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Preface to ”Recent Advances in Gestational Diabetes

Mellitus”

This is a Special Issue dedicated to recent advances in the field of gestational diabetes mellitus

(GDM). The prevalence of GDM is rising globally, and GDM is an important modifiable risk

factor for pregnancy outcomes and long-term metabolic risk in mothers and offspring. The papers

included in this issue vary from research on pregnancy outcomes to screening and diagnosis of

GDM, the use of new biomarkers, and the evaluation of long-term metabolic risk and intervention

strategies postpartum in mothers and offspring. This work is therefore of interest to all health care

professionals dealing with women with GDM during pregnancy or dealing with long-term follow-up

after pregnancy. We thank all of the authors for their valuable contributions to this Special Issue.

Katrien Benhalima

Editor
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The incidence of gestational diabetes mellitus (GDM) and overt diabetes in preg-
nancy is rising globally. GDM leads to increased risks for maternal and neonatal adverse
pregnancy outcomes. In addition, GDM is also associated with an increased long-term
metabolic risk in mothers and offspring [1]. Although much is known about GDM, evi-
dence gaps persist. For instance, more research is needed on how to prevent GDM, on
whether screening and treatment of GDM in early pregnancy are beneficial, on non-fasting
biomarkers to screen for GDM, on new biomarkers to predict pregnancy complications,
and on how to reduce the long-term metabolic risk in mothers and infants after delivery.
To address this important health issue, the present Special Issue in the Journal of Clinical
Medicine was dedicated to recent advances in the field of GDM. This Special Issue pub-
lished 16 articles on this topic. The issues evaluated in these papers varied from research
on pregnancy outcomes to screening and diagnosis of GDM, use of new biomarkers, and
evaluation of long-term metabolic risk and intervention strategies postpartum in mothers
and offspring.

This Special Issue includes various important findings. For example, Zawiejska et al.
show that in high-risk women, early screening for GDM using the IADPSG criteria may
be a useful predictor of congenital anomalies [2]. Another study showed that inadequate
gestational weight gain was very common in a large cohort of GDM with a lower risk
for adverse pregnancy outcomes in women with insufficient gestational weight gain [3].
Another study demonstrated that third-trimester fetal anthropometric parameters such as
fetal weight centile can be used to predict adverse neonatal outcomes beyond the classical
maternal risk factors [4]. The ELENA study showed that multidisciplinary group education
might help to better manage the increasing workload and is also positively evaluated by
women with GDM [5].

There has long been controversy on how to screen and diagnose GDM. Bogdanet et al.
provide an extensive narrative review on the several factors that can influence the results of
an oral glucose tolerance test (OGTT) in pregnancy and negatively impact patient care [6].
Another review discusses emerging biomarkers to simplify screening for GDM without
the need for an OGTT [7]. Raets, L. et al. reviewed the current evidence and controversies
on screening for GDM in early pregnancy [8]. Another important evidence gap is how to
screen and diagnose GDM in pregnant women with a history of bariatric surgery. Deleus,
E. et al. reviewed the challenges of using an OGTT in pregnancy after bariatric surgery and
discussed potential alternatives to screen for GDM in this high-risk population. In addition,
the evidence on the association between hypoglycemia and glycemic variability with
adverse pregnancy outcomes in this population was reviewed [9]. A large retrospective
French study evaluated different screening strategies for hyperglycemia in pregnancy to
limit the number of OGTTs during pandemics [10]. Egan, A.M. et al. from the Mayo Clinic
provided an extensive narrative review on the recurrence of GDM in a second pregnancy
and presented the experience from their center [11].

Deischinger, C. et al. evaluated secretagogin (SCGN) in pregnancy, which is a calcium-
binding protein related to insulin release in the pancreas. They showed that SCGN is related
to insulin secretion but is unrelated to the diagnosis of GDM [12]. The study design and
rationale were presented of the PROMIS study, a Dutch multi-center longitudinal study
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to evaluate insulin sensitivity and glucose metabolism in overweight pregnant women
and the impact on pregnancy outcomes, including early growth of the offspring [13]. In
addition, a population-based study evaluated the evolution in the prevalence of diabetes
among twin pregnancies and pregnancy complications in Catalonia [14].

