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Abstract

Aims/hypothesis There is no clear consensus regarding accurate risk stratification in early pregnancy for later developing
gestational diabetes mellitus (GDM). Therefore, this study aims to evaluate the predictive performance of an OGTT and
several biomarkers in the first trimester of pregnancy. Their association with insulin action, beta cell function and require-
ment for insulin were additionally assessed.

Methods In this prospective cohort study, we included 657 pregnant women in six Central European centres. Patient his-
tory and anthropometric data were obtained, a blinded 75 g OGTT was performed and biochemical markers were assessed
at a median gestational age of 13.4 weeks (IQR 12.7-14.1). Another OGTT was performed in later pregnancy to identify
women with GDM. A detailed investigation of glucose homeostasis was performed at both visits in a subgroup of women.
Results Eighty-three women (12.6%) developed GDM. Progression to GDM was fairly well predicted by glucose concentra-
tions during the early OGTT in terms of areas under the receiver operating characteristic curves (OGTT glucose at fasting:
0.68; OGTT glucose at 60 min: 0.74; OGTT glucose at 120 min: 0.72). Some biomarkers showed significant but modest
predictive accuracy. Early gestational OGTT glucose concentrations were further associated with impaired insulin sensitivity
and beta cell dysfunction, as well as the requirement for insulin in later pregnancy.

Conclusions/interpretation Although the accurate diagnosis of GDM before 24 weeks remains an ongoing discussion,
dynamically assessed glucose concentrations during an early OGTT were closely associated with impaired glucose homeo-
stasis and showed good predictive accuracy for later development of GDM as well as the requirement for insulin. These
findings may be used to develop a protocol to distinguish between low- and high-risk mothers.

Trial registration ClinicalTrials.gov NCT02035059

Keywords Biomarkers - Early pregnancy - First-trimester screening - Gestational diabetes mellitus - OGTT - Risk
stratification
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What is already known about this subject?

e  While identification of women at particularly high risk for gestational diabetes mellitus (GDM) may be beneficial
even before 24 weeks of gestation, there is currently no clear consensus regarding an accurate strategy for risk

stratification in early pregnancy

What is the key question?

e (Can later GDM development be predicted by early gestational OGTT values and biomarkers?

What are the new findings?

e Early 75 g OGTT concentrations were closely associated with impaired glucose homeostasis, and are superior to
other biochemical parameters for the prediction of later development of GDM

How might this impact on clinical practice in the foreseeable future?

e An OGTT may be used for risk stratification in early pregnancy; however, future studies are necessary to identify
subgroups who may benefit from treatments or interventions at this early stage of gestation

Abbreviations

AUROC Area under the receiver operating characteristic
curve

Gestational diabetes mellitus

Large for gestational age

Normal glucose-tolerant

Placental growth factor

Small for gestational age

GDM
LGA
NGT
PIGF
SGA

Introduction

International guidelines recommend testing for gestational
diabetes mellitus (GDM) in the late second trimester by use
of a 75 g OGTT [1, 2]. While the identification of women
with particularly high risk may be beneficial even before
24 weeks of gestation, there is currently no clear consen-
sus on an accurate strategy for risk stratification in early
pregnancy [3, 4]. In 2010, the International Association of
Diabetes in Pregnancy Study Groups (IADPSG) consensus
panel recommended that ‘early’ GDM should be recognised
if fasting glucose is equal to or above 5.1 mmol/l (92 mg/
dl) [1]. Later, some investigators claimed that there is insuf-
ficient data ‘to confidently recommend’ glucose thresholds
for GDM diagnosis in the early gestational period [5]. Since
an international multicentre study showed modest advan-
tages of treating high-risk women with abnormal OGTT in
early pregnancy [6], various healthcare organisations have
updated their screening guidelines based on the latest evi-
dence, although the specific recommendations sometimes
differ [7, 8]. While the definition of ‘early’ GDM and the
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criteria for screening remain the subject of ongoing debate,
glucose levels (fasting or during OGTT) in early pregnancy
have been shown to be associated with impaired glucose
metabolism [9, 10] and are therefore regarded as a risk fac-
tor for the later development of GDM [3, 11] as well as
other adverse clinical outcomes [12]. Likewise, a number of
routine biochemical markers, such as serum lipids, as well
as other biomarkers (e.g. adipokines, lipocalins, placental
hormones or glycated serum proteins), have been found to be
associated with impaired glucose metabolism, and some of
them showed promising predictive accuracy for later devel-
opment of GDM, independently of or in addition to OGTT
glucose concentrations [3, 13—19]. However, the prognostic
accuracy of early OGTT testing, in combination with prom-
ising biomarkers, has been less well investigated.

Therefore, the present study aimed to evaluate and com-
pare the predictive performance of a 75 g OGTT and sev-
eral biochemical markers at the start of pregnancy for GDM
progression. The associations with parameters of glucose
homeostasis, such as insulin sensitivity and beta cell func-
tion, as well as with the requirement for insulin, were also
determined.

Methods

Study design and participants This prospective cohort study was
conducted at six centres in Switzerland, Germany and Austria,
and therefore represents a Central European population. The
study protocol has been previously reported elsewhere [20].
The main study was registered under www.ClinicalTrials.gov
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(NCT02035059), and comprised 829 women who were recruited
when attending the six Obstetrics and Prenatal Medicine outpa-
tient departments for first-trimester screening. The recruitment
period started in 2014 in Basel and in 2016 for the other study
centres, and lasted until 2019. After excluding 172 women for
various reasons (Fig. 1), 657 pregnant women remained (Aarau:
n=45; Basel: n=270; Zurich: n=45; Vienna: n=198; Salzburg:
n=39; Freiburg, n=060). Exclusion criteria were pre-existing dia-
betes, chronic infectious diseases (such as hepatitis or HIV infec-
tion), chronic kidney, liver or heart disease, or history of bariatric
surgery or treatment with glucose-lowering medications (such as
metformin) at study entry. Patients with fetal genetic, chromo-
somal or morphological abnormalities that required further clari-
fication were not included. In contrast to a previously published
secondary analysis of the same study, which was conducted on
636 women [21], in the current analysis we also included 13
patients with incomplete baseline OGTT data, as well as eight
patients with incomplete late OGTT results but with pathological
values, to maximise data utilisation. In the majority of the latter
patients, the OGTT was discontinued after a diagnosis of GDM
was established based on fasting glucose levels. The ‘early’
2h 75 g OGTT was performed at a median gestational age of
13.4 weeks (IQR 12.7-14.1); participants and doctors were
blinded to the test results. Unblinding was performed if fasting
or 2 h post-load glucose levels were >7.0 mmol/l (126 mg/dl)
or 11.1 mmol/l (200 mg/dl), respectively. These patients were
excluded from the study and appropriately treated thereafter.
Pre-gestational BMI, ethnicity, maternal age, obstetric history
and parity, as well as family history of diabetes and history of
GDM in previous pregnancy, were additionally assessed. We
performed a laboratory examination on fasting samples at the

Participants enrolled
(n=829)

baseline visit to assess the biochemical markers insulin, triglyc-
erides/triacylglycerols, HDL-cholesterol, adiponectin, lipoca-
lin-2, placental growth factor (PIGF) and vitamin D, as well as
glycated serum proteins (glycated fibronectin, glycated albumin
and fructosamine). A second ‘diagnostic’ 2 h 75 g OGTT was
performed at a follow-up visit between 24 and 28 weeks of ges-
tation, whereby the patients were classified as having GDM
if the fasting, 60 min or 120 min glucose concentration was
>5.1 mmol/l1 (92 mg/dl), >10.0 mmol/l1 (180 mg/dl) or
>8.5 mmol/l (153 mg/dl), respectively. However, in 74 instances,
the second examination was performed outside this time range.
The median time for OGTT testing was 25.4 weeks (IQR 24.6—
26.1). All women diagnosed with GDM received medical nutri-
tion therapy and lifestyle advice for 30 min, and were advised
on capillary blood glucose monitoring. In line with local and
international guidelines, insulin was indicated if either fasting
or 1 h postprandial glucose exceeded 5.3 mmol/l (95 mg/dl) or
7.8 mmol/l (140 mg/dl), respectively, for more than two meas-
ures in a period of 1 week [22, 23]. The study participants were
followed-up until delivery to assess pregnancy outcomes, such
as birthweight and Caesarean section rate. Birthweight percen-
tiles were calculated based on international standards [24]. Large
for gestational age (LGA) and small for gestational age (SGA)
were defined as birthweights above or below the 90th and 10th
percentiles, respectively.

