternal diet to
be more effectively directed toward fetal growth rather than excessive maternal fat deposition
(Mitanchez et al., 2020), (Ott et al., 2018). This mechanism could explain why the interaction
effects were observed across different types of micronutrient interventions, as multiple
micronutrients contribute to metabolic regulation.

Inflammation and Oxidative Stress: Pregnancy is associated with increased oxidative stress and
inflammatory responses, which can impair fetal growth if excessive (Lv etal., 2024), (Ashley-
Martin et al., 2016). Several micronutrients, including vitamins C and E, selenium, and zinc,
have antioxidant properties and may help modulate inflammatory responses (Oh et al., 2020),
(Haider & Bhutta, 2017). Inadequate gestational weight gain is often associated with increased
inflammation and oxidative stress , potentially due to inadequate energy intake or maternal
undernutrition.

The interaction between GWG and micronutrient supplementation may involve synergistic
effects on reducing inflammation and oxidative stress. Women with adequate weight gain and

micronutrient supplementation may have lower levels of inflammatory markers and oxidative
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stress, creating a more favorable intrauterine environment for fetal growth (Lv et al., 2024),
(Christian et al., 2016). This mechanism could contribute to the observed effects on multiple
anthropometric outcomes, as inflammation and oxidative stress can affect various aspects of
fetal development.

Epigenetic Mechanisms: Emerging evidence suggests that maternal nutrition during pregnancy
can influence fetal development through epigenetic mechanisms, including DNA methylation,
histone modifications, and microRNA expression (Argentato et al., 2023), (Voerman et al.,
2019). Folate and other one-carbon metabolism nutrients are particularly important for DNA
methylation (Huetal., n.d.), (Hu et al., 2026), . Maternal weight gain and energy balance may
also influence epigenetic programming , .

The interaction between GWG and micronutrient supplementation may involve synergistic
effects on epigenetic regulation of fetal growth. Adequate provision of both energy (reflected
in GWG) and methyl donors (from folate and other micronutrients) may optimize epigenetic
programming of genes involved in fetal growth and development (Argentato et al., 2023). This
mechanism could have long-term implications beyond birth outcomes, potentially influencing
offspring health trajectories throughout the life course (Ay, 2011), (Voerman et al., 2019),
(Zheng et al., 2018).

4.3 Clinical and Public Health Implications

The findings of this systematic review have several important implications for clinical practice
and public health policy in maternal and child nutrition.

Integrated Prenatal Nutrition Interventions: Current prenatal care guidelines typically address
gestational weight gain and micronutrient supplementation as separate interventions (Padilha
et al., 2009), (Mardones & Rosso, 2005), (Martinez-Hortelano et al., 2020), (Elliott-Sale et
al., 2019), (Huang et al., 2019). The evidence from this review suggests that these factors
should be considered together in an integrated approach to prenatal nutrition (Bhutta et al.,
2008), (Ota et al., 2015), . Clinicians and public health programs should recognize that
optimizing one factor without addressing the other may not achieve the full potential for
improving birth outcomes.

In practical terms, this means that prenatal care should include:

o Concurrent monitoring of both weight gain patterns and micronutrient supplementation
adherence (Martinez-Hortelano et al., 2020), (Huang et al., 2019)

° Counseling that emphasizes the importance of both adequate energy intake and

micronutrient supplementation (Ota et al., 2015), (Elliott-Sale et al., 2019)
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° Targeted interventions for women who are at risk for both inadequate GWG and
micronutrient deficiencies (Perumal et al., 2024), (Asefa et al., 2020), (Smith et al., 2024)

° Recognition that micronutrient supplementation alone may be insufficient to optimize
birth outcomes in women with inadequate weight gain (Johnson et al., 2017), (Hu et al., n.d.)
Targeted Interventions for High-Risk Groups: The interaction effects appear to be particularly
pronounced in nutritionally vulnerable populations, including underweight women and those
in low-income settings (Johnson et al., 2017), (Zagre et al., 2007), (Smith et al., 2024). This
suggests that integrated nutrition interventions combining efforts to promote adequate GWG
with micronutrient supplementation may be especially beneficial for these high-risk groups
(Perumal et al., 2024), (Asefa et al., 2020), (Bhutta et al., 2008).

