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Abstract
Background Women at risk of gestational diabetes mellitus (GDM) need preventative interventions.

Objective To evaluate targeted interventions before and during pregnancy for women identified as being at risk
of developing GDM.

Methods Systematic review and meta-analysis conducted following PRISMA guidelines. MEDLINE, EMBASE

and the Cochrane Library in addition to reference and citation lists were searched to identify eligible randomised
controlled trials (RCTs) utilising risk stratification during the preconception period or in the first/early second trimester.
Screening and data extraction were carried out by the authors independently. Quality assessment was conducted
based on the Cochrane risk-of-bias tool. Random effects meta-analysis and narrative synthesis were performed.

Results Eighty-four RCTs were included: two during preconception and 82 in pregnancy, with a pooled sample

of 22,568 women. Interventions were behavioural (n=54), dietary supplementation (n=19) and pharmacological
(n=11). Predictive factors for risk assessment varied; only one study utilised a validated prediction model. Gestational
diabetes was reduced in diet and physical activity interventions (risk difference —0.03, 95% C10.06,—0.01; 1 58.69%),
inositol (risk difference —0.19, 95% C10.33,—0.06; I° 92.19%), and vitamin D supplements (risk difference —0.16, 95%
C10.25,—0.06; I 32.27%). Subgroup analysis showed that diet and physical activity interventions were beneficial

in women with > 2 GDM risk factors (risk difference —0.16, 95% C10.25,—0.07; 1> 11.23%) while inositol supplementa-
tion was effective in women with overweight or obesity (risk difference —0.17,95% C10.22,—0.11; 12 0.01%). Effective-
ness of all other interventions were not statistically significant.

Conclusions This review provides evidence that interventions targeted at women at risk of GDM may be an effec-
tive strategy for prevention. Further studies using validated prediction tools or multiple risk factors to target high-risk
women for intervention before and during pregnancy are warranted.
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Introduction

Gestational diabetes mellitus (GDM) is a common
pregnancy related complication affecting ~ 14% of preg-
nancies worldwide, although prevalence varies by coun-
try, population and diagnostic criteria [1]. Women who
develop GDM have a higher risk of gestational hyper-
tension, pre-eclampsia, caesarean and preterm delivery
than women who do not develop the condition [2-4].
Infants of mothers with GDM are at increased risk of
stillbirth, macrosomia, and neonatal hypoglycaemia [3,
4]. In the longer term, GDM is associated with a greater
risk of metabolic disease for both the mother and her
offspring [5-7], highlighting the importance of early
screening and prevention.

Although the aetiology of GDM is not completely
understood, there are obstetric, socio-demographic,
clinical and metabolic risk factors implicated [8, 9].
The oral glucose tolerance test (OGTT), usually car-
ried out between 24 and 28 weeks of gestation, is used
to detect GDM as part of routine antenatal care [10].
To date there is no consensus on the strategies to iden-
tify women at high-risk of developing GDM earlier in
pregnancy.

Several antenatal trials have aimed to prevent GDM,
suggesting that behavioural interventions (e.g. diet and
physical activity (PA)), supplementation (e.g. myo-ino-
sitol and vitamin D), and pharmacological intervention
using metformin have possible benefits in reducing risk
in the general antenatal population [11-14]. Moreover,
studies have not been able to establish an effect of diet
or exercise alone, probiotics, and/or other vitamins
and minerals on GDM risk [11, 15]. It is not yet clear
whether targeting interventions to women with specific
risk factors for GDM is an effective approach to GDM
prevention.

Table 1 Summary of PICOS criteria for the inclusion of studies

Additionally, research on the effectiveness of precon-
ception interventions in preventing GDM is lacking [11],
and it is a priortiy area for intervention research [16].
One preconception nutritional intervention was not suc-
cessful in reducing maternal glycaemia or GDM in a large
multi-site trial; however, this study did not target higher
risk women [17]. Hence, a more selective approach in
women who are at risk and planning to conceive might
be more effective.

The aim of this review was to evaluate the effect of
interventions (behavioural, supplementation and phar-
macological) during the preconception period and/or
in pregnancy on reducing GDM in women identified at
higher risk for developing the condition.

Methods

This review was conducted in accordance with the rel-
evant criteria of the PRISMA guidelines for reporting a
systematic review and meta-analysis [18] and was regis-
tered in the PROSPERO database (CRD42020177976).

Eligibility criteria

Inclusion and exclusion criteria were developed using the
PICOS (population, intervention, comparison, outcomes
and study design) framework, summarised in Table 1.
For inclusion, studies had to meet the following criteria:
(1) randomised controlled trials (RCTs) that evaluated
interventions, in the preconception period and/or dur-
ing pregnancy compared with no intervention, standard
care or placebo; (2) women identified as higher risk of
developing GDM using any risk stratification in the pre-
conception period or in early pregnancy; (3) data report-
ing GDM as a primary or secondary pregnancy outcome.
All diagnostic criteria for GDM were deemed acceptable.
Studies meeting the following criteria were excluded: (1)

Parameter Description

Population

Preconception and/or pregnant women at higher risk of GDM, identified using risk factors

including but not limited to overweight/obesity, raised lipids, elevated glucose concentra-
tion, insulin resistance, increased maternal age, high-risk ethnicity, previous macrosomic
infant, previous GDM, PCOS, metabolic syndrome, hypertension, family history of GDM

or diabetes, use of a risk tool

Intervention
Comparison
Outcome

Study design

Behavioural (diet/ PA/ diet and PA) and/or supplements and/or pharmacological intervention
No intervention, standard care or placebo

GDM as a primary or secondary outcome

Randomised controlled trials

GDM gestational diabetes mellitus; PA physical activity; PCOS polycystic ovary syndrome
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non-randomised and observational studies; (2) abstracts,
reviews, letters, commentaries and editorials; (3) women
aged less than 18 years or older than 50 years; (4) studies
designed to treat GDM; (5) interventions starting too late
in pregnancy (>28 weeks’ gestation); (6) studies not pub-
lished in English.

Database searches

Three electronic databases: MEDLINE, EMBASE and
the Cochrane Central Register of Controlled Trials, were
searched up to February 2023 with no date restriction.
A comprehensive search strategy was developed (Addi-
tional file 1: Table A1, A2, A3) using search terms related
to “pregnancy’, “adiposity” and “randomisation”. Refer-
ence lists from all included studies were examined for
additional relevant articles to supplement the database
searches as per PRISMA guideline recommendations
[18]. Study authors were contacted when further infor-
mation was required.