Long-term follow-up after pregnancy with GDM is important to timely prevent
metabolic complications in mothers and offspring. The study protocol of the Melinda
trial was presented. This is an ongoing RCT comparing a telephone- and mobile-based
lifestyle intervention with standard of care in women with prediabetes after GDM [15].
Two-year follow-up data of offspring of the San Carlos GDM Prevention Study showed
that a Mediterranean diet during pregnancy was associated with a reduction in hospital-
izations with antibiotic and corticosteroid treatment, and fewer hospitalizations due to
asthma/bronchiolitis [16]. A review with extensive scope on the long-term metabolic risk
in the offspring showed that the prevalence of overweight/obesity and glucose disorders
is higher in offspring exposed to GDM compared to unexposed offspring. Importantly,
overall, this association remained significant after correction for maternal overweight [17].

Conflicts of Interest: The author declares no conflict of interest.

References

1. McIntyre, H.D.; Catalano, P.; Zhang, C.; Desoye, G.; Mathiesen, E.R.; Damm, P. Gestational diabetes mellitus. Nat. Rev. Dis.

Primers 2019, 5, 47. [CrossRef] [PubMed]
2. Zawiejska, A.; Wroblewska-Seniuk, K.; Gutaj, P.; Mantaj, U.; Gomulska, A.; Kippen, J.; Wender-Ozegowska, E. Early Screening

for Gestational Diabetes Using IADPSG Criteria May Be a Useful Predictor for Congenital Anomalies: Preliminary Data from a
High-Risk Population. J. Clin. Med. 2020, 9, 3553. [CrossRef] [PubMed]

3. Xie, X.; Liu, J.; Pujol, I.; Lopez, A.; Martinez, M.J.; Garcia-Patterson, A.; Adelantado, J.M.; Ginovart, G.; Corcoy, R. Inadequate
Weight Gain According to the Institute of Medicine 2009 Guidelines in Women with Gestational Diabetes: Frequency, Clinical
Predictors, and the Association with Pregnancy Outcomes. J. Clin. Med. 2020, 9, 3343. [CrossRef] [PubMed]

4. Antoniou, M.C.; Gilbert, L.; Gross, J.; Rossel, J.B.; Fumeaux, C.J.F.; Vial, Y.; Puder, J.J. Main Fetal Predictors of Adverse Neonatal
Outcomes in Pregnancies with Gestational Diabetes Mellitus. J. Clin. Med. 2020, 9, 2409. [CrossRef] [PubMed]

5. Minschart, C.; Amuli, K.; Delameillieure, A.; Calewaert, P.; Mathieu, C.; Benhalima, K. Multidisciplinary Group Education for
Gestational Diabetes Mellitus: A Prospective Observational Cohort Study. J. Clin. Med. 2020, 9, 509. [CrossRef] [PubMed]

6. Bogdanet, D.; O’Shea, P.; Lyons, C.; Shafat, A.; Dunne, F. The Oral Glucose Tolerance Test-Is It Time for a Change?—A Literature
Review with an Emphasis on Pregnancy. J. Clin. Med. 2020, 9, 3451. [CrossRef] [PubMed]

7. Bogdanet, D.; Reddin, C.; Murphy, D.; Doheny, H.C.; Halperin, J.A.; Dunne, F.; O′Shea, P.M. Emerging Protein Biomarkers for the
Diagnosis or Prediction of Gestational Diabetes—A Scoping Review. J. Clin. Med. 2021, 10, 1533. [CrossRef]

8. Raets, L.; Beunen, K.; Benhalima, K. Screening for Gestational Diabetes Mellitus in Early Pregnancy: What Is the Evidence? J.