Public health programs in resource-limited settings should consider:

° Providing both food supplementation (to support adequate GWG) and micronutrient
supplementation (Bhutta et al., 2008), (Ota et al., 2015), (Roberfroid et al., 2012), (Zagre et
al., 2007)

° Prioritizing integrated interventions for women with low pre-pregnancy BMI or
inadequate early pregnancy weight gain (Perumal et al., 2024), (Asefa et al., 2020), (Smith
et al., 2024)

° Adapting GWG recommendations to account for baseline nutritional status and
micronutrient supplementation status (Padilha et al., 2009), (Mardones & Rosso, 2005),
(Martinez-Hortelano et al., 2020)

Micronutrient Supplementation Strategies: The evidence supports the use of multiple
micronutrient supplementation rather than iron-folic acid alone, particularly in settings where
multiple micronutrient deficiencies are common (Roberfroid et al., 2012), (Zagre et al., 2007),
(Shah & Ohlsson, 2009), (Oh et al., 2020), (Usha et al., 2012), (Gomes, n.d.), (Zerfu et al.,
2013), (Haider & Bhutta, 2017). Recent meta-analyses have shown that MMN
supplementation reduces low birth weight by 12-15%, , , SGA by 8-17% (Gomes et al., 2023),
, (Wang et al., n.d.), (Smith et al., 2024), , and preterm birth , , (Sudfeld et al., 2019),
compared to IFA supplementation. The interaction with GWG suggests that these benefits may
be even greater when combined with interventions to promote adequate weight gain (Johnson
etal., 2017), (Huetal., n.d.).

Policy recommendations include:

° Transitioning from iron-folic acid to multiple micronutrient supplementation in
antenatal care programs, particularly in LMICs (Gomes, n.d.), (Sudfeld et al., 2019), (Haider
& Bhutta, 2017)
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° Ensuring early initiation of supplementation (ideally preconception or first trimester)
to maximize benefits throughout pregnancy (Hu et al., n.d.), (Smith et al., 2024), (Ali et al.,
2025)

° Providing adequate doses of key micronutrients based on evidence from efficacy trials
(Kaestel et al., 2005), (Zagre et al., 2007), (Gupta et al., 2007), (Shah & Ohlsson, 2009),
(Haider & Bhutta, 2017)

Gestational Weight Gain Guidelines: Current GWG guidelines, such as those from the Institute
of Medicine, are based primarily on pre-pregnancy BMI and do not explicitly account for
micronutrient supplementation status (Padilha et al., 2009), (Mardones & Rosso, 2005),
(Martinez-Hortelano et al., 2020). The findings of this review suggest that optimal GWG
targets may differ depending on whether women are receiving micronutrient supplementation
(Johnson et al., 2017), (Hu et al., n.d.).

Considerations for GWG guidelines include:

° Recognizing that women receiving comprehensive micronutrient supplementation may
achieve better birth outcomes with lower GWG compared to unsupplemented women (Johnson
etal., 2017), (Huetal., n.d.)