Laboratory analyses For the OGTT, plasma glucose was
measured by the automated colorimetric—enzymatic method
(hexokinase/glucose 6-phosphate-dehydrogenase). For a
more detailed investigation of glucose metabolism, HbA .
as well as insulin and C-peptide during the OGTT (at fasting

4 Excluded (n = 76): )
> Incomplete fulfilment of inclusion
A\ 4 criteria, early OGTT performed >15+0
4 ) weeks, missing early OGTT
Participants with early OGTT
(n=753) Ve ~N
~ 4 R Excluded (n = 69):
3 > Late OGTT with lower glucose load,
- ~ missing late OGTT
Participants with late OGTT . J
(n=684) Ve ~
\§ J

Excluded (n = 27):

\ 4

v

Participants with complete late OGTT or
incomplete late OGTT with pathological values

- 657
\§ (n ) J

Fig. 1 Flow chart of enrolments and exclusions

Incomplete late OGTT with normal
values
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and at 60 and 120 min after the oral glucose load) were
assessed in a subgroup of participants (only women from
Vienna) at both visits. Insulin (CV 4-7%) and C-peptide
(CV 3-4%) were measured by chemiluminescence immuno-
assays. HbA . was assessed by HPLC (IFCC-standardised
and DCCT-aligned), with a CV of 1.8%.

For measurement of biochemical markers, additional
serum and plasma were taken at the fasting stage of the
75 g OGTT, spun at 3000 g at 7 min, aliquoted and stored
at —80°C. Measurements of triglycerides/triacylglycer-
ols, HDL-cholesterol, adiponectin, lipocalin-2, PIGF,
25-hydroxyvitamin D; (vitamin D), glycated albumin,
glycated fibronectin and fructosamine were performed on
the banked maternal serum samples. The samples were
thawed for analysis of the listed biomarkers. Triglycerides/
triacylglycerols and HDL-cholesterol, fructosamine and
PIGF were measured using a Roche Cobas C8000 chem-
istry analyser (Roche Diagnostics, Mannheim, Germany).
The Roche Elecsys assay was used for the analysis of PIGF.
Adiponectin, lipocalin-2, vitamin D, glycated albumin and
glycated fibronectin were measured using time-resolved
fluorescence immunoassays on an automated platform
(AutoDELFIA immunoanalyser; PerkinElmer, Turku, Fin-
land). The adiponectin assay was performed using a Ray-
Bio human adiponectin ELISA kit (RayBio, Norcross, GA,
USA) with a monoclonal capture antibody and detection
using a biotinylated antibody and HRP-conjugated strepta-
vidin. The adiponectin assay range was 25-18,000 pg/ml,
with an intra-assay CV <10%. Lipocalin-2 was measured
using a RayBio human lipocalin-2 ELISA kit (RayBio).
For monoclonal capture antibody detection, a biotinylated
antibody was added, as well as HRP-conjugated streptavi-
din. The lipocalin-2 assay range was 4-1000 pg/ml, with
an intra-assay CV <10%. Vitamin D was analysed using
a monoclonal antibody 25-hydroxy vitamin D ELISA kit
(DIAsource ImmunoAssays, Louvain-la Neuve, Belgium).
The range was 4.4-133 ng/ml, with CV <10%. Glycated
albumin was measured using a human glycated albumin
ELISA kit (Abbexa, Cambridge, UK). The test range was
18.75-1200 pmol/ml, with CV <10%. Glycated fibronectin
was analysed using a Lumella glycated fibronectin ELISA
kit (AL-160-OEM) (DiabetOmics, Beaverton, OR, USA)
using a monoclonal capture antibody and a biotinylated
Sambucus nigra antibody. Labelling was performed using
high-sensitivity HRP-conjugated streptavidin. The test range
was 50-800 pg/ml, with CV <10%. The laboratory person-
nel were blinded to the GDM status, maternal characteristics
or clinical outcomes of the participating women.

Calculations of glucose homeostasis Whole-body insulin
sensitivity was assessed using the composite index (ISI-
comp) [25]. Insulin secretion was examined by an insuli-
nogenic index calculated as AUC-I/AUC-G at 0-120 min,
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where AUC-I and AUC-G represent the AUC for insulin
and glucose, respectively [26]. The extent to which the pan-
creatic beta cells can adapt to impaired insulin action was
assessed by the insulin secretion—sensitivity index 2 (ISSI-
2), calculated as the product of ISI-comp and AUC-I/AUC-G
at 0-120 min [27].

Ethics statement The study was approved by the institu-
tional review boards of the participating centres: Basel
(EKNZ Basec-No. PB_ 2016-00611, for Basel, Aarau and
Zurich); Freiburg (EK-No. 127/16); Salzburg (EK-No. 415-
E/2014/11-2016); and Vienna (EK-No. 1079/2016). The
study was performed in accordance with the Declaration of
Helsinki, and written informed consent was obtained from
all participants.

Statistical analysis Continuous variables are summarised
using means + SD for normally distributed variables or
median and IQR for skewed distributions, and were com-
pared using Welch’s 7 test or the Wilcoxon rank-sum test as
appropriate. Categorical variables are summarised as counts
and percentages and were compared using Pearson’s X2 test.
Associations between continuous variables were examined
using Spearman’s rank correlation (p).

Associations between binary outcomes (e.g. GDM or
LGA status) and explanatory variables (such as OGTT glu-
cose and biomarkers) were assessed using binary logistic
regression. The 95% CI for the OR were calculated using
the likelihood ratio statistic, whereby the OR represents the
relative change in the odds of developing a specific disorder
(such as GDM or GDM with requirement for insulin) per 1
unit change of the respective predictor variable. Discrimina-
tion, defined as the ability of a predictor to separate pregnant
women with a disease from those without the disease, was
assessed using area under the receiver operating character-
istic curves (AUROC).

Recursive partitioning was used to derive measures of
variable importance, which were calculated as the mean
difference in predictive accuracy before and after random
permutation of the values of a predictor variable over all (i.e.
10°) random decision trees [28]. As a further approach we
used L1-regularised logistic regression (sometimes called
the least absolute shrinkage and selection operator, LASSO)
to evaluate the effect of multiple predictors on a binary out-
come (such as GDM status) and to select the most impor-
tant predictor. Thereby, the shrinkage boundary was set to
the largest value of L1 such that the cross-validated error
is within one SE of the minimum [29]. The random forest
method and L1-regularised regression were performed on
complete cases, i.e. excluding those with missing values for
main explanatory variables. This subgroup comprised 545
women (66 of whom developed GDM, of whom 21 received
insulin).
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The main analysis used the WHO 2013/IADPSG crite-
ria [1, 2], but other cut-offs were also tested in sensitivity
analyses. The first sensitivity analysis was performed after
excluding 22 women who met alternative GDM diagnosis
criteria in early pregnancy (fasting glucose >5.3 mmol/l
and/or 1 h glucose >10.6 mmol/l and/or 2 h glucose >9.0
mmol/l [30]), and those who did not meet these criteria but
had one or more missing glucose values during the early
OGTT (n=14). Of the remaining 621 women, 68 developed
GDM (17 of whom required insulin). In the second sensi-
tivity analysis, we excluded 47 women who met the WHO
diagnosis criteria (fasting glucose >5.1 mmol/l and/or 1 h
glucose >10.0 mmol/l and/or 2 h glucose >8.5 mmol/l [1,
2]) and those with one or more missing glucose values dur-
ing the early OGTT (n=14). Of the remaining 596 women,
55 developed GDM (13 of whom required insulin).

