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Abstract

Background Lifestyle choices, metformin, and dietary supplements may prevent GDM, but
the effect of intervention characteristics has not been identified. This review evaluated
intervention characteristics to inform the implementation of GDM prevention interventions.
MethodsOvid, MEDLINE/PubMed, and EMBASE databases were searched. The Template
for Intervention Description and Replication (TIDieR) framework was used to examine
intervention characteristics (who, what, when, where, and how). Subgroup analysis was
performed by intervention characteristics.
Results 116 studies involving 40,940 participants are included. Group-based physical
activity interventions (RR 0.66; 95% CI 0.46, 0.95) reduce the incidence of GDM compared
with individual or mixed (individual and group) delivery format (subgroup p-value = 0.04).
Physical activity interventions delivered at healthcare facilities reduce the risk of GDM (RR
0.59; 95% CI 0.49, 0.72) compared with home-based interventions (subgroup p-
value = 0.03). No other intervention characteristics impact the effectiveness of all other
interventions.
Conclusions Dietary, physical activity, diet plus physical activity, metformin, and
myoinositol interventions reduce the incidence of GDM compared with control
interventions. Group and healthcare facility-based physical activity interventions show
better effectiveness in preventingGDM than individual and community-based interventions.
Other intervention characteristics (e.g. utilization of e-health) don’t impact the effectiveness
of lifestyle interventions, and thus, interventions may require consideration of the local
context.

Gestational diabetes mellitus (GDM) is a metabolic disorder characterised
by hyperglycemia, usually detected by screening in the late second or early
third trimester ofpregnancy1. In2021, the InternationalDiabetes Federation
indicated that the global prevalence of GDMwas 14%2. GDMposes several
maternal health complications, including an increasedriskofpre-eclampsia,
caesarean delivery, and labor induction3. Offspring exposed to GDM in
utero are more likely to be large-for-gestational-age4–6 and to develop

impaired glucose metabolism and youth-onset type 2 diabetes7. Women
with GDM have a risk of recurrent GDM in subsequent pregnancies8 and
have an extremely elevated lifetime risk of developing type 2 diabetes
mellitus9,10.

Although the etiology of GDM is idiopathic and multifactorial, it is
presumed tobe attributable tonon-modifiable risk factors such as aprevious
history of GDM, advanced maternal age (>35 years), and family history of
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Plain language summary

Theeffect of any given intervention to prevent
gestational diabetes (high blood sugar levels
that arise during pregnancy) may depend on
the way it is delivered (how, when, what, etc).
This study reviewed published literature to
investigate if the effects of interventions (diet,
exercise, metformin, probiotics, myoinositol)
to prevent gestational diabetes differ
according to theway it is beingdelivered (e.g.,
online vs in-person, byhealthprofessionalsor
others, etc.). Exercise delivered to group
settings, or those delivered at a healthcare
facility worked better to prevent gestational
diabetes. Although we did not observe any
differences with other delivery characteristics
(e.g., online vs in-person), it does not mean
they are always equally effective, it is
important to consider individual situations
whenprescribingor developing interventions.
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diabetes, and modifiable factors such as higher body weight11, metabolic
syndrome12, and unhealthy lifestyle behaviors, including poor diet and lack
of physical activity13.

Maintaining a normal body mass index (BMI) during preconception
and interpregnancy periods, as well as limiting excessive gestational weight
gain in early pregnancy, may help reduce the risk of developing GDM in
somewomen. Forwomenat higher risk ofGDM, interventionswith lifestyle
modifications (diet and physical activity), medications(metformin), and
dietary supplements (probiotics and inositol/myoinositol) that promote
weight loss and/or improve insulin sensitivity could play a pivotal role in
minimizing its development14–16. Previous studies on the effects of these
interventions for reducing the risk of GDM, however, have reported
inconsistent findings17–29. Taken together, these inconsistent findings could
be due, in part, to the different intervention modalities that were delivered
across trials.

According to the Consolidated Framework Implementation Research
(CFIR), the implementation of a program requires the identification of core
components that are essential to intervention efficacy, and peripheral
components that can be adapted according to the context30. The Template
for InterventionDescription andReplication (TIDieR) checklist can be used
to identify the core and peripheral components across intervention char-
acteristics, such as who conducts the intervention and where the interven-
tion delivery occurs31,32. Previous systematic reviews in the general
population have found that intervention characteristics such as a greater
number of sessions and interventions delivered by health professionals
reduce the incidence of type 2 diabetesmellitus33 and promoteweight loss in
postpartumwomen34. Similarly, ameta-analysis35 and a randomized control
trial36 demonstrated that other intervention characteristics, including life-
style interventions assisted by technology and delivered at healthcare
facilities, reduced the incidence of GDM. To date, there is no systematic
review and meta-analysis that comprehensively evaluates the role of inter-
vention type and characteristics on the effectiveness of lifestyle interven-
tions, metformin, and dietary supplements in preventing GDM. A clear
understanding of these moderating factors is essential to translate evidence
from efficacy studies to implementation32,37–42.