Study selection

Records obtained from all databases were imported
into the EndNote X9 reference management software to
eliminate duplicate publications. Subsequently, studies
were imported into the screening management software
Rayyan [19] for screening. All title and abstracts were
screened by OFQ and a second independent reviewer
(either KGN, AA, GSC, AP or NV). Full-text screening
was also carried out independently in duplicate, with dis-
agreements discussed and resolved by consensus opinion
among 4 reviewers.

Data extraction and quality assessment

Data were extracted independently and in duplicate by
two authors (OFQ, DA) using a standardised table cre-
ated for this review. Data extraction included: title;
authors; publication year; trial periods; study design;
country; aim; sample size; population; inclusion/exclu-
sion criteria; period of intervention (preconception and/
or pregnancy); risk stratification; intervention character-
istics and clinical outcomes. The Cochrane risk-of-bias
tool for randomised trials (RoB 2) [20] was used to assess
the validity and bias of each study included according to
the Cochrane Handbook for Systematic Reviews of Inter-
ventions version 6.3 [21]. The domains used included
randomisation bias (whether the allocation sequence was
random and adequately concealed), deviations from the
intended interventions (blinding of participants and trial
personnel, adherence to intervention), bias due to miss-
ing outcome data (including biases introduced by proce-
dures used to impute or otherwise account for missing
outcome data), bias in measurements of the outcome
(differential errors related to intervention assignment)
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and bias in selection of the reported results. The quality
assessment was based on a series of signalling questions
within each domain and was independently performed
by two authors (OFQ, DA). Discrepancies were resolved
by a third author (ACF). The overall risk was determined,
and studies were classified as ‘low risk of bias) ‘some con-
cerns’ or ‘high risk of bias.

Analysis

The interventions and outcomes were evaluated to deter-
mine the appropriateness of data pooling in order to
perform a meta-analysis. The analysis was built around
different intervention types including: behavioural (diet
only, PA only, combined diet and PA), dietary supple-
mentation (inositols, vitamin D, fibre, probiotics), and
pharmacological (metformin). Any intervention that
could not contribute to the analysis or could not be
pooled was excluded from the meta-analysis (e.g., stud-
ies that are not sufficiently homogeneous to be com-
bined under the prespecified interventions, Table 1);
and a narrative synthesis was performed to provide a
brief summary of these studies and their findings [22].
Where appropriate, summaries of exposure effect for
each intervention were provided using a risk difference,
performed using Stata software, version 16.0 (StataCorp,
College Station, TX, USA). A random-effects meta-
analysis model was used to estimate the effects of each
intervention on GDM and an I? value greater than 50%
was considered an indication of significant heterogene-
ity across studies [23]. Furthermore, separate analyses
were performed limited to studies where increased body
mass index (BMI > 25 kg/m? or >24 kg/m? depending on
classification used) was the only risk factor as criteria for
intervention and studies that utilised more than one risk
factor which may or may not have included BMI. Publi-
cation bias was investigated using Egger’s test and funnel
plots, if there were more than 10 RCTs per meta-analysis.

Results

We identified 29,205 results through database searches
and an additional 10 through citation searches and refer-
ence lists: 4,337 were removed as duplicates and of the
remaining 24,878 articles, 24,470 were excluded during
title and abstract screening. There were 408 full-texts
screened against the eligibility criteria, and 84 met the
inclusion criteria (Fig. 1). Major reasons for exclusion
were: no risk stratification, ongoing RCTs and GDM not
a primary/secondary outcome.

Risk stratification for GDM

The included studies used different risk stratification
strategies incorporating a variety of risk factors to iden-
tify women at high-risk of developing GDM. The number
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Fig. 1 PRISMA flow diagram of screening, selection process and inclusion study

of variables ranged from one to sixteen (Additional
file 1: Table A5). Fifty-four studies recruited women with
increased BMI [24-77], with three of these using addi-
tional risk factors; polycystic ovary syndrome (PCOS)
[41], previous history of GDM [41, 42, 56], family history
of diabetes [41, 42], high-risk ethnicity [41] or history
of unexplained intrauterine fetal death or macrosomic
infant [41].

Two studies considered a family history of diabetes [78,
79], one utilised previous history of GDM [80] and one
targeted women who had previously delivered an infant
with macrosomia [81]. Three studies used elevated fast-
ing blood glucose (FBG) [82-84] or/and haemoglobin
Alc (HbAlc) [84]. Six studies used a history of PCOS
[85-90] with Valdés et al. [90] additionally specifying
pregestational insulin resistance (PIR) with at least one
PIR clinical sign or the diagnosis of PCOS.

Fourteen studies required women to have at least
one risk factor for the development of GDM including
advanced maternal age [91-99], PCOS [93, 95, 98-100],
BMI above a particular threshold (obesity/overweight)
[91-97, 99-103], a family history of diabetes [91-96,

99-101, 104], signs of glucose intolerance [91, 92, 99],
previous GDM [91-102, 104] or previous macrosomic
infant [91-94, 96-101, 104]. Seven [94, 97-101, 103] of
these specified other factors including high-risk ethnic-
ity, chronic hypertension, twin pregnancies, abnormal
lipid metabolism, glycosuria, previous pregnancy com-
plications (e.g. gestational hypertension, pre-eclampsia,
premature rupture of membranes, small for gestational
age (SGA), large for gestational age (LGA), intrauterine
growth restriction, low Apgar score, preterm deliveries,
fetal anomaly, recurrent abortion, intrauterine fetal death
and family history of either GDM or adverse obstetrical
outcomes).

One study enrolled women with two or more GDM
risk factors; including pre-pregnancy obesity, PCOS,
high-risk ethnicity, previous GDM or macrosomic infant
and family history of diabetes [105], while Mohsenzadeh-
Ledari et al. [106] enrolled participants who had at least
three components of the metabolic syndrome. One study
used a validated prediction tool (simple scoring system)
for identification of women at high-risk of developing
GDM,; this included history of GDM, maternal age, BMI,
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Asian descent, history of poor obstetric outcome and
family history of diabetes [107].