Statistical analysis was performed using R version 4.4.2,
and contributed packages (especially ‘pROC’, ‘randomFor-
est’ and ‘glmnet’, as well as ‘ggplot2’ and ‘corrplot’ for
visualisations) [31]. A two-sided p value of <0.05 was con-
sidered statistically significant, and p values were interpreted
in an explorative manner.

Sample size justification As previously reported, we esti-
mated that 748 patients were required (given a GDM preva-
lence of 10.9% and a dropout rate of 15%) for a proposed
AUC of 0.9 with a lower boundary of 0.8 (i.e. the lower limit
of the 95% Cl is >0.8) [20].

Results

Baseline characteristics of the study group A total of 83
women (12.6%) developed GDM and 574 women remained
normal glucose-tolerant (NGT). The prevalence of GDM
was not significantly different between the centres (Aarau:
8.9%; Basel: 11.5%; Zurich: 20.0%; Vienna: 14.1%; Salz-
burg: 10.3%; Freiburg: 11.7%, p=0.583). A comparison of
baseline characteristics, OGTT glucose concentrations and
biomarkers is provided in Table 1. Mothers who developed
GDM showed significantly higher pre-gestational BMI and
higher glucose OGTT concentrations at the baseline visit,
as well as elevated levels of fasting insulin, triglycerides/
triacylglycerols, glycated fibronectin and lower adiponectin.
Moreover, being of self-reported non-European descent as
well as history of GDM in a previous pregnancy were more
often observed in mothers with progression to GDM.

Associations with parameters of glucose homeostasis The
associations of baseline parameters (OGTT glucose concen-
trations and biomarkers) with whole-body insulin sensitiv-
ity, insulin secretion and beta cell function are visualised in

Fig. 2. Pre-gestational BMI, as well as fasting glucose, insulin
and glucose concentrations during the baseline OGTT, were
associated with impaired insulin action and decreased beta
cell function at both visits. Glucose levels at fasting (p: 0.32,
p<0.001) and during the OGTT (p: 0.27, p<0.001 and p: 0.25,
p<0.001, for 60 and 120 min glucose levels, respectively) were
further associated with higher HbA | at baseline. An inverse
correlation was found between maternal triglycerides/triacylg-
lycerols and insulin sensitivity and beta cell function. However,
the effect of the remaining biomarkers was modest, although
sometimes significant. The reported correlations were com-
parable between the baseline (Fig. 2a) and the follow-up visit
(Fig. 2a).

Prediction of GDM by ‘early’ OGTT glucose levels and biomark-
ers Table 2 shows the univariable association of baseline
parameters with progression to GDM. Pre-gestational BMI,
fasting glucose and insulin, both post-load OGTT glucose
concentrations, triglycerides/triacylglycerols and adiponectin
predicted progression to GDM, and the highest AUROC values
(ranging from 0.68 to 0.74) were observed for fasting and both
post-load glucose values during the OGTT. Recursive partition-
ing indicated the highest variable importance scores for glu-
cose concentration at fasting and both post-load glucose values
(Fig. 3a). These predictors were also selected by L1-regularised
regression, whereas all other predictors were excluded (i.e. were
shrunken to zero). The L1-regularised combination of fasting
and both OGTT glucose values predicted the later development
of GDM with an AUROC value of 0.75 (95% CI 0.69-0.82).

Prediction of GDM with requirement for insulin A total of
25 GDM patients required insulin (indicating a more severe
course of the disease). Table 3 shows the univariable asso-
ciation of baseline parameters with GDM and requirement
for insulin. Pre-gestational BMI, fasting glucose and insulin,
both post-load OGTT glucose concentrations, HDL-choles-
terol and adiponectin predicted progression to GDM with
requirement for insulin, and the highest AUROC values were
observed for fasting and glucose concentrations during the
OGTT (ranging from 0.71 to 0.79). Recursive partitioning
indicated the highest variable importance scores for fast-
ing and post-load glucose values (Fig. 3b). L1-regularised
regression selected fasting and OGTT glucose at 60 min as
predictors, whereas all other predictors were excluded from
the model (i.e. were shrunken to zero). The L1-regularised
combination of fasting and OGTT glucose at 60 min pre-
dicted the later development of GDM requiring insulin, with
an AUROC value of 0.85 (95% CI 0.78-0.93).

Sensitivity analyses A sensitivity analysis was performed
after excluding women who met the alternative GDM diag-
nosis criteria in early pregnancy [30]. Compared with the
entire cohort, variable importance metrics (as derived by
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Table 1 Main characteristics

- n* NGT n* GDM p value
of the study sample in early
pregnancy (n=574) (n=83)
Age (years) 574 32.1£5.1 83  32.54438 0.522
Parity >1 574 247 (43.0) 83 36434 0.953
GDM in previous pregnancy 530 18(34) 70  6(8.6) 0.038
Ethnicity® 564 79 (14.0) 80  21(26.3) 0.005
Family history of diabetes 556 165 (29.7) 79  32(40.5) 0.052
Smoking status (current smokers) 536  45(8.4) 75 6 (8.0) 0.908
Height (cm) 571 166+6.6 81 164+5.8 0.011
Weight before pregnancy (kg) 569  65.6+13.4 81  70.8+17.5 0.011
BMI before pregnancy (kg/m?) 568  23.8+4.6 81  26.2+6.1 <0.001
OGTT glucose levels (mmol/l)
0 min 572 4.40+0.39 83  4.67+0.51 <0.001
60 min 569 5.97x1.71 82  7.61+1.89 <0.001
120 min 565  4.92+1.24 82  6.21x1.72 <0.001
Insulin (pmol/l) 524 48.6(36.1-68.1) 72 58.7(43.2-100.9)  0.001
Triglycerides/triacylglycerols (mmol/l) 535  1.28+0.44 74 1.42+0.49 0.023
HDL-cholesterol (mmol/l) 535  1.73+0.37 74 1.71+0.38 0.582
Adiponectin (ug/ml) 556 8.5(5.7-13.1) 79 6.2 (5.1-10.5) <0.001
Lipocalin-2 (ng/ml) 556  45.7(23.9-91.1) 79  51.4(24.7-104.3)  0.427
PIGF (ng/l) 535  49.5+22.1 74 52.1+22.1 0.355
Vitamin D (nmol/l) 556  48.7+24.0 79  48.9+322 0.953
Glycated albumin (umol/l) 506  2.23(1.39-3.40) 72 2.13(1.18-3.07) 0.130
Glycated fibronectin (mg/dl)° 557 26.8 (21.1-33.7) 79 30.5 (24.6-36.0) 0.015
Fructosamine (umol/l) 536 244429 73 238+29 0.073

Data are means + SD or median (IQR) for continuous variables and n (%) for categorical variables for
women who remained NGT and those who developed GDM in mid-pregnancy

#The value of n varies based on the amount of missing data

"Number of participants who were not of European descent

“To convert mg/dl to pg/ml, multiply by 10

random forest analysis) revealed lower importance scores
for fasting glucose in the prediction of later GDM as well
as of GDM with the requirement for insulin, whereas both
post-load glucose values remained as the strongest predictors
(electronic supplementary material ESM Fig. 1). In another
sensitivity analysis, we excluded women who met the WHO
diagnosis criteria and had missing values for the early OGTT.
The OGTT glucose value at 60 min remained the strongest
predictor in the random forest analysis (ESM Fig. 2).