This review is written on behalf of the American Diabetes Association
(ADA)/European Association for the Study of Diabetes (EASD) precision
Medicine inDiabetes Initiative (PMDI) as part of a comprehensive evidence
evaluation in support of the 2nd International Consensus Report on Pre-
cision Diabetes Medicine43. This study therefore aimed to investigate the
effect of intervention characteristics on GDM prevention using the TIDieR
framework to inform the implementation of precision prevention in
healthcare and community settings.

This study identifies that dietary, physical activity, diet plus physical
activity, metformin, and myoinositol interventions reduce the incidence of
GDM compared with control interventions. Group and healthcare facility-
based physical activity interventions show better effectiveness in preventing
GDM than individual and community-based interventions.

Methods
The Preferred Reporting Items for Systematic Review and Meta-analysis
(PRISMA) 2020 guideline was used to report this study44. The protocol was
registered in the International Prospective Register of Systematic Reviews
(PROSPERO: CRD42022320513).

Information sources and search strategy
Embase (Elsevier) and Ovid Medline/PubMed databases were searched to
identify intervention studies published from inception through to May 24,
2022. Search strategies were built using several key terms and phrases by a
professional medical librarian (AF) in consultation with the authors (SL, JJ,
KV, and LR). The search was restricted to human studies and the English
language. Search strategies for the respective databases are presented in
Supplementary Data 1. A hand search was conducted on the reference lists
of relevant reviews. All studies were exported to EndNote version 20
(Clarivate), and duplicates were identified and removed.

Study selection procedure and eligibility criteria
The retrieved articles from several databases were exported to Endnote
Version 20 (Clarivate), and duplicates were removed. Hand searches,
including the reference list of related reviews, were also assessed for
additional eligible studies. Covidence (Veritas Health Innovation, Mel-
bourne, Australia), an online software, was used for title/abstract
screening and full-text reviews. Randomized Controlled Trials (RCTs)
and Non-Randomised Controlled Trials (Non-RCTs) were included.
Editorial letters, commentary articles, and conference abstracts were
excluded. Interventions included lifestyle (diet and/or physical activity),
metformin, and dietary supplements (myoinositol/inositol and probio-
tics). Control groupswere usual care/placebo orminimal intervention (no
more than one lifestyle session). The primary outcome was the develop-
ment of GDM. The description of eligibility criteria on the population,
intervention, control, outcome, and types of study are provided in Sup-
plementary Table 1. Two reviewers from the reviewers’ team (WWT, SL,
JG, MC, NH, GGU, GL, SJZ, RT, MP, KL, MB, and AQ) independently
screened each record for eligibility, and disagreements were resolved by
discussion with an arbiter (SL).

Assessment of risk of bias
Thequality appraisalwasperformedusing theCochraneRiskofBias tool for
Randomized Trials (ROB 2.0)45 and the Risk of Bias in Non-randomized
Studies of Interventions (ROBINS-I)46 for the study type, as their name
suggests. The quality of cluster RCT studies was evaluated by the ROB 2.0
tool. The ROBINS-I tool was used to assess the quality of non-RCTs. The
risk of bias was assessed independently by two reviewers, and discrepancies
were resolved by consensus.

Assessment of evidence certainty
The certainty of the evidence was assessed using the Grading of Recom-
mendations, Assessment, Development, and Evaluation method
(GRADE)47. Five domains, namely the risk of bias (assessed using tools
mentioned above), inconsistency, indirectness, imprecision, and publica-
tion bias, were used to evaluate the degree of certainty. The quality of
evidence was ranked as high, moderate, low, or very low based on the
GRADE guideline48.