Clin. Med. 2021, 10, 1257. [CrossRef]
9. Deleus, E.; van der Schueren, B.; Devlieger, R.; Lannoo, M.; Benhalima, K. Glucose Homeostasis, Fetal Growth and Gestational

Diabetes Mellitus in Pregnancy after Bariatric Surgery: A Scoping Review. J. Clin. Med. 2020, 9, 2732. [CrossRef] [PubMed]
10. Nachtergaele, C.; Vicaut, E.; Tatulashvili, S.; Pinto, S.; Bihan, H.; Sal, M.; Berkane, N.; Allard, L.; Baudry, C.; Portal, J.J.; et al.

Limiting the Use of Oral Glucose Tolerance Tests to Screen for Hyperglycemia in Pregnancy during Pandemics. J. Clin. Med. 2021,
10, 397. [CrossRef]

11. Egan, A.M.; Enninga, E.A.L.; Alrahmani, L.; Weaver, A.L.; Sarras, M.P.; Ruano, R. Recurrent Gestational Diabetes Mellitus:
A Narrative Review and Single-Center Experience. J. Clin. Med. 2021, 10, 569. [CrossRef]

12. Deischinger, C.; Harreiter, J.; Leitner, K.; Bancher-Todesca, D.; Baumgartner-Parzer, S.; Kautzky-Willer, A. Secretagogin is Related
to Insulin Secretion but Unrelated to Gestational Diabetes Mellitus Status in Pregnancy. J. Clin. Med. 2020, 9, 2277. [CrossRef]
[PubMed]

13. Kdekian, A.; Sietzema, M.; Scherjon, S.A.; Lutgers, H.; van der Beek, E.M. Pregnancy Outcomes and Maternal Insulin Sensitivity:
Design and Rationale of a Multi-Center Longitudinal Study in Mother and Offspring (PROMIS). J. Clin. Med. 2021, 10, 976.
[CrossRef]

14. Gortazar, L.; Flores-Le Roux, J.A.; Benaiges, D.; Sarsanedas, E.; Navarro, H.; Paya, A.; Mane, L.; Pedro-Botet, J.; Goday, A.
Trends in Prevalence of Diabetes among Twin Pregnancies and Perinatal Outcomes in Catalonia between 2006 and 2015: The
DIAGESTCAT Study. J. Clin. Med. 2021, 10, 1937. [CrossRef]

15. Minschart, C.; Maes, T.; De Block, C.; Van Pottelbergh, I.; Myngheer, N.; Abrams, P.; Vinck, W.; Leuridan, L.; Mathieu, C.; Billen,
J.; et al. Mobile-Based Lifestyle Intervention in Women with Glucose Intolerance after Gestational Diabetes Mellitus (MELINDA),
A Multicenter Randomized Controlled Trial: Methodology and Design. J. Clin. Med. 2020, 9, 2635. [CrossRef] [PubMed]

2



J. Clin. Med. 2021, 10, 2202

16. Melero, V.; Assaf-Balut, C.; Torre, N.G.; Jimenez, I.; Bordiu, E.; Valle, L.D.; Valerio, J.; Familiar, C.; Duran, A.; Runkle, I.; et al.
Benefits of Adhering to a Mediterranean Diet Supplemented with Extra Virgin Olive Oil and Pistachios in Pregnancy on the
Health of Offspring at 2 Years of Age. Results of the San Carlos Gestational Diabetes Mellitus Prevention Study. J. Clin. Med.