° Developing context-specific GWG recommendations that account for baseline
nutritional status and supplementation practices (Padilha et al., 2009), (Mardones & Rosso,
2005), (Martinez-Hortelano et al., 2020)

° Emphasizing the quality of weight gain (adequate micronutrient intake) in addition to
quantity (Ota et al., 2015), (Elliott-Sale et al., 2019)

Monitoring and Evaluation: Prenatal care programs should monitor both GWG and
micronutrient supplementation adherence as key indicators of nutritional status and predictors
of birth outcomes (Martinez-Hortelano et al., 2020), (Huang et al., 2019). This includes:

° Regular weight measurements at prenatal visits with plotting on GWG charts (Padilha
et al., 2009), (Mardones & Rosso, 2005), (Martinez-Hortelano et al., 2020)

° Assessment of micronutrient supplementation adherence through pill counts, self-
report, or biomarkers (Persson et al., 2012), (Smith et al., 2024)

° Identification of women with both inadequate GWG and poor supplementation
adherence for intensive intervention (Perumal et al., 2024), (Asefa et al., 2020)
Cost-Effectiveness Considerations: While this review did not directly assess cost-effectiveness,
the synergistic effects of GWG and micronutrient supplementation suggest that integrated
interventions may be more cost-effective than addressing each factor separately (Bhutta et al.,

2008), (Gomes, n.d.). The incremental cost of adding micronutrient supplementation to
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existing prenatal care programs is relatively modest , (Haider & Bhutta, 2017), and the
potential benefits in terms of reduced LBW, SGA, and associated morbidity and mortality are
substantial (Oh et al., 2020), (Usha et al., 2012), (Sudfeld et al., 2019), .

Economic evaluations should consider:

° The combined effects of GWG and micronutrient interventions rather than evaluating
each in isolation

° Long-term benefits beyond birth outcomes, including effects on child growth,
development, and health (Vaidya et al., n.d.), (Gomes et al., 2025), (Devakumar et al., 2020)
° Potential cost savings from reduced neonatal intensive care, childhood illness, and
long-term health problems (Ay, 2011), (Voerman et al., 2019), (Zheng et al., 2018)

4.4 Strengths and Limitations

Strengths:

This systematic review has several notable strengths:

l. Comprehensive Search Strategy: We employed a multi-database search strategy
including both traditional bibliographic databases and Al-powered semantic search tools,
maximizing the likelihood of identifying all relevant studies (Johnson et al., 2017), (Hu et al.,
n.d.), (Salenius et al., n.d.), (Hu et al., 2026).

2. Rigorous Screening Process: The two-stage screening process with pre-defined criteria
and scoring thresholds ensured systematic and transparent study selection (Johnson et al.,
2017), (Huetal., n.d.), (Salenius et al., n.d.), (Hu et al., 2026).

3. Focus on Interaction Effects: Unlike previous reviews that examined GWG and
micronutrient supplementation separately, this review specifically targeted studies examining
their interaction, addressing an important gap in the literature (Johnson et al., 2017), (Hu et
al.,, n.d.), (Hu et al., 2026).

4. Quality Assessment: We used validated tools (Cochrane RoB 2 for RCTs, Newcastle-
Ottawa Scale for cohort studies) to systematically assess study quality and risk of bias (Johnson
etal., 2017), (Huetal., n.d.), (Salenius et al., n.d.), (Hu et al., 2026).

5. Diverse Populations and Interventions: The included studies represented diverse
geographic settings (Africa and Asia) and examined different types of micronutrient
interventions, enhancing the generalizability of findings (Johnson et al., 2017), (Hu et al.,
n.d.), (Salenius et al., n.d.), (Hu et al., 2026).

6. Consistency of Findings: Despite heterogeneity in populations and interventions, the

direction and pattern of interaction effects were remarkably consistent across studies,
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strengthening confidence in the conclusions (Johnson et al., 2017), (Hu et al., n.d.), (Hu et
al., 2026).

Limitations:

Several limitations should be considered when interpreting the findings:

1. Limited Number of Studies: Only four studies met the inclusion criteria, limiting the
strength of evidence and precluding quantitative meta-analysis (Johnson et al., 2017), (Hu et
al., n.d.), (Salenius et al., n.d.), (Hu et al., 2026). The small number of studies also restricted
our ability to conduct subgroup analyses or assess publication bias.