Data extraction
The outcome variable (GDM incidence) was independently extracted by
two reviewers. The study (authors name, study year, setting, design, and
sample size) and intervention characteristics (e.g., type of intervention and
intervention provider) were extracted using the TIDieR checklist49. The
intervention characteristics include: (i) who (intervention providers/facil-
itators); (ii) tailoring (individualized plan); (iii) why (utilization of theore-
tical framework/model); (iv) how (application of technology and
intervention modality); (v) what (intervention type e.g. diet, intervention
material and procedure, control description); (vi) where (location of the
interventiondelivered; (vii) howmuch(duration and frequencyof sessions),
and (viii) how well was the intervention delivered (fidelity and attrition)49.
Two authors (SL and WWT) independently coded the intervention char-
acteristics, and disagreements were resolved by discussion. The detailed
definition of each intervention characteristics (TIDieR constructs) is pro-
vided in Supplementary Data 2. Multiple reports from the same trial were
considered as a single study.

Data synthesis and analysis
The outcome was GDM incidence. The data were analysed using STATA/
SE TM Version 17. Risk ratios (RR) and 95% confidence intervals (CI) were
pooled using the random-effects model by applying the DerSimonian and
Laird estimator50.

Heterogeneity was examined by the I2 statistic51. Sensitivity analysis
was carried out by excluding non-RCTs assuming the study design could
impact the risk estimate due to lack of randomization52. Subgroup
analysis by intervention characteristics was performed. A funnel plot
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and Egger’s test were used to examine publication bias. Asymmetry of
the funnel plots and significant Egger’s test (p < 0.05) suggest
publication bias.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Study selection
A total of 10,347 studies are retrieved, and 116 studies involving 40,940
participants are included. The PRISMA flow diagram is shown in Fig. 1.

Characteristics of the included studies
Adescription of the included studies is shown in Supplementary Data 3. Of
those included, 102 (87.9%) were RCTs. A total of 92 (79.3%) studies
involved lifestyle intervention, 13 (11.1%) metformin, and 12 (10.3%)
examined the role of dietary supplements (myoinositol/inositol and pro-
biotics) in preventing GDM. The criteria used for GDM diagnosis varied
across the studies. Themost commonly used diagnostic criterion (n = 37) is
the International Association of the Diabetes and Pregnancy Study Groups
(IADPSG). The 1999 World Health Organization (WHO) criterion (prior
to WHO adopting those of the IADPSG) was reported in nine studies,
Carpenter & Coustan in seven studies, and the National Diabetes Data
Group in six studies. Of these, 70 (60.3%) studies were conducted in high-
income countries (predominantly Europe), and 7 were conducted in low-
middle-income settings.

Seven53–58 commenced the intervention during the preconception
period, of which three were on lifestyle interventions, and the remaining
were metformin interventions. The sample size ranged between 3159 and
4,63160 participants. The median age and BMI of participants at baseline
were 30.3 years and 28.6 kg/m2, respectively.

Risk of bias and evidence quality assessment findings
Of the 102 RCTs, a high risk of bias was observed in 33 (32.4%), mainly
owing to deviation from the intended intervention. Most studies (91.2%)
hada low riskof bias inmeasuring theoutcomedomain.Generally, basedon
the overall quality judgment criterion, 33(32.4%) and 21(20.6%) of studies
exhibited high and low risk of bias, respectively. In the non-RCTs,most had
a low risk of bias due to the selection of study participants and reported
results. A critical risk of bias due to confounding was observed in a third
(33.3%) of studies. Overall, four non-RCTs were at critical risk of bias,
according to the overall risk of judgment (Supplementary Data 4).

While the quality of evidence on diet-only and physical-only inter-
ventions was moderate, it was low for combined interventions (physical
activity and diet). The quality of evidence for metformin, myoinositol/
inositol, andprobiotic interventionswas very low.Themost frequent reason
to downgrade the level of certainty was a risk of bias and publication bias
(Supplementary Data 5).

Effect of lifestyle intervention in reducing the incidence of GDM
by intervention characteristics
Supplementary Data 6 shows the characteristics of the included studies by
the TIDieR framework. Of the 92 included studies investigating lifestyle
intervention, 59(64.1%) included combined physical activity and dietary
interventions, 17(18.5%) were physical activity-only, and 16(17.4%) were
diet-only interventions. Of the studies that included a dietary intervention,
nine focused on specific dietary approaches, including the Mediterranean
diet and lowglycaemic indexdiet61–66, whilst the remaining provided general
healthy dietary advice based on national dietary guidelines.