Characteristics of included studies

Characteristics of the studies are shown in Additional
file 1: Table A4. The majority of the studies (n=282) were
RCTs targeting high-risk women in the antenatal period.
Two studies in the preconception period were identified.
Among the eighty-four studies included, fifteen were
conducted in United States [29-31, 35, 42, 48, 49, 55, 56,
61, 62, 66, 71, 74, 84], eight in China [24, 25, 67, 73, 93,
95, 96, 99], eight in Italy [38, 39, 44, 59, 63, 78, 82, 83],
eight in Australia [36, 47, 57, 58, 72, 75, 80, 107], seven in
Iran [65, 68, 69, 88, 94, 98, 106], five in the United King-
dom [26, 40, 51, 100, 103], four in Finland [60, 91, 92,
102], four in the Republic of Ireland [27, 37, 79, 81], four
in Denmark [33, 43, 46, 77], three in Norway [54, 85, 86],
two in each of India [97, 101], Netherlands [41, 104], New
Zealand [28, 64], Brazil [34, 50] and one in each of Can-
ada [45], France [70], Chile [90], Belgium [53], Spain [32],
Bangladesh [89] and the United Arab Emirates [105].
Three studies were multi-country; Norway, Sweden and
Iceland [87]; United Kingdom, Republic of Ireland, Aus-
tria, Poland, Italy, Spain and Belgium [52, 76]; Nether-
lands, and Denmark [76].

The sample size of the studies ranged from 40 [86] to
2,122 [58] participants and the pooled sample size was
22568. Thirty studies included women of all BMI catego-
ries [78—107], while 54 included pregnant women living
with overweight and/or obesity [24-77].

The intervention design varied between studies (Addi-
tional file 1: Table A5). The majority (n=34) evaluated
the effect of combined diet and PA [30-35, 37, 48, 51,
53, 55, 56, 58, 59, 61, 63, 65-67, 69-71, 74, 84, 91-93, 95,
96, 99, 102, 105-107]. Seven studies focused on modify-
ing diet only [24, 29, 46, 49, 57, 81, 103], while ten aimed
at modifying PA alone [25, 27, 45, 54, 62, 64, 72, 80, 97,
104]. A multidisciplinary approach (consisting of conti-
nuity of care, assessment of weight gain, a brief dietary
intervention and psychological approach using solution-
focused therapy) was used in one study [75]. Nine stud-
ies based their intervention on the supplement inositol
(myo-inositol, d-chiro-inositol or combination of both)
[38, 39, 44, 68, 78, 79, 82, 83, 100] while four used probi-
otic supplementation (Lactobacillus and Bifidobacterium
species) [36, 60, 77, 98]. In three studies, the impact of
vitamin D was assessed [52, 94, 101] and two evaluated
the intake of soluble fibre [42, 73] of which one study
additionally provided women with frozen blueberries
[42]. Metformin was used as a pharmacological interven-
tion in eleven RCTs [40, 41, 47, 50, 85-90, 108]. Three
studies included more than two arms; Renault et al
[43] compared PA only and combined diet and PA with
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standard care, whilst Simmons et al. [76] compared the
effect of diet alone, PA alone, combined diet and PA with
standard care. Okesene-Gafa et al. [28] compared diet
alone and probiotic to standard care and placebo arms.

Risk of bias (quality) assessment

The overall quality of the included studies varied and is
summarised in Fig. 2. Twenty-three studies were assessed
as ‘low risk of bias’ [25, 28, 31, 43, 47, 49, 52, 55, 58, 67—
69, 75-77, 79, 80, 82, 85, 87, 99, 102, 103], 30 as ‘high
risk of bias’ [30, 33-35, 37-39, 46, 50, 54, 56, 57, 61, 65,
66, 78, 84, 86, 88-90, 93-95, 97, 98, 104—107] and the
remaining 31 studies as ‘some concerns’ [24, 26, 27, 29,
32, 36, 40-42, 44, 45, 48, 51, 53, 59, 60, 62—-64, 70-74, 81,
83, 91, 92, 96, 100, 101]. The main source of bias across
all studies was the non-adherence to the assigned inter-
vention regimen.

Behavioural intervention (diet only, PA only, combined diet
and PA)

In preconception women, the two included studies [55,
56] assessed the impact of behavioural intervention
(combined diet and PA) on GDM risk and were pooled in
a meta-analysis (Additional file 1: Table A6). Diet and PA-
based interventions prior to pregnancy did not reduce
GDM development among those who were considered at
higher risk prior to pregnancy (risk difference —0.01, 95%
CI0.24 to 0.23; I 63.72%) (Fig. 3).

Fifty-three antenatal studies [24, 25, 27-35, 37, 43, 45,
46, 48, 49, 51, 53, 54, 57-59, 61-67, 69-72, 74-76, 80,
81, 84, 91-93, 95-97, 99, 102-107] reported the effect
of a behavioural intervention during pregnancy on the
development of GDM with 52 of those included in the
meta-analysis (Additional file 1: Table A6). One study
was considered insufficiently homogenous to be pooled
for meta-analysis and was excluded from the analysis
since only brief dietary intervention (5 min) was provided
as part of the multidisciplinary approach [75]. In the 34
studies that examined the effect of combined diet and PA
interventions on GDM risk [30-35, 37, 43, 48, 51, 53, 58,
59,61, 63, 65-67,69-71, 74, 76, 84, 91-93, 95, 96, 99, 102,
105-107], women who received the intervention were 3%
less likely to develop GDM (risk difference —0.03, 95%
CI0.06 to—0.01; I? 58.69%) with significant heterogeneity
across studies (Fig. 4). Nine studies of diet only [24, 28,
29, 46, 49, 57, 76, 81, 103] (Fig. 5) and twelve of PA only
[25, 27, 43, 45, 54, 62, 64, 72, 76, 80, 97, 104] interven-
tions (Fig. 6), showed no significant difference in GDM
risk (risk difference—0.01, 95% CI0.05 to 0.02; I* 48.72
and —0.04, 95% CI0.09 to 0.01; I? 38.76% respectively).