2. Heterogeneity in Interventions: The included studies examined different types of
micronutrient interventions (lipid-based nutritional supplements, folic acid, multiple
micronutrients), making it difficult to determine whether interaction effects are specific to
certain micronutrients or represent a general phenomenon (Johnson et al., 2017), (Hu et al.,
n.d.), (Salenius et al., n.d.), (Hu et al., 2026).

3. Variation in GWG Measurement: Studies used different methods for measuring and
categorizing GWG (quartiles, IOM guidelines, population-specific cutoffs), which may have
influenced the magnitude and statistical significance of interaction effects (Johnson et al.,
2017), (Huetal.,n.d.), (Huetal., 2026).

4. Geographic Limitations: All included studies were conducted in Aftrica or Asia, with
no representation from other regions such as Latin America, Europe, or North America
(Johnson et al., 2017), (Huetal., n.d.), (Salenius et al., n.d.), (Hu et al., 2026). This limits the
generalizability of findings to other populations and settings.

5. Observational Study Designs: Two of the four included studies were observational
cohorts rather than RCTs (Hu et al., n.d.), (Hu et al., 2026), raising the possibility of residual
confounding despite statistical adjustment. While the cohort studies were high quality and
controlled for important confounders, unmeasured factors could have influenced the observed
interactions.

6. Lack of Mechanistic Data: The included studies did not provide detailed data on
biological mechanisms underlying the interaction effects, such as placental function, maternal
body composition, or biomarkers of micronutrient status (Johnson et al., 2017), (Hu et al.,
n.d.), (Salenius et al., n.d.), (Hu et al., 2026). This limits our ability to fully understand the
pathways through which GWG and micronutrient supplementation interact.

7. Limited Outcome Data: While all studies reported birth weight, data on other important

outcomes such as birth length, head circumference, and body composition were limited
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(Johnson et al., 2017), (Salenius et al., n.d.). Long-term outcomes beyond the neonatal period
were not reported in any of the included studies.

8. Potential Publication Bias: The small number of identified studies raises the possibility
of publication bias, with negative or null findings less likely to be published. However, we
cannot formally assess publication bias with only four studies.

0. Timing and Dose-Response: Limited data were available on how the timing of
supplementation initiation, duration of supplementation, and dose of micronutrients influence
the interaction with GWG (Hu et al., n.d.). More detailed dose-response and timing analyses
would strengthen the evidence base.

10. Adherence and Compliance: While studies reported adherence to supplementation
protocols, detailed data on patterns of adherence and their influence on interaction effects were
limited (Johnson et al., 2017), (Hu et al., n.d.), (Hu et al., 2026). Non-adherence could
attenuate observed interaction effects.

4.5 Future Research Directions

Based on the findings and limitations of this systematic review, several priorities for future
research can be identified:

1. Additional Interaction Studies: There is a critical need for more studies explicitly designed
to examine the interaction between GWG and micronutrient supplementation (Johnson et al.,
2017), (Huetal, n.d.), (Huetal., 2026). Future RCTs should include:

° Factorial designs with arms for different levels of micronutrient supplementation and
dietary/behavioral interventions to promote optimal GWG (Thangaratinam et al., 2012), (Ota
et al., 2015)

° Pre-specified statistical analysis plans for testing interaction effects with adequate
sample sizes (Johnson et al., 2017), (Hu et al., n.d.)

° Standardized measurement and categorization of GWG to facilitate comparison across
studies (Padilha et al., 2009), (Mardones & Rosso, 2005), (Martinez-Hortelano et al., 2020)
2. Mechanistic Studies: Research is needed to elucidate the biological mechanisms underlying
the interaction between GWG and micronutrient supplementation (Johnson et al., 2017), (Hu
et al., n.d.). Priority areas include:

o Studies measuring placental function, size, and nutrient transporter expression in
relation to both GWG and micronutrient status (Hellebust et al., 2011), (Roberfroid,
Huybregts, Lanou, Ouedraogo, et al., 2012), (Christian et al., 2016)
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° Assessment of maternal body composition changes during pregnancy and their
relationship to micronutrient status and fetal growth (Widen et al., 2015), (Nehab et al., 2020),
(Subhan, 2013), (Carlsen et al., 2014), (Pereira-da-Silva et al., 2013)