With regards to the delivery of the intervention, health professionals
(e.g., dietitians, obstetricians, exercise physiologists, etc.) facilitated the
intervention in 66 (71.7%). Twenty-two (23.9%) studies applied theoretical
or behavioral change models, including social cognitive theory67–74. Except
for three studies, a detailed description of the nature and procedure of the

Fig. 1 | PRISMA flow diagram of the study. The
diagram illustrates the procedure followed to iden-
tify the eligible studies. Studies were excluded in
each critical screening step based on the eligibility
criteria.
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intervention delivered to the participants was reported. The care given to
participants assigned to the control groups was described in 76 (82.6%) of
studies. Most studies did not provide clear information on when the
intervention commenced or ended for the participants63,75–77 nor the fre-
quency of sessions.

E-health technologies (e.g. telephone calls, WeChat, and email) were
used in 46 (50%) of studies to deliver the intervention. Four studies (4.3%)
provided the intervention virtually, while 49 (53.3%) delivered face-to-face
only. The intervention was delivered to individuals in 17 (18.5%) studies, in
group format in nine (9.8%) studies, and in combined (group and indivi-
dual) in 17(18.5%) studies, while there was no description format in the rest
of the studies. Three studies (3.3%) initiated the intervention during the
preconception period, whereas 28 (30.4%) were in the first trimester and 58
(63%) were during the second trimester. Seventy-four (80.4%) studies uti-
lized interventions based on individualized plans. Forty (43.5%) studies
applied intervention fidelity measures, such as a curriculum for lifestyle
intervention. The attrition rate of the studies ranged between 0%78–87

and 49.3%88.

Meta-analysis of the effect of intervention characteristics on
lifestyle interventions
A total of 92 studies involving 31,663 participants are included in themeta-
analysis to examine the effect of lifestyle intervention on reducing GDM.
Overall, lifestyle intervention reduced the incidence of GDM by 22%
(RR 0.78; 95% CI 0.72, 0.85; I2 = 45%).

The difference between lifestyle intervention types was insignificant
(subgroup p-value = 0.59) (Table 1).

Physical activity-only intervention
Physical activity-only interventions reducedGDMby31% (RR0.69; 95%CI
0.55, 0.85; I2 = 25.9%; moderate quality evidence) (Fig. 2) compared with
control group. According to Egger’s test (p-value = 0.23) and funnel plot
(Supplementary Fig. 1), publication bias was not observed. Group-based
physical activity demonstrated the greatest reduction in risk of GDM (RR
0.66; 95% CI 0.46, 0.95; I2 = 28.3%) compared with combined (individual
and group) (RR 0.79; 95% CI 0.47, 1.34; I2 = 0%) and individual (RR 1.03;
95% CI 0.72, 1.46; I2 = 0%) intervention modalities (subgroup p-value =
0.04). Physical activity interventions delivered in healthcare facilities
reduced the risk of GDM by 41% (RR 0.59; 95% CI 0.49, 0.72; I2 = 33.8%)
compared with home/community-based interventions (RR 1.05; 95% CI
0.73, 1.49; I2 = 58.8%), and combined settings (home plus and healthcare
facility) (RR 1.21; 95% CI 0.67, 2.18) (subgroup p-value = 0.03) [Supple-
mentary Data 7].

Diet-only intervention
Dietary intervention reduced GDM by 27% (RR 0.73; 95% CI; 0.61, 0.86;
I2 = 31.03%; moderate quality evidence) (Fig. 3). According to Egger’s test
(p-value = 0.42) and funnel plot, (Supplementary Fig. 2), publication bias
was not observed. Sensitivity analysis was done by excluding two non-RCT
studies, and dietary intervention reduced the risk of GDMby 25% (RR 0.75;
95% CI; 0.64, 0.88; I2 = 23.1%). None of the intervention characteristics
showed an effect on the effectiveness of dietary interventions in preventing
GDM (Table 2).

Fig. 2 | Forest plot depicting the effect of physical
activity on reducing the risk of GDM. The esti-
mates of 17 studies were pooled using the random-
effects model to estimate the pooled effect of phy-
sical activity intervention on reducing the risk of
GDM. The overall estimate represented in diamond
shape shows the effect size (risk ratio with 95%
confidence interval). The square shapes in indivi-
dual study suggests the effect size estimate—the
bigger the shape, the larger the effect size and the
reverse is true.