In the subgroup analyses, three antenatal stud-
ies that used combined diet and PA interventions for
women who had > 2 risk factors reduced GDM risk (risk
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Fig. 2 Quality assessment of intervention studies using Cochrane
RoB 2- tool

difference —0.16, 95% CI10.25 to—0.07; I* 11.23%; Fig. 7).
There was no effect in sub-group analyses for BMI as
the only risk factor (combined diet and PA: risk differ-
ence—0.02, 95% CI—0.05 to 0.00; I 51.50%; diet only:
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Treatment Control Risk Diff. ~ Weight
Study Yes No Yes No with 9% Cl (%)
LeBlancetal. (2021) 22 67 28 52 —— 0.10[-024, 0.03] 59.70
Phelanetal. (2023) 22 16 11 14 ———— 0.14]-0.11, 039] 4030
Overall E—— 001024, 0.23]
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Random-gffects REML model
Fig. 3 The effects of pre-pregnancy combined diet and physical
activity intervention on GDM prevention

risk difference —0.02, 95% CI—0.07 to 0.03; I> 22.43%;
PA only: risk difference—0.03, 95% CI—0.12 to 0.05; I?
49.46%; Fig. 8).

Supplementation interventions (inositols, vitamin D,
probiotics, fibre)

There were 19 studies [28, 36, 38, 39, 42, 44, 52, 60, 68,
73, 77-79, 82, 83, 94, 98, 100, 101] that assessed the
effect of dietary supplementation on risk of GDM dur-
ing pregnancy and all were pooled in the meta-analysis
(Additional file 1: Table A6). Nine used inositol [38, 39,
44, 68, 78, 79, 82, 83, 100] and three vitamin D [52, 94,
101]; both of which reduced risk of GDM (risk differ-
ence—0.19, 95% CI0.33 to—0.06; I 92.19 and — 0.16, 95%
CI0.25 to—0.06; I? 32.27% respectively); however, there
was significant heterogeneity among the inositol inter-
ventions (Fig. 9, 10). Two studies that tested the use of
fibre [42, 73] showed a reduction in GDM (risk differ-
ence—0.13, 95% CI0.25 to—0.02; I 0.01%; Fig. 11). There
was no evidence of an effect of probiotic use on the pre-
vention of GDM (risk difference 0.03, 95% CI10.01 to 0.07;
I 0.01%; Fig. 12). In the subgroup analysis, four studies
used inositol interventions where BMI was the only risk
factor and demonstrated a reduction in GDM (risk differ-
ence—0.17, 95% CI10.22 to—0.11; I* 0.01%; Fig. 8). It was
not possible to perform a sub-group analysis due to lack
of supplementation studies among women with multiple
risk factors.

Pharmacological intervention

There were eleven studies [40, 41, 47, 50, 85-90, 108]
that evaluated the effect of metformin on GDM and all
were included in the meta-analysis (Additional file 1:
Table A6). There was no significant effect of metformin
in the prevention of GDM either overall (risk differ-
ence—0.00, 95% CI—0.04 to 0.03; 1> 8.82%; Fig. 13) or
in the subgroup analyses of women with multiple risk
factors (risk difference —0.03, 95% CI—0.37 to 0.30; I?
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Treatment Control Risk Diff. Weight
Study Yes No Yes No with 95% CI (%)
Bogaerts et al. (2013) 16 118 7 56 —— 0.01[-0.09, 0.10] 3.09
Bruno et al. (2017) 13 56 23 39 —a— -0.18[-0.33, -0.03] 1.74
Chan et al. (2018) 20 60 23 63 —#—  -0.02[-0.15, 0.12] 2.08
Deng et al. (2021) 11 35 24 23 —a— -0.27[-0.46, -0.08] 1.25
Ding et al. (2021) 25 79 42 69 —— -0.14[-0.26, -0.02] 2.33
Dodd et al. (2014) 148 932 120 953 [ 0.03[-0.00, 0.05] 5.70
Eslami et al. (2018) 15 55 17 53 —®—  -003[-0.17, 0.11] 1.97
Ferrara et al. (2020) 16 179 16 178 N -0.00[-0.06, 0.05] 4.65
Gallagher et al. (2018) 10 87 6 93 —i— 0.04[-0.03, 0.12] 3.75
Gonzalez-Plaza et al. (2022) 10 53 12 43 —— -0.06 [ -0.20, 0.08] 1.92
Harrison et al. (2013) 27 94 35 72 —— -0.10[-0.22, 0.01] 2.49
Herring et al. (2015) 1 26 1 28 —— 0.00[-0.09, 0.10] 3.02
Kennelly et al. (2018) 37 204 36 221 - 0.01[-0.05, 0.08] 4.33
Koivusalo et al. (2016) 20 124 27 98 —— -0.08[-0.17, 0.01] 3.20
Korpi-Hyovalti et al. (2011) 3 24 1 26 ——— 0.07[-0.06, 0.21] 1.98
Lin et al. (2020) 20 119 35 107 —— -0.10[-0.19, -0.01] 3.20
Liu et al. (2021) 8 104 13 92 —- -0.05[-0.13, 0.03] 3.66
Luoto et al. (2011) 34 182 22 157 - 0.03[-0.03, 0.10] 4.08
Mohsenzadeh-Ledari et al. (2020) 7 47 19 36 —a— -0.22[-0.37, -0.06] 1.70
Motahari-Tabari et al. (2021) 3 67 20 47 —— -0.26 [ -0.38, -0.14] 2.40
Parat et al. (2019) 34 98 39 97 —— -0.03[-0.14, 0.08] 2.74
Peccei et al. (2017) 9 159 4 83 S 0.01[-0.05, 0.06] 4.61
Petrella et al. (2013) 7 26 16 12 — &% —— -0.36 [ -0.59, -0.13] 0.90
Phelan et al. (2018) 23 106 24 104 —— -0.01[-0.10, 0.09] 3.1
Poston et al. (2015) 160 469 172 479 E 3 -0.01[-0.06, 0.04] 4.93
Renault et al. (2014) 6 97 7 127 - 0.01[-0.05, 0.06] 4.47
Roeder et al. (2019) 9 35 15 43 —&—  -0.05[-0.22, 0.11] 1.55
Sadiya et al. (2022) 10 20 19 14 —— -0.24[-0.48, -0.00] 0.85
Sartorelli et al. (2022) 14 22 14 21 —&———-0.01[-0.24, 0.22] 0.92
Simmons et al. (2017) 18 74 19 81 —i— 0.01[-0.11, 0.12] 259
Van Horn et al. (2018) 7 126 9 118 . -0.02[-0.08, 0.04] 4.48
Vesco et al. (2014) 6 50 7 51 —i— -0.01[-0.13, 0.10] 2.47
Vinter et al. (2011) 9 141 8 146 E 0.01[-0.04, 0.06] 4.78
Wang et al. (2015) 23 111 33 105 —i— -0.07[-0.16, 0.03] 3.07
Overall & -0.03 [ -0.06, -0.01]

Heterogeneity: 12 = 0.00, |> = 58.69%, H*> = 2.42
Test of 6, = 8: Q(33) = 77.18, p = 0.00
Testof 8 =0: z=-2.90, p = 0.00

Random-effects REML model

Favors diet and physical activity | Favors control

Fig. 4 The effects of antenatal combined diet and physical activity intervention on GDM prevention

77.04%; Fig. 7) or those with overweight and obesity (risk
difference 0.00, 95% CI—0.04 to 0.04; I* 0.03%; Fig. 8).