° Biomarker studies examining metabolic, hormonal, and inflammatory pathways that
may mediate interaction effects (Mitanchez et al., 2020), (Ott et al., 2018), (Lv et al., 2024),
(Christian et al., 2016)

° Epigenetic studies investigating how GWG and micronutrient supplementation jointly
influence DNA methylation and gene expression (Argentato et al., 2023), (Voerman et al.,
2019)

3. Diverse Populations and Settings: Future studies should include:

° Populations from underrepresented geographic regions, including Latin America,
Europe, and North America (Johnson et al., 2017), (Hu et al., n.d.), (Salenius et al., n.d.),
(Hu et al., 2026)

° Diverse ethnic and racial groups to assess whether interaction effects vary by genetic
background or cultural dietary patterns

° Both low-income and high-income settings to determine whether interactions differ by
baseline nutritional status and healthcare access (Perumal et al., 2024), (Asefa et al., 2020),
(Zagre et al., 2007), (Smith et al., 2024)

4. Specific Micronutrient Investigations: Research should examine:

° Which specific micronutrients are most important for the interaction with GWG (e.g.,
iron, folate, zinc, vitamin D, multiple micronutrients) (Kaestel et al., 2005), (Zeng et al., 2008),
(Zagre et al., 2007), (Gupta et al., 2007), (Shah & Ohlsson, 2009), (Haider & Bhutta, 2017)

° Optimal doses and formulations of micronutrient supplements for maximizing
synergistic effects with GWG (Kastel et al., 2005), (Zagre et al., 2007), (Shah & Ohlsson,
2009), (Haider & Bhutta, 2017)

° Comparative effectiveness of different supplementation strategies (single
micronutrients vs. multiple micronutrients, lipid-based vs. non-lipid-based formulations)
(Roberfroid et al., 2012), (Zagre et al., 2007), (Goto, 2019)

5. Timing and Critical Windows: Studies should investigate:

° Critical windows during pregnancy when the interaction between GWG and
micronutrient supplementation is most important (Hu et al., n.d.), (Widen et al., 2015),
(Young et al., 2017)

° Effects of preconception supplementation and optimization of nutritional status before

pregnancy (Das et al., 2024), (Ali et al., 2025)
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° Trimester-specific interactions and their relationship to patterns of fetal growth (Widen
etal., 2015), (Young et al., 2017), (Hellebust et al., 2011)

6. Extended Outcomes: Future research should assess:

° Effects on neonatal body composition (fat mass, lean mass, bone mineral content) using
advanced techniques such as air displacement plethysmography or DXA (Carlsen et al., 2014),
(Lee et al., 2009), (Josefson et al., 2013), (Waters et al., 2012)

° Long-term outcomes including child growth, neurodevelopment, and metabolic health
(Ay, 2011), (Voerman et al., 2019), (Zheng et al., 2018), (Vaidya et al., n.d.), (Gomes et al.,
2025), (Devakumar et al., 2020)

° Maternal outcomes including postpartum weight retention, breastfeeding success, and
maternal mental health (Huang et al., 2019)

7. Implementation Research: Research is needed on:

° Effective strategies for implementing integrated GWG and micronutrient
supplementation interventions in diverse healthcare settings (Bhutta et al., 2008), (Ota et al.,
2015), (Gomes, n.d.)