Table 1 | Sub-group analysis of overall lifestyle intervention by
intervention characteristics

Intervention
characteristics

Number of
studies

Risk ratio
(95% CI)

Heterogeneity (I2) p-value

Intervention provider

Intervention types 0.32

Physical activity 17 0.69
(0.55, 0.85)

25.9

Diet 16 0.75
(0.62, 0.9)

38.8

Combined (diet and
physical activity)

59 0.82
(0.73, 0.91)

46.9

https://doi.org/10.1038/s43856-024-00491-1 Article

Communications Medicine |            (2024) 4:75 4



Combined (diet and physical activity) intervention
The combined diet and physical activity intervention lowered the incidence of
GDM by 18% (RR 0.82; 95% CI 0.74, 0.94; I2 = 46%; low-quality evidence).
According to Egger’s test (p-value = 0.01) and funnel plot (Supplementary
Fig. 3), publication bias was observed. After excluding six non-RCTs, com-
bined lifestyle intervention reduced the risk ofGDMby17%(RR0.83; 95%CI;

0.74, 0.93; I2 = 64.8%). Combined lifestyle interventions conducted in low-
middle income countries (RR0.51; 95%CI0.32, 0.8; I2 = 17.3%)demonstrated
a larger effect in reducing the risk forGDMthanmiddle-incomecountries (RR
0.69; 95%CI 0.56, 0.83; I2 = 52.5%) and high-income countries (RR 0.93; 95%
CI0.84, 1.04; I2 = 52.5%) (subgroupp-value = 0.00) (Table3).The incidenceof
GDM did not differ by any other intervention characteristic.

Fig. 3 | Forest plot depicting the effect of dietary
intervention on reducing the incidence of GDM.
The estimates of 16 studies were pooled using the
random-effects model to estimate the pooled effect
of dietary intervention on reducing the risk of GDM.
The overall estimate represented in diamond shape
shows the effect size (risk ratio with 95% confidence
interval). The square shapes in individual studies
suggest the effect size estimate—the bigger the
shape, the larger the effect size, and the reverse
is true.

Table 2 | Sub-group analysis of dietary intervention by intervention characteristics

Intervention characteristics Number of studies Risk ratio (95%CI) Heterogeneity (I2) p-value

Individually tailored 0.96

Yes 9 0.75 (0.55, 1.03) 55.2

No 7 0.76 (0.61, 0.94) 22.8

Intervention modality 0.55

Individual-based 4 0.96 (0.59, 1.54) 65.1

Group-based 1 0.82 (0.31, 2.2) –

Combined (individual and group-based) 2 0.71 (0.59, 0.85) 0

Unspecified 9 0.65 (0.49, 0.85) 21.8

Application of technology (e.g. Wechat and Facebook) 0.24

Yes 3 0.6 (0.41, 0.88) 22

No 12 0.79 (0.64, 0.98) 43.2

Fidelity 0.2

High/medium 2 0.52 (0.28, 0.96) 42.3

Low 14 0.79 (0.65, 0.96) 39.9

Medium of delivery 0.24

In-person only 13 0.79 (0.64, 0.98) 43.2

Hybrid 3 0.6 (0.41, 0.89) 22

Country’s income level 0.72

High-income 12 0.79 (0.61, 1.02) 51.1

Upper-middle income 2 0.68 (0.48, 0.96) 0

Low-middle income 2 0.65 (0.39, 1.1) 55.2
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Effect of metformin on reducing the incidence of GDM by inter-
vention characteristics
Thirteen studies were included. Nine studies described the intervention
given to participants assigned to the placebo groups, two applied tailored
interventions27,89,90, and one was technology-based (telephone)89. The range
of daily dosagewas 50089–3000mg91. Eight studiesmonitored the adherence
of participants to the medication through pill count. The attrition
rate ranged from 0% to 42%92. The detailed intervention characteristics are
presented in Supplementary Data 8.

Onmeta-analysis, metformin reduced the risk of developing GDM by
34% (RR 0.66; 95% CI 0.47, 0.93; I2 = 73.08%; very low-quality evidence)
(Fig. 4). According to Egger’s test (p = 0.00) and funnel plot (Supplementary
Fig. 4), publication bias was detected. Further subgroup analysis was not
undertaken due to insufficient studies on each intervention character-
istics group.

Effect of dietary Supplements on reducing the incidence of GDM
by intervention characteristics
Probiotic supplementation. Five studies examined the relationship
between probiotic supplements and the incidence of GDM. Three
combined investigations of supplementation with a probiotic and
another intervention (one co-administered a fish oil supplement)93, one
applied an additional unspecified dietary intervention66, and one applied
a technology via telephone94. Three (60%) studies monitored partici-
pants’ adherence to the intervention mainly through pill counts93–95. The
attrition rate was 2.796–25.4%66. A detailed description is provided in
Supplementary Data 9.