Pregnancy outcomes Women who developed GDM in later
pregnancy did not markedly differ from those who remained
NGT with regard to pregnancy outcomes. Neonatal weight
(3.4+0.5 vs 3.3+0.5 kg, p=0.150) and birthweight percentile
(60.0427.6 vs 55.6+28.0 percentiles, p=0.184), as well as the
rates of LGA (15.0 vs 12.2%, p=0.502), SGA (5.0 vs 8.5%,
p=0.188) and delivery by Caesarean section (32.0 vs 36.1%,
p=0.449) were not statistically different between the groups
(NGT vs GDM). Logistic regression identified a modest asso-
ciation of maternal pre-gestational BMI with LGA (p=0.032),
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but no significant associations were reported for early gesta-
tional glucose concentrations at fasting (p=0.862) or for either
OGTT values (60 min: p=0.276; 120 min: p=0.057).

Comment on sample size Although some of the assumptions
were not met (in particular, glucose concentrations and bio-
markers showed less favourable predictive accuracy in terms
of discrimination), an effective sample size of 657 women
(including 83 GDM patients as observed in our study) can
identify an AUROC value of at least 60.7%, compared with
the non-informative AUROC value of 50%, with a power of
90% and a two-sided a-error probability of 5%.

Discussion

This study aimed to evaluate the accuracy of glucose con-
centrations assessed during an ‘early” OGTT, in addition to
several biomarkers at the beginning of pregnancy in predict-
ing the later development of GDM. We found that fasting
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predictors of developing GDM
in mid-pregnancy Age (years) 1.0l 097,1.06  0.540 0.51 0.45,0.58
BMIPG (kg/m?) 1.09 1.04,1.13 <0.001 0.63 0.56, 0.70
OGTT glucose levels (mmol/l)
0 min 5.06 2.83,9.37 <0.001 0.68 0.61, 0.75
60 min 1.64 1.44,1.89 <0.001 0.74 0.68,0.79
120 min 1.92 1.62,2.31 <0.001 0.72 0.65,0.78
Insulin (pmol/1)* 1.90 1.29,2.79 0.001 0.62 0.55, 0.69
Triglycerides/triacylglycerols (mmol/l) 1.87 1.13,3.07 0.013 0.58 0.51, 0.66
HDL.-cholesterol (mmol/l) 0.83 0.42, 1.59 0.569 0.51 0.44, 0.59
Adiponectin (ug/ml)* 0.55 0.39,0.78 <0.001 0.62 0.55, 0.69
Lipocalin-2 (ng/ml)* 1.11 0.85, 1.46 0.443 0.53 0.46, 0.60
PIGF (ng/1) 1.01 0.99, 1.02 0.352 0.53 0.46, 0.60
Vitamin D (nmol/l) 1.00 0.99, 1.01 0.941 0.53 0.46, 0.60
Glycated albumin (umol/1)* 0.72 0.52,1.01 0.053 0.56 0.48, 0.63
Glycated fibronectin (ug/ml)* 1.48 0.80, 2.86 0.228 0.58 0.52, 0.65
Fructosamine (umol/l) 0.99 0.98, 1.00 0.069 0.57 0.50, 0.64

“Logarithmic transformation (log,) was applied

BMIPG, pre-gestational BMI
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a b
OGTT-glucose 120 min (V1) = [ ] OGTT-glucose 60 min (V1) 4 [ ]
OGTT-glucose 60 min (V1) = { ] OGTT-glucose 0 min (V1) + [ ]
OGTT-glucose 0 min (V1) =f L ] OGTT-glucose 120 min (V1) L ]
Adiponectin = { ] Triglycerides/triacylglycerols = [ ]
BMI, pre-gestational = [ ] BMI, pre-gestational 4 L ]
Triglycerides/triaclyglycerols =| [ ) HDL-cholesterol 4 [ ]
HDL-cholesterol =t [ ] Insulin 4 [ ]
Fructosamine = [} Vitamin D 4 o
Glycated albumin =t [ ] Fructosamine 4 L )
Lipocalin-2 =f L ] Adiponectin % [ ]
PIGF = ® Age 1 [ ]
Vitamin D = L ] PIGF 4 [ ]
Glycated fibronectin = [ ) Glycated albumin 4 L )
Insulin = [ ] Glycated fibronectin 4 [ ]
Age = @ Lipocalin 24~ @
0.000 0.005 0.010 0.015 0.000 0.001 0.002 0.003 0.004

Variable importance score

Variable importance score

Fig.3 Variable importance scores for biomarkers assessed in early pregnancy for the prediction of GDM (a) and GDM with the requirement for

insulin (b) in mid-pregnancy

Table 3 Univariable analysis

. ; Parameter OR 95% CI p value AUROC 95% CI
for predictors of developing
GDM in mid-pregnancy with Age (years) 101 094,110 0722 0.51 0.39, 0.64
requirement for insulin BMIPG (kg/m?) 110 104 117 <0001 067 0.55,0.79
OGTT glucose levels (mmol/l)
0 min 8.94 3.71,22.8 <0.001 0.77 0.66, 0.88
60 min 1.83 1.46,2.34 <0.001 0.79 0.70, 0.88
120 min 1.69 1.29,2.21 <0.001 0.71 0.60, 0.82
Insulin (pmol/1)* 2.29 1.25,4.05 0.005 0.66 0.55,0.78
Triglycerides/triacylglycerols (mmol/l) 2.12 0.93,4.51 0.060 0.59 0.45,0.73
HDL-cholesterol (mmol/1) 0.30 0.09, 0.96 0.049 0.59 0.47,0.71
Adiponectin (ug/ml)* 0.48 0.28, 0.80 0.005 0.67 0.55,0.78
Lipocalin-2 (ng/ml)* 1.16 0.74, 1.85 0.520 0.54 0.40, 0.68
PIGF (ng/l) 1.00 0.98, 1.01 0.691 0.51 0.40, 0.62
Vitamin D (nmol/1) 1.01 0.99, 1.02 0.068 0.51 0.39, 0.64
Glycated albumin (umol/1)* 0.64 0.38, 1.09 0.095 0.60 0.48,0.72
Glycated fibronectin (ug/ml)* 0.63 0.30, 1.59 0.267 0.46 0.34,0.58
Fructosamine (umol/l) 0.99 0.98, 1.01 0411 0.51 0.40, 0.62

“Logarithmic transformation (log,) was applied

BMIPG, pre-gestational BMI

and especially dynamically assessed glucose concentrations
during the OGTT, as well as biochemical parameters, higher
maternal triglycerides/triacylglycerols and insulin levels as
well as lower adiponectin, were significantly associated with
progression to GDM. Glucose concentrations (at fasting and
during the OGTT) were further associated with impaired
glucose homeostasis (i.e. impaired whole-body insulin
action and decreased beta cell function) and the require-
ment for insulin. To our knowledge, this is the first study