2020, 9, 1454. [CrossRef] [PubMed]
17. Nijs, H.; Benhalima, K. Gestational Diabetes Mellitus and the Long-Term Risk for Glucose Intolerance and Overweight in the

Offspring: A Narrative Review. J. Clin. Med. 2020, 9, 599. [CrossRef] [PubMed]

3





Journal of

Clinical Medicine

Article

Early Screening for Gestational Diabetes Using
IADPSG Criteria May Be a Useful Predictor for
Congenital Anomalies: Preliminary Data from a
High-Risk Population

Agnieszka Zawiejska 1,* , Katarzyna Wróblewska-Seniuk 2 , Paweł Gutaj 1, Urszula Mantaj 1,

Anna Gomulska 3 , Joanna Kippen 3 and Ewa Wender-Ozegowska 1

1 Department of Reproduction, Poznan University of Medical Sciences, 60-512 Poznan, Poland;
pgutaj@o2.pl (P.G.); urszula.mantaj@gmail.com (U.M.); eozegow@ump.edu.pl (E.W.-O.)

2 Department of Newborns’ Infectious Diseases, Poznan University of Medical Sciences,
60-512 Poznan, Poland; kwroblewska@post.pl

3 Student Scientific Society—Student Research Group, Department of Reproduction, Poznan University of
Medical Sciences, 60-512 Poznan, Poland; anagomulska@gmail.com (A.G.); joannakippen@gmail.com (J.K.)

* Correspondence: azawiejska@ump.edu.pl

Received: 30 September 2020; Accepted: 2 November 2020; Published: 4 November 2020 ��������	
�������

Abstract: Background: Our aim was to investigate whether the International Association of the Diabetes
and Pregnancy Study Groups (IADPSG) glycemic thresholds used for detecting hyperglycemia in
pregnancy can be predictive for malformations in women with hyperglycemia detected in early
pregnancy. Methods: a single-center, retrospective observational trial of 125 mother-infant pairs
from singleton pregnancies with hyperglycemia according to the IADPSG criteria diagnosed at the
gestational age below 16 weeks. Glucose values obtained from 75-g OGTT (oral glucose tolerance test)
were investigated as predictors for congenital malformations in newborns. Results: Characteristics
of the cohort: maternal age: 31.5 ± 5.2, pre-pregnancy body mass index (BMI) ≥ 30 kg/m2: 42.0%,
gestational age at diagnosis (weeks): 12.0 ± 4.0, and newborns with congenital malformations: 8.8%.
Fasting blood glycemia (FBG) and HbA1c (Haemoglobin A1c) at baseline significantly predicted
the outcome (expB: 1.06 (1.02–1.1), p = 0.007 and expB: 2.05 (1.24–3.38), p = 0.005, respectively).
Both the fasting blood glucose (FBG) value of 5.1 mmol/dL (diagnostic for gestational diabetes mellitus
(GDM)) and 5.5 mmol/dL (upper limit for normoglycemia in the general population) significantly
increased the likelihood ratio (LR) for fetal malformations: 1.3 (1.1; 1.4) and 1.5 (1.0; 2.4), respectively.
Conclusions: (1) Fasting glycemia diagnostic for GDM measured in early pregnancy is associated
with a significantly elevated risk for congenital malformations. (2) Our data suggest that women at
elevated risks of GDM/diabetes in pregnancy (DiP) should have their fasting blood glucose assessed
before becoming pregnant, and the optimization of glycemic control should be considered if the FBG
exceeds 5.1 mmol/dL.

Keywords: hyperglycemia in pregnancy; early gestational diabetes; fetal malformations

1. Introduction

Maternal hyperglycemia is a well-studied risk factor for fetal abnormalities. Clinical studies on
diabetic pregnancies consistently report an increased proportion of fetal malformations in type 1 or
type 2 diabetes-complicated pregnancies [1,2]. There is a common consensus—supported by data from
animal models on the mechanism of teratogenic action of maternal hyperglycemia—that clinically
relevant hyperglycemia increases the risk of embryonic and fetal maldevelopment [3,4]. Therefore,

J. Clin. Med. 2020, 9, 3553; doi:10.3390/jcm9113553 www.mdpi.com/journal/jcm5
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preconception counselling in the diabetic population focuses mainly on achieving blood glucose levels
as close as possible to those seen in nonpregnant, normoglycemic women, provided that such an
intensification of metabolic control does not put a woman at risk of hypoglycemic complications.