Narrative synthesis

It was not possible to conduct a meta-analysis for one
study that used a multidisciplinary approach interven-
tion. Therefore, data has been synthesised narratively.
The study reported GDM as a primary outcome in
pregnant women with increased BMI (> 25 kg/m?) and

the intervention resulted in a significant reduction in
the incidence of GDM (n=4, 6% vs. n=17, 29%, OR
0.17, 95% CI 0.03-0.95, p=0.04) [75].

Publication bias

There was no evidence of small study effects for any
intervention except antenatal combined diet and PA
interventions (p <0.05), which may signal publication
bias (Additional file 1: Figure A1, Table A7).
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Treatment ~ Control Risk Diff. Weight
Study Yes No Yes No with 95% Cl (%)
Al Wattar et al.(2019) 84 363 124 373 —+ 0.07[-0.12, 0.02] 17.08
McCarthy et al. (2016) 37 148 35 146 —— 0.01[-0.07, 0.09] 10.79
Okesene-Gafaetal. (2019) 30 66 23 77 ——&—— 0.08[-0.04, 0.21] 598
Phillips et al. (2019) 8 5 6 5 —&——  0.04[-007, 0.16] 6.98
Simmons et al. (2017) 2% 80 19 81 ——&——  006[-0.06, 0.17] 696
Thornton et al. (2009) 1 106 19 97 —— -0.07[-0.15, 0.02] 10.10
Walsh et al. (2012) 7 33 9 362 | | -0.00[ 003, 002 2487
Wolff et al. (2008) 0 8 3 64— —— 0.11[-023, 0.01] 6.42
Zhang et al. (2019) 45 155 43 157 —a— 001007, 009] 1083

Overall < 001005, 0.02)

Heterogeneity: 12 = 0.00, I* = 48.72%, H? = 1.95
Test of 6, =6 Q(8) = 15.43, p=0.05
Testof 6=0:2=-0.81,p=042

Random-effects REML model

Fig. 5 The effects of antenatal diet only intervention on GDM

prevention

Treatment  Control Risk Diff. Weight
Study Yes No Yes No with 95% CI (%)
Bisson et al. (2015) 3 21 5 19 —— -0.08[-0.29, 0.13] 4.42
Callaway et al. (2010) 5 17 3 16 —_— 0.07[-0.17, 0.31] 3.52
Daly et al. (2017) 25 18 21 22 ——&——  009[-0.12, 0.30] 4.41
Garnaes et al. (2016) 5 33 8 28 — -0.09[-0.26, 0.08] 5.98
Guelfi et al. (2016) 3 50 34 51 —— 0.00[-0.14, 0.15] 753
Kong et al. (2014) 117 1 18 —a— 0.00[-0.14, 0.15] 7.68
Oostdam et al. (2012) 7 42 11 4 —— -0.07[-0.22, 0.08] 7.52
Rakhshani et al. (2012) 1 28 6 24 —— -0.17[-0.32, -0.01] 6.87
Renault et al. (2014) 2 123 7 127 . -0.04[-0.08, 0.01] 20.74
Seneviratne et al. (2016) 4 33 2 35 —— 0.05[-0.07, 0.18] 9.52
Simmons et al. (2017) 21 78 19 81 —— 0.02[-0.09, 0.13] 10.79
Wang et al. (2017) 29 103 54 79 —— -0.19( -0.30, -0.08] 11.01
Overall <* -0.04[-0.09, 0.01]

Heterogeneity: 12 = 0.00, I = 38.76%, H* = 1.63
Testof 6= 6; Q(11) = 16.41, p = 0.13
Testof 8 =0:z=-1.57, p=0.12

Random-effects REML model

Favors physical activity | Favors control
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Fig. 6 The effects of antenatal physical activity only intervention

on GDM prevention
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Discussion

This review aimed to evaluate the effectiveness of pre-
conception and pregnancy interventions in reducing
GDM among women at increased risk. The findings
from the meta-analysis showed that GDM was reduced
using combined diet and PA, inositol and vitamin D sup-
plementation in women identified in early pregnancy as
higher risk. The effect was greatest with the dietary sup-
plements. In a sub-group analysis, diet and PA interven-
tions were most effective in women with multiple GDM
risk factors while in pregnant women living with over-
weight and obesity, inositol was effective. The results
were limited by high levels of heterogeneity between
the included studies, while some studies were not suffi-
ciently powered to detect a difference in GDM. Addition-
ally, there was a lack of preconception studies.

Whilst this analysis showed that the use of antenatal
combined diet and PA intervention modestly reduced
the risk of GDM when higher risk women were recruited,
this same approach did not appear effective when higher
BMI was considered the sole risk factor. These findings
are consistent with a meta-regression examining mod-
erators of intervention effectiveness for preventing GDM;
it showed that behavioural interventions in populations
with higher risk of GDM demonstrated greater effec-
tiveness, but also highlighted that BMI before or in early
pregnancy was not related to the effect size of the inter-
vention [109]. This suggests that BMI stratification alone
is not an effective strategy for either risk prediction or
response to intervention [109]. Conversely, the current
review showed that using a targeted recruitment strat-
egy that includes multiple risk factors for GDM helped
maximise the effectiveness of a combined diet and PA

(B)
Treatment Control RiskDif.  Weight
Study Yes No Yes No with 96%Cl (%)
Brinketal.(2018) 10 14 16 9 022[-050, 005 .17
Valdésetal. (2016) 18 30 16 47 0.12[-005, 030] 5483

——
_I_
Overal i
Heterogeneity: 12=0.05, 1= 77.04%, He= 4.35
Testof6,=6, (1) =4.35,p=04
Testof6=0:2=-0.20,p=084