@ Springer

emphasising the role of blinded early OGTT glucose values,
in addition to fasting biochemical markers, in predicting the
later development of GDM, including a detailed assessment
of glucose metabolism at the time of the early OGTT.
While screening for undiagnosed overt diabetes at start of
pregnancy is recommended by international guidelines [2, 22],
there is actually no consensus regarding an appropriate test-
ing strategy for GDM in early gestation. In fact, the proposed
IADPSG thresholds were originally developed for the late
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second and early third trimester, and are therefore not neces-
sarily applicable for use before 24 weeks [3]. The IADPSG
threshold for fasting glucose (5.1 mmol/l, 92 mg/dl) has been
evaluated in previous studies, suggesting modest prognostic
accuracy [32-34]. The applicability of the IADPSG thresholds
for either OGTT glucose at 60 min (10.0 mmol/l, 180 mg/
dl) or 120 min (8.5 mmol/l, 153 mg/dl) before 24 weeks of
gestation is also under debate [3]. Interestingly, some previ-
ous studies suggested that fasting glucose tends to decrease
with advanced gestational age, whereas post-load glucose val-
ues tend to increase, suggesting that different thresholds are
necessary in early and late pregnancy [32, 35]. Most recently,
the Treatment of Booking Gestational Diabetes Mellitus
(TOBOGM) trial showed modest benefits in terms of adverse
neonatal outcomes (24.9 vs 30.5%), but no improvements in
pregnancy-related hypertension or lean body mass of the new-
born, when high-risk women were treated before 20 weeks of
gestation [6]. It should be mentioned that, in addition to those
with overt diabetes, patients with moderate fasting hypergly-
caemia (6.1-6.9 mmol/l) were excluded from the TOBOGM
study, and greater benefits may be identified if these patients
were included. Conversely, a secondary analysis of our study
cohort (although it was not powered for this research question)
revealed low sensitivity of the proposed WHO cut-off values
when used in early pregnancy [21]. Another study, primar-
ily focused on pregnancies in obese women, found that early
screening before 20 weeks of gestation did not improve adverse
perinatal outcomes. These outcomes included the rate of mac-
rosomia (>4000 g), primary Caesarean section, hypertensive
disorders of pregnancy, shoulder dystocia, hyperbilirubinaemia
and neonatal hypoglycaemia (assessed within 48 h after birth)
[36]. Consequently, there are still open questions regarding the
effectiveness of GDM screening in early pregnancy.

However, despite the absence of clear recommendations
for diagnostic GDM thresholds in the early gestational
period, the relevance of targeting high-risk mothers is not
negligible, as lifestyle modification has been shown to be
effective to prevent the later onset of GDM and perinatal
complications in these patients [37—40]. This underlines the
clinical importance of our study, as we found that glucose
concentrations (fasting as well as dynamically assessed)
showed good predictive accuracy for both development of
GDM and of GDM with a requirement for insulin (i.e. the
more severe course of the disease). In another study, we
observed, that among several risk markers measured in the
first trimester (including patient history and routine bio-
chemical parameters assessed in the fasting state), fasting
plasma glucose was the most relevant predictor for progres-
sion to GDM [41]. In a Chinese single-centre study, Wu
et al recently concluded that an early (although not blinded)
OGTT examination performed at a gestational age of 7-14
weeks showed effective risk stratification, which is in line
with our findings [42].

Interestingly, the results of our current study indicate
that early elevated fasting and OGTT glucose levels were
closely associated with insulin resistance and decreased beta
cell function, as well as long-term hyperglycaemia, which
may further underline their clinical importance for early risk
stratification. In this context, it is important to mention that
elevated fasting and post-load glucose levels correspond to
different pathophysiological features of impaired glucose
metabolism [43]: while increased fasting glucose is related
to impaired hepatic insulin sensitivity (i.e. the inability of
insulin to suppress gluconeogenesis in the liver), elevated
postprandial glucose levels (especially 120 min post-load
glucose concentrations) rather represent peripheral insulin
resistance in the skeletal muscle. Likewise, increased fasting
glucose is associated with an early (first phase) defect in beta
cell function, whereas increased postprandial glucose reflects
a late (second phase) beta cell dysfunction. Consequently,
a dynamic test in addition to fasting glucose assessment is
required to achieve a complete picture of altered glucose
homeostasis. In line with these considerations, multivari-
able analysis indicated improved predictive accuracy for the
combination of fasting and postprandial glucose concentra-
tions, with an AUROC value of 75%. This approach per-
formed quite well compared with previously published risk
prediction models based on patient history and fasting labo-
ratory parameters, with AUROC values between 60.7 and
76.9% [41]. Interestingly, early gestational 60 min glucose
values remained a strong predictor for the later development
of GDM and especially the requirement for insulin even
after exclusion of women who met GDM diagnostic criteria
and had one or more missing values in early pregnancy. In
this regard, previous research has suggested that the 60 min
values may reflect metabolic alterations that are not entirely
mirrored by fasting and 120 min glucose concentrations [44].
It is also worth mentioning that the 60 min glucose concen-
tration has been shown to be a good predictor for the later
development of type 2 diabetes [45-47], including in studies
on women with a prior pregnancy complicated by GDM [48].

We observed no association between early gestational glu-
cose values and whether the newborn was LGA, possibly due
to the fact that all our patients received appropriate treatment
for GDM following diagnosis after 24 weeks of gestation. This
is in line with our observation that women who developed
GDM in later pregnancy showed comparable pregnancy out-
comes to those who remained NGT. In contrast, the recent pub-
lication from the TOBOGM cohort suggested that early gesta-
tional OGTT glucose concentrations were positively associated
with LGA offspring and other perinatal complications [12].

Regarding other investigated biomarkers, we found that
lower adiponectin as well as elevated fasting insulin and
early gestational triglycerides/triacylglycerols were sig-
nificantly associated with the later development of GDM.
Likewise, these biomarkers (especially fasting insulin and
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triglycerides/triacylglycerols) showed significant asso-
ciations with impaired whole-body insulin sensitivity and
decreased beta cell function. The association of early ges-
tational dyslipidaemia with disturbed glucose metabolism
and later development of GDM was previously assessed
in other studies with comparable findings [14, 15, 49,
50]. Noteworthy, a revised triglyceride—glucose index that
includes information on fasting triglycerides/triacylglycerols
in addition to glucose, insulin and body composition was
recently proposed as a promising novel surrogate marker
of insulin sensitivity, especially in pregnant women [51].
Moreover, elevated maternal triglycerides/triacylglycerols
have been shown to be associated with adverse maternal and
fetal outcomes independently of hyperglycaemia or obesity,
emphasising the possible relevance of triglycerides/triacyl-
glycerols as a risk marker for mothers who remain NGT
during pregnancy [52, 53]. Similarly to maternal lipids,
adiponectin plays an important role in the regulation of
glucose homeostasis, as it is significantly associated with
whole-body insulin sensitivity and normal beta cell function
even in the periconceptional period [54, 55]. More specifi-
cally, circulating concentrations of adiponectin have been
assumed to be indicative of fat tissue health and quality [56].
However, despite the promising properties of adiponectin,
our study indicates that its prognostic value for diagnosis of
GDM on the basis of the IADPSG criteria is only moderate,
in line with previous observations [55]. No notable associa-
tions were found for the remaining parameters, including
lipocalin-2, PIGF, glycated albumin or glycated fibronectin.

Of note, a detailed analysis of the importance of the vari-
ous biomarkers suggested that the prognostic value of all
investigated biomarkers was inferior compared with fast-
ing and especially dynamically assessed glucose during the
OGTT at start of pregnancy. The results remained compara-
ble in two sensitivity analyses after excluding patients who
met the WHO criteria and alternative diagnostic criteria in
early pregnancy. However, the resulting lower sample sizes
should be taken into consideration when interpreting these
results. Hence, future research questions need to determine
applicable thresholds and suitable interventions for mothers
at particularly high risk in early pregnancy to prevent the
later development of GDM.

Our approach of a multicentre study in which patients and
medical staff were blinded to the test results is a clear advan-
tage, as an impact of the examination at the start of preg-
nancy on dietary and lifestyle habits can be excluded. The
detailed investigation of parameters of glucose metabolism,
although performed in a subgroup, is another advantage.
As a limitation, it should be mentioned that our study was
not designed or powered to evaluate (or validate) possible
glucose thresholds in the first trimester.