Unfortunately, elevated blood glucose is a continuous risk factor without a clear cut-off value
discriminating low-risk individuals from those at high risk. Thus, despite the considerable improvement
in metabolic control and treatment, the proportion of early pregnancy complications still remains
elevated in women with pregestational diabetes who achieve a good level of metabolic control before
their pregnancies [5,6]. The disease remains associated with an elevated risk of fetal malformations,
even if novel therapies or glycemic surveillance methods are used [7,8].

However, as fasting glucose measurements at the first visit during pregnancy became a part
of the standard antenatal care offered for the general population in many countries, we are now
facing a new clinical problem of hyperglycemia detected in early pregnancy in women without a
history of diabetes mellitus or prediabetes [9]. The question as to whether this biochemical finding is
clinically relevant raises several controversies, as we still lack a consensus on normal blood glucose in
early pregnancy [10,11]. The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study linked
mid-pregnancy glucose levels in 75-g OGTT to the risk of certain maternal or neonatal complications and
recommended diagnostic thresholds for gestational diabetes mellitus, later adopted by an international
consensus [12,13]. However, these cut-off points were identified at the gestational ages of 24–28 weeks
for the specific adverse outcomes typically resulting from hyperglycemia in the second half of pregnancy.
There is the paucity of data validating the use of the International Association of the Diabetes and
Pregnancy Study Groups (IADPSG) criteria in early pregnancy for predicting gestational diabetes
mellitus (GDM) in late-pregnancy or reducing adverse neonatal outcomes [6,14,15]. Hormonal
alterations that are typical of pregnancy change the glycemic response throughout gestation. Therefore,
some researchers suggested that thresholds identified for the early third trimester of pregnancy are
inappropriate to use in early pregnancy [16–18].

Standards of the Polish Society of Obstetrician and Gynaecologists (PSOG) adopted in 2014
recommend testing for GDM according to the IADPSG protocols and criteria not only in the third
trimester for all pregnant women without pregestational (type 1 or type 2) diabetes mellitus but,
also, in early pregnancy, for (1) normoglycemic women who are at elevated risk of GDM (positive
for at least one from the following: body mass index (BMI) ≥ 30 kg/m2, history of GDM/macrosomia
in previous pregnancies, history of polycystic ovary syndrome (PCOS), or insulin resistance) or
(2) pregnant women presenting with fasting glycemia above 5.1 mmol/dL at the first trimester
antenatal visit [19]. Moreover, previous PSOG recommendations, issued in 2011, also confirmed
using fasting glycemia routinely measured in the general pregnant population in the first trimester
of pregnancy as a screening test: women with a fasting glycemia > 5.5 mmol/dL should be offered a
single-step procedure of a diagnostic 75-g OGTT performed in early pregnancy [20]. Therefore, we were
able to design an observational study linking the blood glucose levels in early pregnancy to neonatal
complications specifically resulting from maternal hyperglycemia in the periconceptional period.

We hypothesized that IADPSG criteria used in early pregnancy are suitable to identify women at
elevated risk of congenital malformations, which are severe fetal complications caused by maternal
hyperglycemia in early pregnancy and the periconceptual period.

2. Experimental Section

2.1. Inclusion and Exclusion Criteria

To test our hypothesis, we designed a retrospective observational trial. All pregnant women
in singleton pregnancies referred to our tertiary level of care unit dealing with pregnancy and
diabetes (a department within the University Obstetrical and Gynaecological Hospital at the Poznan
University of Medical Sciences Poznan, Poland, which serves a population of ca. 4 million of citizen,
with ca 7500 deliveries per year) between 2007 and 2017 for further treatment because of hyperglycemia
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detected before a gestational age of 20 weeks were considered eligible for the study. We reviewed
maternal and neonatal records and used the following exclusion criteria: multiple pregnancies,
lacking maternal/neonatal data, miscarriage, late intrauterine death, and did not give birth in
our hospital. Finally, we identified 125 mother-newborn pairs.