On meta-analysis, probiotics supplements did not reduce the risk of
GDM (RR 0.88; 95% CI; 0.52, 1.47; I2 = 73.7%; very low-quality evidence).
The Eggers test (p-value = 0.24) and funnel plot (Supplementary Fig. 5)
reveal the absence of publication bias. By intervention type, probiotics co-
administered with diet (RR 0.36; 95% CI; 0.18, 0.72), probiotics alone (RR
1.0; 95%CI 0.56, 1.81), and probiotics coupled with fish oil (RR 1.3; 95%CI
0.78, 2.15) reduced the risk of GDM (Fig. 5). Subgroup analysis by the
intervention characteristicswas not performeddue to the limited number of
studies in each subgroup.

Myoinositol/inositol supplement. Seven studies96–102 examined the
effect of myoinositol/inositol supplements in preventing GDM (Sup-
plementary Data 4). On the meta-analysis, myoinositol/inositol supple-
ment reduced the risk of GDM by 61% (RR 0.39; 95% CI 0.23, 0.66;
I2 = 78.87%; very low-quality evidence) (Fig. 6). Egger’s test (p-value =
0.26) and funnel plot (Supplementary Fig. 6) exhibited that publication
bias was not a concern.

Subgroup analysis by the intervention characteristics was not per-
formed due to the limited number of studies in each subgroup.

Discussion
In this comprehensive systematic review and meta-analysis, interventions
utilizing diet, physical activity, diet plus physical activity, metformin, and
myoinositol reduced the incidence of GDM compared with control inter-
ventions. The findings are in line with the most recent findings from
umbrella reviews103,104, implying the importance of incorporating these
interventions in routine maternal care to prevent GDM. However, the

Table 3 | Sub-group analysis of combined lifestyle intervention by intervention characteristics

Intervention characteristics Number of studies Risk ratio (95%CI) Heterogeneity (I2) p-value

Intervention provider

Health professionals 46 0.85 (0.75, 0.96) 46 0.08

Non-health professionals 10 0.69 (0.56, 0.84) 0

Individually tailored 0.21

Yes 49 0.84 (0.75, 0.94) 46.2

No 10 0.69 (0.54, 0.91) 33.6

Intervention modality 0.32

Individual-based 10 0.89 (0.69, 1.14) 33.6

Combined (individual and group-based) 14 1.01 (0.85, 1.19) 37.1

Unspecified 35 0.73 (0.63, 0.83) 36.2

Application of framework/theory 0.54

Yes 21 0.85 (0.73, 0.98) 26.6

No 38 0.79 (0.68, 0.92) 54.1

Application of technology (e.g. Wechat and Facebook) 0.24

Yes 40 0.86 (0.77, 0.96) 23.1

No 19 0.74 (0.59, 0.93) 68.8

Fidelity 0.83

High/medium 23 0.81 (0.69, 0.94) 47.5

Low 36 0.83 (0.73, 0.96) 47

Medium of delivery 0.17

In-person only 20 0.71 (0.57, 0.9) 69.8

Hybrid 35 0.89 (0.79, 0.99) 21.9

Virtual-only 4 0.73 (0.52, 1.03) 0

Country of the studies 0.00

High-income 43 0.93 (0.84, 1.04) 52.5

Upper middle-income 11 0.69 (0.56, 0.83) 52.5

Low-middle income 5 0.51 (0.32, 0.8) 17.3
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primary analysis of this review has previously shown that not all interven-
tions work equally for all participants105, and therefore, considering person-
level characteristics (e.g., previous history of GDM) during implementation
could be important to enhance the effectiveness of interventions. This
secondary analysis shows the differences in the intervention effectiveness by
intervention type and delivery. For physical activity interventions, those
delivered in groups or in healthcare facilities resulted in a greater reduction
in the risk of developing GDM compared with individual and combined
(group and individual) formats and with community-home-based inter-
ventions. Diet-only interventions were similarly effective across all delivery
contexts. Combined diet and physical activity interventions conducted in

low-middle-income countries demonstrated a greater reduction in GDM
than in upper-middle and high-income countries. Insufficient data were
available for meta-analysis for metformin and dietary supplements.