In summary, we found that an OGTT in early pregnancy can
predict the later development of GDM as well as the requirement

@ Springer

for insulin with good accuracy. The predictive performance of
glucose concentrations was better compared with other bio-
chemical parameters assessed in our study, as well as maternal
age and pre-gestational BMI. Therefore, our data support use of
the OGTT as an important tool for early gestational risk strati-
fication. Future studies are required to evaluate possible thresh-
olds and suitable interventions targeting mothers at particularly
high risk to prevent onset of GDM in later pregnancy.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-025-06517-0) contains peer-reviewed but
unedited supplementary material.

Acknowledgements The authors would like to thank C. Granado, D.
Mueller Borer and S. Abraham (University Hospital Basel, Switzer-
land) for their precious assistance in performing the study coordination,
the study visits locally and data acquisition in Basel; I. Rosicky and J.
Blaetter (Medical University of Vienna, Austria) for the study visits and
data acquisition in Vienna; and M. Kreft (University Hospital Zurich,
Switzerland). We also thank S. Rossi (University Hospital Basel, Swit-
zerland) for performing the data analysis in the prenatal laboratory in
Basel. We would also like to thank P. Husslein and W. Eppel (Medical
University of Vienna, Austria) for supporting the study in Vienna. We
offer special thanks to all families who participated in this study. Some
of the data were presented as an abstract at the 59th Annual Meeting
of the EASD in 2023.

Data availability Data are available on request from the correspond-
ing author.

Funding Open access funding provided by University of Basel. This
research was funded by the Swiss National Science Fund [SNSF grant
number 173061], the Diabetes Society Basel, Switzerland, and the Gottfried
and Julia Bangerter-Rhyner-Foundation, Bern, Switzerland. The research-
ers were independent from the funders. The funders did not influence the
analysis of data, the decision to publish or submission of the manuscript.

Authors’relationships and activities The authors declare that there are
no relationships or activities that might bias, or be perceived to bias,
their work.

Contribution statement EAH and IH made substantial contributions to the
conception of the study. Statistical analysis was performed by CSG. CSG
prepared tables and figures. EAH and CSG drafted the manuscript together.
CSG, ASR, MK, MTB, TF contributed to acquisition and interpretation
of the data and critically reviewed the content. HI-B, LW, ED, HS, DE,
GK, NO-K, EB, BW and AT helped with acquisition of the data and made
important contributions to interpretation and critically reviewed the content.
All authors have given final approval of the version to be published. EAH
and IH accept full responsibility for the work and the conducted study. As
corresponding author, EAH attests that all listed authors meet authorship
criteria and that no others meeting the criteria have been omitted. LV, SVvB
and GS performed the main biomarker analyses in the prenatal laboratory
in Basel, Switzerland, HS performed the glycated fibronectin point-of-care
device analyses in Hamburg, Germany (data not shown). All authors had
full access to all the data (including statistical reports and tables) in the
study, critically reviewed the content, and take responsibility for the integ-
rity of the data and accuracy of the data analysis. EAH is the guarantor of
the study, had full access to all the data in the study, takes responsibility for
the integrity of the data and accuracy of the data analysis, and controlled
the decision to publish. EAH affirms that the manuscript is an honest, accu-
rate and transparent account of the study being reported, that no important
aspect of the study has been omitted, and that any discrepancies from the
original study protocol if relevant have been explained.


https://doi.org/10.1007/s00125-025-06517-0
https://doi.org/10.1007/s00125-025-06517-0

Diabetologia (2025) 68:2511-2522

2521

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

Metzger BE, Gabbe SG, Persson B et al (2010) International
Association of Diabetes and Pregnancy Study Groups recommen-
dations on the diagnosis and classification of hyperglycemia in
pregnancy. Diabetes Care 33(3):676-82. https://doi.org/10.2337/
dc09-1848

World Health Organization (2013) Diagnostic criteria and clas-
sification of hyperglycaemia first detected in pregnancy. World
Health Organization, Geneva, Switzerland

Huhn EA, Rossi SW, Hoesli I, Gobl CS (2018) Controversies in
screening and diagnostic criteria for gestational diabetes in early
and late pregnancy. Front Endocrinol 9:696. https://doi.org/10.
3389/FENDO.2018.00696

Raets L, Beunen K, Benhalima K (2021) Screening for gestational
diabetes mellitus in early pregnancy: what is the evidence? J Clin
Med 10(6):1257. https://doi.org/10.3390/jcm10061257
Mclntyre HD, Sacks DA, Barbour LA et al (2016) Issues with the
diagnosis and classification of hyperglycemia in early pregnancy.
Diabetes Care 39(1):53-54. https://doi.org/10.2337/dc15-1887
Simmons D, Immanuel J, Hague WM et al (2023) Treatment of
gestational diabetes mellitus diagnosed early in pregnancy. N Engl
J Med 388(23):2132-2144. https://doi.org/10.1056/NEJMoa2214
956

Benhalima K, Geerts I, Calewaert P et al (2024) The 2024 Flemish
consensus on screening for gestational diabetes mellitus early and
later in pregnancy. Acta Clin Belg 79(3):217-224. https://doi.org/
10.1080/17843286.2024.2384258

American Diabetes Association Professional Practice Committee
(2025) 15. Management of diabetes in pregnancy: standards of
care in diabetes — 2025. Diabetes Care 48(Suppl 1):S306-S320.
https://doi.org/10.2337/dc25-S015

Bozkurt L, Gobl CS, Pfligl L et al (2015) Pathophysiological
characteristics and effects of obesity in women with early and
late manifestation of gestational diabetes diagnosed by the Inter-
national Association of Diabetes and Pregnancy Study Groups
criteria. J Clin Endocrinol Metab 100(3):1113-1120. https://doi.
org/10.1210/jc.2014-4055

Lapolla A, Dalfra MG, Mello G et al (2008) Early detection of
insulin sensitivity and p-cell function with simple tests indicates
future derangements in late pregnancy. J Clin Endocrinol Metab
93(3):876-880. https://doi.org/10.1210/jc.2007-1363

Linder T, Dressler-Steinbach I, Tura A, Gobl C (2022) New devel-
opments, challenges and open questions in diagnosis and treat-
ment of gestational diabetes mellitus. J Clin Med 11(23):7197.
https://doi.org/10.3390/jcm11237197

Sweeting A, Enticott J, Immanuel J et al (2024) Relationship
between early-pregnancy glycemia and adverse outcomes: find-
ings from the TOBOGM study. Diabetes Care 47(12):2085-2092.
https://doi.org/10.2337/dc23-2214

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

. Valencia-Ortega J, Gonzélez-Reynoso R, Ramos-Martinez EG et al

(2022) New insights into adipokines in gestational diabetes mellitus.
Int J Mol Sci 23(11):6279. https://doi.org/10.3390/ijms23116279
Bao W, Dar S, Zhu Y et al (2018) Plasma concentrations of lipids
during pregnancy and the risk of gestational diabetes mellitus: a
longitudinal study. J Diabetes 10(6):487-495. https://doi.org/10.
1111/1753-0407.12563

Eppel D, Feichtinger M, Lindner T et al (2021) Association
between maternal triglycerides and disturbed glucose metabolism
in pregnancy. Acta Diabetol 58(4):459-465. https://doi.org/10.
1007/300592-020-01644-z

Rasanen JP, Snyder CK, Rao PV et al (2013) Glycosylated
fibronectin as a first-trimester biomarker for prediction of gesta-
tional diabetes. Obstet Gynecol 122(3):586-594. https://doi.org/
10.1097/A0G.0b013e3182a0c88b