03[ 037, 030

Favors metformin | Favors control

Random-gffects REML model

Fig. 7 The effects of antenatal interventions A diet and physical activity B metformin on GDM prevention in women who had more than single risk

factor
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Treatment  Control Risk Diff. Waight
Study Yes No Yes No with 95% CI (%)
Diet and physical activity
Bogaerts et al. (2013) 16 118 7 56 —- 0.01[ -0.08, 0.10] 2.48
Brunoc et al. (2017) 13 56 23 39 - = -0.18[ -0.33, -0.03] 1.49
Ding et al. (2021} 25 789 42 69 —— -0.14[ -0.26, -0.02] 1.94
Dodd et al. (2014) 148 932 120 953 [ | 0.03[ -0.00, 005] 4.11
Eslami ot al. (2018) 15 55 17 53 —— -0.03[ -0.17, 0.11] 1.66
Ferrara et al. (2020} 16 179 16 178 L -0.00[ -0.08, 0.05] 3.50
Gallagher et al. (2018) 10 87 & 93 - 0.04[ -0.03, 0.12] 283
Gonzalez-Plaza et al. (2022) 10 53 12 43 —;— -0.06[ -0.20, 0.08] 1.62
Herring et al. (2015) 1 26 1 28 —— 0.00[ -0.09, 0.10] 2.43
Kennelly et al. (2018) a7 204 38 221 g 0.01[ -0.05, 0.08] 3.30
Liu et al. (2021) 8 104 13 92 - -0.05[ -0.13, 0.03] 286
Motahari-Tabari et al. (2021) 3 87 20 47 —_— -0.26[ -0.38, -0.14] 1.99
Parat et al. (2019) 34 98 3 97 —_— -0.03[ -0.14, 0.08] 223
Peccei ot al. (2017) 9 159 4 83 L 3 0.01[ -0.05, 0.08] 3.47
Petrella et al. (2013) 7 =26 16 12 — @ —— -0.36[ -0.59, -0.13] 0.80
Phelan et al. (2018) 23 106 24 104 —;- -0.01[ -0.10, 0.08] 249
Poston et al. (2015) 160 469 172 479 [ ] -0.01[ -0.06, 0.04] 3.66
Sartorelli et al. (2022) 14 22 14 21 —.— -0.01[ -0.24, 0.22] 0.82
Van Horn et al. (2018) 7 126 3 118 = -0.02[ -0.08, 0.04] 3.39
Vesco et al. (2014) 6 50 7 51 S -0.01[ -0.13, 0.10] 2.04
Vinter et al. (2011) 9 141 8 148 0.01[ -0.04, 0.06] 357
Heterogenaity: T = 0.00, I' = 51.50%, H' = 2.06 r -0.02[ -0.05, 0.00]
Test of 8 = 8;: Q(20) = 45.27, p = 0.00
Diet only
McGarthy et al. (2016) a7 148 35 146 - 0.01[ -0.07, 0.08] 280
Phillips et al. (2019) 8 51 6 59 - 0.04[ -0.07, 0.16] 212
Thomton et al. (2009) 11 105 18 97 B -0.07[ -0.15, 0.02] 270
Wolff et al. (2008) o 23 3 24 —— 011 -0.23, 0.01] 200
Zhang et al. (2019) 45 155 43 157 0.01[ -0.07, 009] =281
Heterogeneity: T = 0.00, I' = 22.43%, H = 1.29 t -0.02[ -0.07, 0.03]
Test of 8 = 8;: Q(4) = 5.67, p = 0.22
Inositol
D'Anna et al. (2015} 15 92 38 71 —;— -0.20[ -0.31, -0.08] 214
Esmasilzadeh et al. (2022} 3 24 11 18 —.— -0.27 [ -0.48, -0.08] 0.91
Santamaria et al. (2016) 11 84 28 74 —-— -0.16 [ -0.27, -0.05] 2.21
Vitale et al. (2021) 9 101 24 89 -0.13[ -0.22, -0.04] 257
Heterogenaity: T = 0.00, I = 0.01%, H' = 1.00 t 0.7 [ -0.22, -D.11]
Test of @ = 8;: Q(3) = 1.77, p = 0.62
Metformin
Chiswick et al. (2015) 26 116 36 117 —-— -0.05[ -0.14, 0.04] 254
Dodd et al. (2019) 72 184 62 196 -l 0.04[ -0.03, 0.12] 295
Sales et al. (2018) 13 B9 16 66 —;— -0.04[ -0.15, 0.08] 204
Syngelaki et al. (2016) 25 177 22 173 0.01[ -0.05, 0.07] 3.26
Heterogeneity: T' = 0.00, I = 0.03%, H' = 1.00 T 0.00[ -0.04, 0.04]
Test of @ = 8;: Q(3) = 2.83, p = 0.42
Physical activity only
Bisson et al. (2015) 3 =1 5 18 — - -0.08[ -0.29, 0.13] 0.3
Callaway et al. (2010) 5 17 3 18 N 0.07[ -0.17, 0.31] 075
Daly et al. (2017) 25 18 21 22 —.— 0.08[ -0.12, 0.30] 0.93
Garnges et al. (2016) 5 as & =28 —_— -0.08 [ -0.26, 0.08] 1.24
Kong et al. (2014) 1 17 118 o 0.00[ -0.14, 0.15] 156
Senaviratne et al. (2016) 4 33 2z as —.— 0.05[ -0.07, 0.18] 1.81
Wang et al. (2017} 28 108 54 79 —— -0.19[ -0.30, -0.08] 218
Heterogenaity: T = 0.01, I = 49.46%, H = 1.98 ’ -0.03[ -0.12, 0.05]
Test of @ = 8;: Q(6) = 12.22, p = 0.06
Probiotic
Callaway et al. (2019) 38 188 25 179 E 3 0.06[ -0.01, 0.13] 311
Halkjzer et al. (2020) 4 =1 2 22 o= 0.08[ -0.10, 0.26] 1.16
Pellonperd et al. (2019} 73 118 72 115 -0.00[ -0.10, 0.08] 242
Heterogeneity: T = 0.00, I = 0.00%, H = 1.00 t 0.04[ -0.01, 0.10]