This analysis found that group-based delivery was a more effective
delivery format for physical activity interventions compared with
individual-based or individual-plus group formats. This finding is in line
with a systematic review demonstrating that group-based physical activity
helps prevent GDM106. The greater effectiveness of group-based delivery for
physical activity intervention may be due to a high number of studies
(76.5%)within this categoryproviding fully supervised sessions. Thefinding
of this study is consistent with previous systematic reviews and meta-

Fig. 4 | Forest plot depicting the effect of metfor-
min on preventing GDM. The estimates of 13
studies were pooled using the random-effect model
to estimate the pooled effect of metformin inter-
vention on reducing the risk of GDM. The overall
estimate represented in diamond shape shows the
effect size (risk ratio with 95% confidence interval).
The square shapes in individual studies suggest the
effect size estimate—the bigger the shape, the larger
the effect size, and the reverse is true.

Fig. 5 | Forest plot depicting the effect of probio-
tics supplements on preventing GDM. The esti-
mates of six studies were pooled using the random-
effect model to estimate the effects of different
categories of probiotics supplementation on redu-
cing the risk of GDM. The red diamond shape shows
the effect size (risk ratio) in each subgroup. The
overall estimate represented in the green diamond at
the bottom shows the overall effect size (risk ratio).
The square shapes in individual studies suggest the
effect size estimate ─the bigger the shape, the larger
the effect size, and the reverse is true.
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analyses in individuals with type 2 diabetes, where it has been reported that
supervisedphysical activity intervention enhanced the effectiveness of blood
glucose management in these individuals107,108. This may be because those
studies utilized multiple behavior change techniques concurrently, includ-
ing behavioral practice/rehearsal, demonstration of the behaviors, and
feedback on behavior107. Group-based interventions may also be more
beneficial in the prevention of GDM as they create the opportunity for
women to engage with their peers. This occurs when individuals within a
group share ideas and experiences, which could help enhance their com-
mitment and motivation, ultimately motivating them to stay in the inter-
ventionprogram for the desired interventionperiod109. Greater effectiveness
with group-based interventions has also been shown previously in diabetes
and weight management interventions107,110–112. Peer support has been
shown to predict physical activity behavior change in adolescents, serving as
behavior change agents who provide support and role modelling to actively
engage and maintain lifestyle interventions113.

In addition, group-based intervention is an acceptable delivery format
by healthcare providers and by women. A systematic review among
healthcare providers reported perceived positive experiences from group-
based antenatal care, including richer use of their time and better value
proposition in terms of provider investment and workload114. A recent
systematic review of qualitative studies has also found that group-based
physical activity was highly acceptable by women115. Given the observed
effectiveness of group-based physical activity during pregnancy in reducing
the risk of GDM and considerable acceptability by healthcare professionals
and service users, it may be beneficial to utilize this format in a real-world
setting.

Delivery settings could also affect the effectiveness of physical activity
interventions in preventing GDM. Those initiated during pregnancy in
health facilities reduced the incidence of GDM more than home/commu-
nity-based interventions. This finding is supported by previous meta-
analyses of RCTs of supervised physical activity interventions during
pregnancy in preventing GDM35,116. In-facility interventions may provide
opportunities for supervision and feedback from professionals, which likely
enhance the adherence of participants and as a result, improve the inter-
vention effectiveness117. However, as data on the level of adherence to
physical activity interventions delivered in different settings were not
reported, it is impossible to draw an inference that the better effectiveness of
healthcare facility-based interventions are related to the better adherence of
participants to the intervention. Future primary studies are recommended
to examine the role of adherence in the effectiveness of physical activity
interventions delivered in different settings.

Since all the physical activity intervention studies included in our
reviewcommencedduringpregnancy, ourfindingsmaynot be applicable to
interventions started during the preconception or postpartum period,
during which additional barriers to accessing interventions may exist. A
systematic review of RCTs underscored that supervised physical activity

interventionduring the postpartumperiod leads to a high rate of refusal and
withdrawal from the intervention118. This suggests the reproductive life
stages of the participants are an important consideration in the choice of
intervention setting. To foster better adherence of individuals to interven-
tions throughout the inter-conceptionperiod, healthcare facilities need to be
accessible to women and provide the necessary resources such as
childcare119. Home-based interventions could be an alternative and pre-
ferred modality for reproductive-age women due to fewer barriers, such as
parenting responsibilities and time constraints120,121. These factors must be
considered when selecting the intervention setting. A flexible approach that
considers home/community-based sessions supported by virtual or in-
person supervision may provide equivalent benefits to healthcare facility-
based interventions. Future trials are recommended to compare the role of
different intervention settings across the reproductive life stages in pre-
venting GDM and with an evaluation of adherence rate, consumer satis-
faction, and resources required to generate user-informed and sustainable
evidence-based practice in real-world settings.