Sweeting AN, Wong J, Appelblom H et al (2019) A novel early
pregnancy risk prediction model for gestational diabetes mellitus.
Fetal Diagn Ther 45(2):76-84. https://doi.org/10.1159/000486853
Bao W, Baecker A, Song Y, Kiely M, Liu S, Zhang C (2015)
Adipokine levels during the first or early second trimester of
pregnancy and subsequent risk of gestational diabetes mellitus:
a systematic review. Metabolism 64(6):756—764. https://doi.org/
10.1016/j.metabol.2015.01.013

Mendes N, Alves M, Andrade R, Ribeiro RT, Papoila AL, Serrano
F (2019) Association between glycated haemoglobin, glycated
albumin and fructosamine with neonatal birthweight and large-
for-date status infants in gestational diabetes mellitus: a prospec-
tive cohort study. J Obstet Gynaecol 39(6):768—773. https://doi.
org/10.1080/01443615.2019.1584886

Huhn EA, Fischer T, Gobl CS et al (2016) Screening of gestational
diabetes mellitus in early pregnancy by oral glucose tolerance test
and glycosylated fibronectin: study protocol for an international,
prospective, multicentre cohort trial. BMJ Open 6(10):e012115.
https://doi.org/10.1136/bmjopen-2016-012115

Huhn EA, Gobl CS, Fischer T et al (2023) Sensitivity, specific-
ity, and diagnostic accuracy of WHO 2013 criteria for diagnosis
of gestational diabetes mellitus in low risk early pregnancies:
international, prospective, multicentre cohort study. BMJ Med
2(1):e000330. https://doi.org/10.1136/bmjmed-2022-000330
American Diabetes Association Professional Practice Committee
(2024) 15. Management of diabetes in pregnancy: standards of
care in diabetes — 2024. Diabetes Care 47(Suppl 1):S282-S294.
https://doi.org/10.2337/dc24-S015

Schifer-Graf UM, Gembruch U, Kainer F et al (2018) Gestational
diabetes mellitus (GDM) — diagnosis, treatment and follow-up.
Guideline of the DDG and DGGG (S3 Level, AWMF Registry
Number 057/008, February 2018). Geburtshilfe Frauenheilkd
78(12):1219-1231. https://doi.org/10.1055/a-0659-2596

Villar J, Ismail LC, Victora CG et al (2014) International stand-
ards for newborn weight, length, and head circumference by
gestational age and sex: the Newborn Cross-Sectional Study of
the INTERGROWTH-21st Project. Lancet 384(9946):857-868.
https://doi.org/10.1016/S0140-6736(14)60932-6

Matsuda M, DeFronzo RA (1999) Insulin sensitivity indices
obtained from oral glucose tolerance testing: comparison with
the euglycemic insulin clamp. Diabetes Care 22(9):1462-1470.
https://doi.org/10.2337/diacare.22.9.1462

Tura A, Kautzky-Willer A, Pacini G (2006) Insulinogenic
indices from insulin and C-peptide: comparison of beta-cell
function from OGTT and IVGTT. Diabetes Res Clin Pract
72(3):298-301. https://doi.org/10.1016/j.diabres.2005.10.005
Retnakaran R, Shen S, Hanley AJ, Vuksan V, Hamilton JK,
Zinman B (2008) Hyperbolic relationship between insulin
secretion and sensitivity on oral glucose tolerance test. Obesity
16(8):1901-1907. https://doi.org/10.1038/0by.2008.307

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2337/dc09-1848
https://doi.org/10.2337/dc09-1848
https://doi.org/10.3389/FENDO.2018.00696
https://doi.org/10.3389/FENDO.2018.00696
https://doi.org/10.3390/jcm10061257
https://doi.org/10.2337/dc15-1887
https://doi.org/10.1056/NEJMoa2214956
https://doi.org/10.1056/NEJMoa2214956
https://doi.org/10.1080/17843286.2024.2384258
https://doi.org/10.1080/17843286.2024.2384258
https://doi.org/10.2337/dc25-S015
https://doi.org/10.1210/jc.2014-4055
https://doi.org/10.1210/jc.2014-4055
https://doi.org/10.1210/jc.2007-1363
https://doi.org/10.3390/jcm11237197
https://doi.org/10.2337/dc23-2214
https://doi.org/10.3390/ijms23116279
https://doi.org/10.1111/1753-0407.12563
https://doi.org/10.1111/1753-0407.12563
https://doi.org/10.1007/s00592-020-01644-z
https://doi.org/10.1007/s00592-020-01644-z
https://doi.org/10.1097/AOG.0b013e3182a0c88b
https://doi.org/10.1097/AOG.0b013e3182a0c88b
https://doi.org/10.1159/000486853
https://doi.org/10.1016/j.metabol.2015.01.013
https://doi.org/10.1016/j.metabol.2015.01.013
https://doi.org/10.1080/01443615.2019.1584886
https://doi.org/10.1080/01443615.2019.1584886
https://doi.org/10.1136/bmjopen-2016-012115
https://doi.org/10.1136/bmjmed-2022-000330
https://doi.org/10.2337/dc24-S015
https://doi.org/10.1055/a-0659-2596
https://doi.org/10.1016/S0140-6736(14)60932-6
https://doi.org/10.2337/diacare.22.9.1462
https://doi.org/10.1016/j.diabres.2005.10.005
https://doi.org/10.1038/oby.2008.307

2522

Diabetologia (2025) 68:2511-2522

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Breiman L (2001) Random forests. Machine Learning 45(1):5—
32. https://doi.org/10.1023/A:1010933404324

Hastie T, Tibshirani R and FJ (2009) The elements of statisti-
cal learning: prediction, inference and data mining. Springer
Verlag, Berlin, Germany

Feig DS, Berger H, Donovan L et al (2018) Diabetes and preg-
nancy. Can J Diabetes 42(Suppl 1):S255-S282. https://doi.org/
10.1016/j.jcjd.2017.10.038

R Core Team (2023) R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna,
Austria, Available from https://www.r-project.org/. Accessed 28
Jul 2024

Zhu W-W, Yang H-X, Wei Y-M et al (2013) Evaluation of the
value of fasting plasma glucose in the first prenatal visit to
diagnose gestational diabetes mellitus in China. Diabetes Care
36(3):586-590. https://doi.org/10.2337/dc12-1157

Benhalima K, Van Crombrugge P, Moyson C et al (2021)
Women with mild fasting hyperglycemia in early pregnancy
have more neonatal intensive care admissions. J Clin Endocrinol
Metab 106(2):e836—e854. https://doi.org/10.1210/clinem/dgaa8
31

Loépez Del Val T, Alcazar Lazaro V, Garcia Lacalle C, Torres
Moreno B, Castillo Carbajal G, Alameda Fernandez B (2019)
Fasting glucose in the first trimester: an initial approach to
diagnosis of gestational diabetes. Endocrinol Diabetes Nutr
66(1):11-18. https://doi.org/10.1016/j.endinu.2018.06.012
Jokelainen M, Stach-Lempinen B, Rond K et al (2020) Oral glu-
cose tolerance test results in early pregnancy: a Finnish popula-
tion-based cohort study. Diabetes Res Clin Pract 162:108077.
https://doi.org/10.1016/J. DIABRES.2020.108077

Harper LM, Jauk V, Longo S, Biggio JR, Szychowski JM, Tita
AT (2020) Early gestational diabetes screening in obese women:
arandomized controlled trial. Am J Obstet Gynecol 222(5):495.
e1-495.e8. https://doi.org/10.1016/j.ajog.2019.12.021

Guo X-Y, ShuJ, Fu X-H et al (2019) Improving the effectiveness
of lifestyle interventions for gestational diabetes prevention:
a meta-analysis and meta-regression. BJOG 126(3):311-320.
https://doi.org/10.1111/1471-0528.15467