Testof 8 = 8;: Q(2) = 1.31, p = 0.52

Fig. 8 The effects of antenatal interventions including diet only, physical activity only, diet and physical activity, metformin, inositol and probiotic
on GDM prevention when body mass index was considered as the only risk factor

intervention. Given the limited number of studies avail- needed to examine targted interventions particularly in

able (n=3) and the high risk of bias associated with women with multiple risk factors.

these studies, we still lack certainty and more research is The current review found that antenatal interventions
using inositol in higher-risk women, including those
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Treatment  Control Risk Diff. Weight
Study Yes No Yes No with 95% CI (%)
Amaefule et al. (2022) 14 8 13 86 : 3 001[-0.09, 0.11] 11.63
Celentano et al. (2018) 2% 79 32 20 i -0.37[ 052, -0.21] 10.61
D'Anna et al. (2013) 6 93 15 83 ki -0.09(-0.18, 0.01] 11.76
D'Anna et al. (2015) 15 92 3% 71 E 5 -0.20[ -0.31, 0.09] 11.40
Esmaeilzadeh et al. (2022) 3 24 11 18 —— 0.27[-0.48, -0.06] 9.47
Farren et al. (2017) 28 92 22 98 . 0.05[-0.05, 0.15] 11.53
Matarrell et al. (2013) 2 33 27 1 —- -0.65(-0.82, 0.49] 10.47
Santamaria et al. (2016) 1 84 28 74 . o -0.16[ 0.27, 0.05 11.45
Vitale et al. (2021) 9 101 24 89 E 3 -0.13[-0.22, 0.04] 11.69

Overall > -0.19 -0.33, -0.06]

Heterogeneity: 12 = 0.04, I2 = 92.19%, H?= 12.80
Test of 6, = 6: Q(8) = 72.39, p = 0.00
Testof 6 =0:z=-2.78, p=0.01

Favors inositol | Favors control

Random-effects REML model

Fig. 9 The effects of antenatal inositol supplementation on GDM
prevention

Treatment  Control Risk Diff. Weight

Study Yes No Yes No with 95% CI (%)
Ajmani and Sircar. (2020) 2 uxne —E— 0.19[-031, -007] 4068
Corcoy etal. (2020) 15 60 17 49 ——  -006[-020, 0.08] 3394
Shahgheibi, Farhadifar and Pouya. (2016) 5 39 15 28 —fl—— 024[ 041, -0.06] 2538
Overall -~ -0.16[ -0.25, -0.06]

Heterogeneity: 12=0.00, I = 32.27%, H*=1.48
Testo! 8,=6; Q(2)=300,p=022
Testof8=0:2=-3.07,p=0.00

Favors vitamin D | Favors control

Random-effects REML model
Fig. 10 The effects of antenatal vitamin D supplementation on GDM
prevention

Treatment  Control Risk Diff. Weight

Study Yes No Yes No with 95% CI (%)
Basuetal (2021) 3 19 5 18 ——R——-008[-030, 0.14] 2013
Zhangetal. (202) 4 44 12 3B e -0.16( -0.30, -0.01] 7087
Overall s g 0.13(-0.25, -0.02]

Heterogeneity: 12=0.00, = 0.01%, H =1.00
Testof 6,=8; Q(1) =032, p=057
Testof6=0:z=-221,p=0.03

Favors fibre | Favors control

Random-effects REML model
Fig. 11 The effects of antenatal fibre supplementation on GDM
prevention

with increased BMI as a sole risk factor, were effec-
tive in reducing GDM. This correlates with findings of
a recent meta-analysis of inositol interventions in preg-
nant women living with overweight and obesity [110].
The insulin-mimetic effects of myo-inositol or its iso-
mers are thought to be related to the production of ino-
sitol glycan secondary messengers, resulting in improved
glycogen synthesis and glucose peripheral tissue uptake
[111, 112]. Moreover, a deficit in intracellular d-chiro-
inositol (DCI) has been observed in women with PCOS
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Treatment ~ Control Risk Diff. Weight

Study Yes No Yes No with 95% CI (%)
Callaway et al. (2019) 38 169 25 179 —— 0.06( -0.01, 0.13] 3831
Halkjeer et al. (2020) 4 N 2 2 ——=——  008[010,026 560
Okesene-Gafa et al. (2019) 28 77 2% 6—#— 0.01[-0.13, 0.12] 11.83
Pellonpera et al. (2019) 73 119 72 115 + -000[ 010, 0.09] 19.22
Shahriari et al. (2021) 101 140 107 159 —J— 0.02[ 007, 0.10] 25.04
Overall 4 0.03[ -0.01, 0.07)
Heterogeneity: 2= 0.0, = 0.01%, H*=1.00

Testof 6,= 6; Q(4) = 1.96,p=0.74 Favors probiotic | Favors control

Testof0=0:2=1.37,p=0.17

Random-effects REML model
Fig. 12 The effects of antenatal probiotics supplementation on GDM
prevention

Treatment ~ Control Risk Diff. Weight
Study Yes No Yes No with 95% CI (%)
Begum et al. (2009) 1 28 9 21 —&— -0.27[-0.44, -0.09] 329
Brink et al. (2018) 10 14 16 9 ———r -0.22[-0.50, 0.05] 1.41
Chiswick et al. (2015) 26 116 36 117 —IT -0.05[-0.14, 0.04] 11.09
Dodd et al. (2019) 72 184 62 196 -+ 0.04[-0.03, 0.12] 1568
Jamal, Milani and Al-Yasin. (2012) 3 3% 6 29 —l}— -0.09[-0.24, 0.07) 422
Lowvik et al. (2019) 39 199 35 205 E 3 0.02[-0.05, 0.08] 2030
Sales et al. (2018) 13 69 16 66 —l:— 0.04[-0.15, 0.08] 7.27
Syngelaki et al. (2016) 25 177 22 173 E 3 0.01[-0.05, 0.07] 20.99
Valdés et al. (2018) 1830 16 47 - 0.12[-0.05, 0.30] 3.40
Vanky et al. (2004) 6 12 3 19 = 0.20[-0.06, 0.46] 1.54
Vanky et al. (2010) 22 103 21 103 - 0.01[-0.09, 0.10] 10.81
Overall ¢ -0.00[ 0.04, 0.03]

Heterogeneity: 12 = 0.00, I’ = 8.82%, H? = 1.10
Test of 6, = 6; Q(10) = 19.58, p = 0.03
Testof 6=0:2=-0.22, p=0.82

Favors metformin | Favors control

Random-effects REML model
Fig. 13 The effects of antenatal metformin intervention on GDM
prevention

and overweight or obesity, resulting in impaired coupling
between insulin action and the release of d-chiro-inosi-
tol-containing inositolphosphoglycan (DCI-IPG) that
acts as an insulin mediator and sensitizer [113]. Although
further studies of pregnant women with overweight and
obesity are required to confirm inositol effectiveness,
our analysis suggests that inositol supplementation may
reduce the incidence of GDM among pregnant women at
increased risk, regardless of the factors used in the risk
assessment.