Moreover, differences in the effectiveness of physical activity inter-
vention across other intervention characteristics, including intensity and
type of physical activity, were not observed. Similar to a recent umbrella
review103, we found that physical activity interventions of light-moderate or
moderate intensity effectively reduced the risk of GDM. However, the dif-
ferences between subgroups by intensity were found to be insignificant
(p-value = 0.18). It was evidenced that light to moderate or moderate
intensity reduced the incidence of GDM compared with moderate to vig-
orous intensity103. Given the effectiveness of light-moderate activities, which
are more achievable than higher-intensity training, especially during preg-
nancy, women at risk of GDM should be recommended to engage in
moderate-intensity activities to reduce their GDM risk.

We observed that studies on combined lifestyle interventions con-
ducted in low-middle-income countries demonstrated greater effectiveness
in reducing the risk of GDM than in high- and upper-middle-income
countries. Given the consistent evidence showing the effectiveness of life-
style intervention in preventing GDM in low-middle income countries122,
along with the growing diabetes burden in this region2,123, there is an urgent
need for large-scale implementation of combined lifestyle intervention to
curb the growing incidence of GDM in low-middle income countries. On
the other hand, there is a paucity of studies in low-income countries, as
evidenced by our study and a previous review122, which is an evidence gap
hindering the reduction of global diabetes disparities in these regions. Thus,
future studies are needed in low-middle-income countries to demonstrate
the effectiveness of lifestyle interventions inGDMpreventionand to identify
effective intervention characteristics in these.

Diet-only interventions reduced the risk of GDM irrespective of the
intervention characteristics (e.g., e-health and home-based) and setting (i.e.
country). This suggests that dietary interventions could be delivered in any
format according to contextual needs without compromising effectiveness

Fig. 6 | A forest plot showing the effect of myoi-
nositol/inositol on reducing the risk of GDM. The
estimates of seven studies were pooled using the
random-effects model to estimate the effects of dif-
ferent categories ofmyoinositol supplementation on
reducing the risk of GDM. The overall estimate
represented in the green diamond at the bottom of
thefigure shows the overall effect size (risk ratio with
95% confidence interval). The square shapes in
individual studies suggest the effect size estimate—
the bigger the shape, the larger the effect size, and the
reverse is true.
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in GDM prevention. However, comparison by intervention duration, fre-
quency and dietary types were not performed due to poor reporting in the
included studies, as reflected in a previous review124.

Future individual studies should improve the reporting on these
characteristics to enable further elucidation of optimal duration, frequency,
and dietary type of interventions in preventing GDM.

This is the first comprehensive review that investigated intervention
characteristics of lifestyle, metformin, and dietary supplements in pre-
venting GDM. The approach is underpinned by established frameworks
such as CFIR for intervention implementation30 and TIDieR for the
identification of intervention characteristics49. However, missingness in
certain intervention characteristics (frequency of sessions and duration)
was a major barrier in examining the effectiveness of these intervention
characteristics. In addition, when interpreting and translating the evi-
dence, it is important to note that substantial heterogeneity remained
within subgroups, suggesting other sources of heterogeneity were pre-
sent such as bias due to inclusion of non-RCTs52. However, the sensi-
tivity analysis excluding non-RCTs did not alter the effect of
interventions on reducing the incidence of GDM. Given the poor
adherence of authors of individual studies to the evidence reporting
checklist (TIDieR framework), coding was subject to interpretation.
This was attempted to mitigate by having two trained reviewers (WWT
and SL). Lastly, the certainty of quality of evidence for all interventions
ranged from low to moderate, suggesting caution when applying the
findings in real-world settings.

Conclusions
Dietary, physical activity, diet plus physical activity, metformin, and
myoinositol interventions during pregnancy reduce the incidence of GDM
compared with control interventions. Group and healthcare facility-based
physical activity interventions during pregnancy reduce the risk of GDM
compared with individual-based and home/community-based interven-
tions, respectively. Dietary interventions could be implemented in any
format with considerations of contextual factors. Researchers conducting
intervention trials better followTIDieR guidelines when reporting to enable
the identification of key components for the implementation of interven-
tions to prevent GDM.

Data availability
All dataused toproduce this studywas gathered frompublishedstudies.The
key terms and search strategies built to retrieve studies are available in
Supplementary Table 1 of the Supplementary Information file. The list of
included studies is available in SupplementaryData 1.All other relevant data
that support the findings of the study are available from the corresponding
author upon reasonable request.
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