Teede HJ, Bailey C, Moran LJ et al (2022) Association of ante-
natal diet and physical activity-based interventions with gesta-
tional weight gain and pregnancy outcomes: a systematic review
and meta-analysis. JAMA Intern Med 182(2):106—114. https://
doi.org/10.1001/jamainternmed.2021.6373

Song C, LiJ, Leng J, Ma RC, Yang X (2016) Lifestyle interven-
tion can reduce the risk of gestational diabetes: a meta-analysis
of randomized controlled trials. Obes Rev 17(10):960-969.
https://doi.org/10.1111/obr.12442

Koivusalo SB, Rond K, Klemetti MM et al (2016) Gestational
diabetes mellitus can be prevented by lifestyle intervention: the
Finnish Gestational Diabetes Prevention Study (RADIEL). Dia-
betes Care 39(1):24-30. https://doi.org/10.2337/dc15-0511
Kotzaeridi G, Blitter J, Eppel D et al (2021) Performance of
early risk assessment tools to predict the later development of
gestational diabetes. Eur J Clin Invest 51(12):e13630. https://
doi.org/10.1111/eci.13630

Wu S, Li L, Hu K-L et al (2023) A prediction model of gesta-
tional diabetes mellitus based on OGTT in early pregnancy: a
prospective cohort study. J Clin Endocrinol Metab 108(8):1998—
2006. https://doi.org/10.1210/clinem/dgad052

Abdul-Ghani MA, Tripathy D, DeFronzo RA (2006) Contribu-
tions of p-cell dysfunction and insulin resistance to the patho-
genesis of impaired glucose tolerance and impaired fasting

@ Springer

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

glucose. Diabetes Care 29(5):1130-1139. https://doi.org/10.
2337/diacare.2951130

Bergman M, Manco M, Satman I et al (2024) International Dia-
betes Federation Position Statement on the 1-hour post-load
plasma glucose for the diagnosis of intermediate hyperglycae-
mia and type 2 diabetes. Diabetes Res Clin Pract 209:111589.
https://doi.org/10.1016/j.diabres.2024.111589

Manco M, Panunzi S, Macfarlane DP et al (2010) One-hour
plasma glucose identifies insulin resistance and p-cell dysfunc-
tion in individuals with normal glucose tolerance. Diabetes Care
33(9):2090-2097. https://doi.org/10.2337/dc09-2261
Abdul-Ghani MA, Lyssenko V, Tuomi T, DeFronzo RA, Groop
L (2009) Fasting versus postload plasma glucose concentration
and the risk for future type 2 diabetes. Diabetes Care 32(2):281—
286. https://doi.org/10.2337/dc08-1264

Abdul-Ghani MA, Abdul-Ghani T, Ali N, DeFronzo RA (2008)
One-hour plasma glucose concentration and the metabolic syn-
drome identify subjects at high risk for future type 2 diabe-
tes. Diabetes Care 31(8):1650-1655. https://doi.org/10.2337/
dc08-0225

Gobl CS, Bozkurt L, Prikoszovich T, Tura A, Pacini G, Kau-
tzky-Willer A (2013) Estimating the risk after gestational dia-
betes mellitus: can we improve the information from the post-
partum OGTT? Am J Physiol 304(5):E524-E530. https://doi.
org/10.1152/ajpendo.00461.2012

Sénchez-Vera I, Bonet B, Viana M et al (2007) Changes in
plasma lipids and increased low-density lipoprotein susceptibil-
ity to oxidation in pregnancies complicated by gestational dia-
betes: consequences of obesity. Metabolism 56(11):1527-1533.
https://doi.org/10.1016/j.metabol.2007.06.020

Enquobahrie DA, Williams MA, Qiu C, Luthy DA (2005) Early
pregnancy lipid concentrations and the risk of gestational dia-
betes mellitus. Diabetes Res Clin Pract 70(2):134-142. https://
doi.org/10.1016/j.diabres.2005.03.022

Salvatori B, Linder T, Eppel D et al (2022) TyGIS: improved
triglyceride—glucose index for the assessment of insulin sensi-
tivity during pregnancy. Cardiovasc Diabetol 21(1):215. https://
doi.org/10.1186/s12933-022-01649-8

Samsuddin S, Arumugam PA, Md Amin MS et al (2020) Mater-
nal lipids are associated with newborn adiposity, independent
of GDM status, obesity and insulin resistance: a prospective
observational cohort study. BIOG 127(4):490-499. https://doi.
org/10.1111/1471-0528.16031

Gallos ID, Sivakumar K, Kilby MD, Coomarasamy A, Thanga-
ratinam S, Vatish M (2013) Pre-eclampsia is associated with,
and preceded by, hypertriglyceridaemia: a meta-analysis. BIOG
120(11):1321-1332. https://doi.org/10.1111/1471-0528.12375
Retnakaran A, Retnakaran R (2012) Adiponectin in preg-
nancy: implications for health and disease. Curr Med Chem
19(32):5444-5450. https://doi.org/10.2174/092986712803833
227

Bozkurt L, Gobl CS, Baumgartner-Parzer S, Luger A, Pacini G,
Kautzky-Willer A (2018) Adiponectin and leptin at early preg-
nancy: association to actual glucose disposal and risk for GDM
— a prospective cohort study. Int J Endocrinol 2018:5463762.
https://doi.org/10.1155/2018/5463762

Turer AT, Khera A, Ayers CR et al (2011) Adipose tissue mass
and location affect circulating adiponectin levels. Diabetologia
54(10):2515-2524. https://doi.org/10.1007/s00125-011-2252-z

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1016/j.jcjd.2017.10.038
https://doi.org/10.1016/j.jcjd.2017.10.038
https://www.r-project.org/
https://doi.org/10.2337/dc12-1157
https://doi.org/10.1210/clinem/dgaa831
https://doi.org/10.1210/clinem/dgaa831
https://doi.org/10.1016/j.endinu.2018.06.012
https://doi.org/10.1016/J.DIABRES.2020.108077
https://doi.org/10.1016/j.ajog.2019.12.021
https://doi.org/10.1111/1471-0528.15467
https://doi.org/10.1001/jamainternmed.2021.6373
https://doi.org/10.1001/jamainternmed.2021.6373
https://doi.org/10.1111/obr.12442
https://doi.org/10.2337/dc15-0511
https://doi.org/10.1111/eci.13630
https://doi.org/10.1111/eci.13630
https://doi.org/10.1210/clinem/dgad052
https://doi.org/10.2337/diacare.2951130
https://doi.org/10.2337/diacare.2951130
https://doi.org/10.1016/j.diabres.2024.111589
https://doi.org/10.2337/dc09-2261
https://doi.org/10.2337/dc08-1264
https://doi.org/10.2337/dc08-0225
https://doi.org/10.2337/dc08-0225
https://doi.org/10.1152/ajpendo.00461.2012
https://doi.org/10.1152/ajpendo.00461.2012
https://doi.org/10.1016/j.metabol.2007.06.020
https://doi.org/10.1016/j.diabres.2005.03.022
https://doi.org/10.1016/j.diabres.2005.03.022
https://doi.org/10.1186/s12933-022-01649-8
https://doi.org/10.1186/s12933-022-01649-8
https://doi.org/10.1111/1471-0528.16031
https://doi.org/10.1111/1471-0528.16031
https://doi.org/10.1111/1471-0528.12375
https://doi.org/10.2174/092986712803833227
https://doi.org/10.2174/092986712803833227
https://doi.org/10.1155/2018/5463762
https://doi.org/10.1007/s00125-011-2252-z

	The utility of early gestational OGTT and biomarkers for the development of gestational diabetes mellitus: an international prospective multicentre cohort study
	Abstract
	Aimshypothesis 
	Methods 
	Results 
	Conclusionsinterpretation 

	Introduction
	Methods
	Results
	Discussion
	References