° Barriers and facilitators to adherence with both GWG recommendations and
micronutrient supplementation (Martinez-Hortelano et al., 2020), (Huang et al., 2019),
(Persson et al., 2012)

° Cost-effectiveness of integrated interventions compared to addressing GWG and
micronutrient supplementation separately (Bhutta et al., 2008), (Gomes, n.d.), (Haider &
Bhutta, 2017)

° Optimal counseling and behavior change strategies to promote both adequate GWG and
supplement adherence (Ota et al., 2015), (Elliott-Sale et al., 2019)

8. Subgroup Analyses: Future studies should examine:

° Whether interaction effects differ by pre-pregnancy BMI category (underweight,
normal weight, overweight, obese) (Hu et al., n.d.), (Huetal., 2026), (Mogensen et al., 2023),
(Kapadia et al., 2015), (Smith et al., 2024)

° Interactions in special populations such as adolescent pregnancies, multiple gestations,
and women with chronic conditions (Zhong et al., 2021), (Choi et al., 2021), (N. Li et al.,
2013)

° Modification of interaction effects by other factors such as physical activity, dietary
quality, and psychosocial stress (Dahly et al., 2018), (Lv et al., 2024), (Ashley-Martin et al.,
2016)

9. Methodological Advances: Research should employ:
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° Advanced statistical methods for interaction analysis, including machine learning
approaches to identify complex interaction patterns (Hu et al., n.d.), (Hu et al., 2026)

° Causal inference methods such as instrumental variables or Mendelian randomization
to strengthen causal conclusions from observational data (Hu et al., n.d.), (Hu et al., 2026)

° Individual participant data meta-analyses pooling data from multiple trials to increase
statistical power for interaction testing (Voerman et al., 2019), (Smith et al., 2024), (Kawai
etal., 2011)

10. Policy-Relevant Research: Studies should address:

° Development and validation of context-specific GWG guidelines that account for
micronutrient supplementation status (Padilha et al., 2009), (Mardones & Rosso, 2005),
(Martinez-Hortelano et al., 2020)

° Evaluation of policy changes such as transitioning from IFA to MMN supplementation
in national programs (Gomes, n.d.), (Sudfeld et al., 2019), (Haider & Bhutta, 2017)

° Assessment of equity implications and strategies to ensure that integrated interventions
reach the most vulnerable populations (Perumal et al., 2024), (Asefa et al., 2020), (Bhutta et
al., 2008)

5. Conclusions

This systematic review provides evidence that gestational weight gain significantly modifies
the effect of prenatal micronutrient supplementation on neonatal anthropometric outcomes,
particularly birth weight and head circumference (Johnson et al., 2017), (Hu et al., n.d.),
(Salenius et al., n.d.), (Hu et al., 2026). The consistent finding across diverse populations and
interventions is that micronutrient supplementation shows enhanced effectiveness in women
with adequate or high gestational weight gain, while women with inadequate weight gain
derive less benefit from supplementation alone , , .

The synergistic relationship between GWG and micronutrient supplementation has important
biological plausibility, likely reflecting the complementary roles of macronutrients and
micronutrients in supporting the complex metabolic processes of pregnancy and fetal
development (Mitanchez et al., 2020), (Widen et al., 2015), (Carlsen et al., 2014),
(Roberfroid, Huybregts, Lanou, Ouedraogo, et al., 2012), (Christian et al., 2016). Multiple
mechanisms may contribute to the interaction, including enhanced nutrient utilization
efficiency, improved placental development and function, optimization of maternal body
composition changes, and modulation of hormonal and inflammatory pathways , , (Ott et al.,

2018),, (Hellebust et al., 2011), (Lv et al., 2024), , .
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From a clinical and public health perspective, these findings support the development of
integrated prenatal nutrition interventions that address both gestational weight gain and
micronutrient supplementation concurrently, rather than treating these as independent factors
(Bhutta et al., 2008), (Ota et al., 2015), (Elliott-Sale et al., 2019), (Gomes, n.d.). This is
particularly important for nutritionally vulnerable populations in low- and middle-income
countries, where both inadequate GWG and micronutrient deficiencies are common (Perumal
etal., 2024), (Asefaetal., 2020), (Zagre et al., 2007), (Smith et al., 2024), (Haider & Bhutta,
2017). The evidence supports the transition from iron-folic acid to multiple micronutrient
supplementation in antenatal care programs , (Sudfeld et al., 2019), , combined with
interventions to promote adequate gestational weight gain (Thangaratinam et al., 2012), , .
However, the evidence base remains limited, with only four studies meeting inclusion criteria
for this review (Johnson et al., 2017), (Hu et al., n.d.), (Salenius et al., n.d.), (Hu et al., 2026).
The heterogeneity in micronutrient interventions, variation in GWG measurement methods,
and limited geographic representation constrain the strength of conclusions and generalizability
of findings. Additional high-quality research is urgently needed, including:

° Randomized controlled trials with factorial designs explicitly testing interaction effects
(Thangaratinam et al., 2012), (Ota et al., 2015)

° Mechanistic studies elucidating the biological pathways underlying interactions
(Mitanchez et al., 2020), (Widen et al., 2015), (Carlsen et al., 2014), (Hellebust et al., 2011),
(Roberfroid, Huybregts, Lanou, Ouedraogo, et al., 2012), (Christian et al., 2016)

° Studies in diverse populations and settings to assess generalizability (Perumal et al.,
2024), (Asefa et al., 2020), (Zagre et al., 2007), (Smith et al., 2024)

° Investigation of specific micronutrients, optimal doses, and timing of interventions
(Kastel et al., 2005), (Zagre et al., 2007), (Shah & Ohlsson, 2009), (Haider & Bhutta, 2017)
° Assessment of long-term outcomes beyond birth, including child growth and
development (Ay, 2011), (Voerman et al., 2019), (Zheng et al., 2018), (Vaidya et al., n.d.),
(Gomes et al., 2025), (Devakumar et al., 2020)

° Implementation research on effective strategies for integrated interventions (Bhutta et
al., 2008), (Ota et al., 2015), (Gomes, n.d.)

Despite these limitations, the available evidence is sufficient to conclude that gestational
weight gain and prenatal micronutrient supplementation interact to influence neonatal
anthropometric outcomes, with moderate confidence in this conclusion based on GRADE

criteria. The consistency of findings across different settings and interventions, combined with
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strong biological plausibility, supports the clinical and public health importance of this
interaction (Johnson et al., 2017), (Hu et al., n.d.), (Hu et al., 2026).

Future prenatal nutrition research and practice should move beyond examining GWG and
micronutrient supplementation in isolation to embrace an integrated approach that recognizes
their synergistic effects (Bhutta et al., 2008), (Ota et al., 2015), (Elliott-Sale et al., 2019),
(Gomes, n.d.). This paradigm shift has the potential to enhance the effectiveness of prenatal
nutrition interventions and improve birth outcomes, particularly in populations with high
burdens of both inadequate gestational weight gain and micronutrient deficiencies (Perumal et
al., 2024), (Asefa et al., 2020), (Zagre et al., 2007), (Smith et al., 2024), (Haider & Bhutta,
2017). Ultimately, optimizing both maternal weight gain and micronutrient status during
pregnancy represents a critical strategy for improving maternal and child health outcomes
globally , (Ohetal., 2020),, (Sudfeld et al., 2019), .

The evidence from this systematic review demonstrates that adequate maternal nutrition during
pregnancy requires attention to both the quantity of weight gain and the quality of micronutrient
intake (Otaetal., 2015), (Elliott-Sale et al., 2019). Neither factor alone is sufficient to optimize
fetal growth and development; rather, they work together synergistically to create the optimal
intrauterine environment for healthy fetal growth (Johnson et al., 2017), (Huetal., n.d.), (Hu
et al,, 2026). This fundamental insight should inform the design of prenatal nutrition
interventions, clinical practice guidelines, and public health policies aimed at improving birth
outcomes and setting the foundation for lifelong health (Bhutta et al., 2008), , , (Gomes, n.d.),
(Haider & Bhutta, 2017).
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