The present meta-analysis also suggests a preventative
effect of antenatal vitamin D supplementation on GDM
risk, and Cochrane reviews have also previously provided
evidence for this possible benefit [11]. Several mecha-
nistic pathways elucidating an influence of vitamin D on
glucose homeostasis and GDM development have been
described which impact upon metabolic markers includ-
ing blood glucose concentrations, insulin resistance and
inflammatory biomarkers [114—116]. Given that only
three studies were identified in the current review that
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used vitamin D interventions, there is a need for further
well-designed trials using larger cohorts among pregnant
women identified as high-risk.

No effect of probiotics on the development of GDM in
higher-risk women was found, consistent with the results
of a Cochrane review [11]. However, in contrast, a recent
meta-analysis (n=10) showed a significant reduction
of GDM with probiotic supplementation in the general
antenatal population [117]. Furthermore, metformin was
not found to be effective in preventing GDM in higher
risk pregnant women. This is consistent with a previ-
ous meta-analysis in which the use of metformin started
at conception or before 20 weeks of pregnancy did not
reduce GDM when BMI was the only risk factor, or
another selective risk assessment strategy such as PCOS
and/or PIR was used [39]. A Cochrane systematic review
of metformin use to prevent the development of type 2
diabetes mellitus (T2DM) (n=20 RCTs) in individuals
at increased risk supported efficacy in prevention (with
or without behavioural interventions) when taken over a
minimum of at least a 1-year [118]. This may imply that
given the relatively short period of gestation, women at
increased risk might benefit from metformin interven-
tion if commenced during the preconception period.
Moreover, our analysis highlights the limited evidence for
metformin interventions (n=2) in women with multiple
risk factors, and the significant heterogeneity between
them. Again, further research is needed as a potential
effect of prolonged preconception metformin use in pre-
venting GDM in such a population cannot be discounted.

Several different approaches for the identification of
women at higher risk were utilised in the included stud-
ies for this review. Notably, only one study used a vali-
dated tool to identify risk while five studies intervened
in women with >2 GDM risk factors. Our finding that
interventions with women who had multiple risk factors
reduced GDM prevalence supports the use of multiple
risk factor clustering or validated tools to screen for risk
of GDM. One such tool for identifying which women
living with obesity are at higher risk of GDM develop-
ment early in pregnancy has been developed [119] and
is currently being validated. Better identification of risk
amongst women with obesity, most of whom will not
develop GDM, should facilitate interventions to be tar-
geted at those most likely to benefit [119].

This review highlights the paucity of interventions tar-
geting higher risk women in the preconception period,
mirroring a lack of interventions globally in individuals
preparing for pregnancy [120]. Moreover, we found no
evidence of benefit of preconception behavioural inter-
ventions on the development of GDM in the two iden-
tified studies. The current interest in the importance of
improving preconception health has stimulated recent

Page 11 of 16

attempts [121]. NiPPeR, a double-blind multicentre
RCT in healthy women planning pregnancy, examined
the effect of a nutritional formulation containing myo-
inositol, probiotics, and multiple micronutrients taken
preconception and throughout pregnancy, on gestational
glycaemia and preterm delivery [17]. Whilst preterm
delivery was reduced, there was no effect on the preva-
lence of GDM [17]. Additionally, NiPPeR did not dem-
onstrate any benefit of the intervention in women with
overweight or obesity or those with documented dysgly-
caemia; however, the trial was not powered to detect dif-
ferences between subgroups [17]. Appropriately designed
RCTs which encompass behavioural, supplementation
and pharmacological interventions in high-risk women
contemplating pregnancy are needed to evaluate the role
of these interventions at the population level.

Strengths and limitations

To date, this study represents the largest review on this
subject, with the inclusion of recently published stud-
ies targeting higher risk antenatal populations. A robust
comprehensive search strategy was utilised using well-
defined eligibility criteria. The screening, risk of bias
assessment and data extraction were performed indepen-
dently in duplicate. However, meta-analyses were limited
by the quality and methodological variability of studies
available. There was considerable variation in criteria for
risk stratification and the gestational age at which the
intervention was introduced across the trials. The inclu-
sion of studies using different GDM diagnostic crite-
ria may also have contributed to heterogeneity between
studies. Due to the limited number of studies in women
with multiple risk factors, a subgroup analysis compris-
ing other types of intervention (e.g., diet only, PA only,
dietary supplements, preconception interventions) could
not be performed. Potential publication bias for com-
bined diet and PA intervention effects was found. There-
fore, the interpretation of the findings is limited by the
possible bias from selective reporting. Moreover, exclu-
sion of non-English studies may contribute to publication
bias.

Recommendations for further research and practice

Further large-scale studies are needed, with higher meth-
odological quality in women with multiple risk factors
for GDM to determine if interventions, whether behav-
ioural, dietary supplement or pharmacological, are more
effective in reducing GDM and improving other related
pregnancy outcomes than unselected population-based
approaches or a single risk factor strategy. Future studies
in the preconception period should consider risk strati-
fication to identify women who may derive greater ben-
efit. We report here that a variety of strategies were used
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to identify women at risk of GDM. Validation of groups
of risk factors or predictive tools to identify high-risk
populations should therefore be considered to harmonise
risk assessment and develop effective preventative inter-
ventions to improve maternal and infant health in those
women who would benefit the most.

Conclusion

This study suggests that identification of women at high-
risk of developing GDM in early pregnancy and targeted
intervention using combined diet and physical activity,
inositol or vitamin D reduces GDM, indicating that a tar-
geted approach provides a promising strategy. The results
should be interpreted with caution due to differences in
risk stratification strategies, diagnostic criteria for GDM,
gestational age for intervention, and in intervention
design. Further RCTs using validated prediction tools or
multiple risk factors to target high-risk women for inter-
ventions before and during pregnancy are required.
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