2.2. Patients’ Enrolment and Data Collection

Patients enrolled into the study had 75-g OGTT done in the first trimester of pregnancy, because
they were qualified as having a high risk for GDM/diabetes in pregnancy (DiP) or presented for their
first antenatal visit with a fasting glycemia above 5.1 mmol/dL if diagnosed following the IADPSG
criteria (adopted in Poland in 2014) or above 5.5 mmol/dL if diagnosed before 2014. The patients were
subsequently referred to our unit if the diagnostic 75-g OGTT was found abnormal, i.e., at least one value
was above the thresholds: 100-(180—measurement not mandatory)-140 mg/dL for women diagnosed
until 2014 or 92-180-153 mg/dl for women diagnosed after 2014. During the whole study period,
women with no history of pregestational diabetes mellitus who presented with a fasting glycemia
above 7.0 mmol/dL or with a random glucose level above 11.1 mmol/dL were immediately referred to
our department with a diagnosis of hyperglycemia in early pregnancy, without the 75-g OGTT.

For purposes of our study, we defined gestational diabetes mellitus (GDM) or diabetes in pregnancy
(DiP) using IADPSG criteria in the whole cohort [13].

Pre-pregnancy bodyweight and glycemic values during 75-g OGTT were retrieved from patients’
pregnancy charts during their first admission to the department and transferred to the hospital
documentation and, thus, were available for the researchers reviewing the records. The same
applied to the gestational age, which was confirmed with the first ultrasound scan available in
patients’ documentation and also transferred to the documentation upon admission for the baseline
hospitalization. All participants had their scan for genetic risk assessment done between the 11th and
13th gestational weeks, and none of them required invasive diagnostic procedures due to an increased
risk of trisomies. In the mid-trimester scan, four women were diagnosed with fetal malformations,
none of which were lethal. None of the patients opted for pregnancy termination.

HbA1c and lipids were measured at the first admission to our unit (at the baseline) in the central
laboratory of the academic hospital, holding certificates of quality management ISO 9000. To get some
information on the average maternal daily glucose, which allows for gestational age as a modulator
of the maternal glycemic profile, we calculated the pregnancy-specific estimated average glucose
(PeAG) using the formula provided by Law et al. [21] from the daily glycemic profile collected during
the baseline hospitalization. During this admission, pregnant women participated in the training,
which addressed specific issues concerning general and diabetic dietary requirements in pregnancy,
glucose self-monitoring, and lifestyle interventions. If glucose readings exceeded the targets, we added
a basal-bolus insulin treatment, and these patients received further training on insulin therapy.

From the neonatal records, we obtained data on neonatal outcomes concerning congenital
malformations confirmed postpartum. The postpartum assessment of each newborn was performed
by a pediatrician—a neonatologist, including a postpartum cardiac echocardiographic scan.

The Bioethics Committee at the Poznan University of Medical Sciences confirmed that our research
was not a medical experiment, therefore exempting our study from the need to obtain the committee’s
approval (decision No 1321/18).

2.3. Statisticala Analysis

We used SPSS 14.0 for Windows (SPSS Inc. Chicago, IL, USA) and Medcalc 19.0 (Medcalc Software,
Mariakerke, Belgium) to perform the statistical analysis. Variables were tested for normality with
the D’Agostino-Pearson test—all variables, apart from maternal age, were not normally distributed.
We used the chi-square test to compare the categorical variables. ROC (receiver operating characteristic)
curve analysis was used to calculate the diagnostic power of the predictors for congenital malformations
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in the offspring. Descriptive variables are presented as mean ± standard deviation, unless stated
otherwise. Two-sided p < 0.05 was considered statistically significant.

Logistic regression models with malformation status yes/no as a dependent variable were built to
identify predictors of congenital malformations in the study group. We then used a forward selection
to build models, including maternal characteristics known as risk factors for neonatal malformations,
as confounders. Testing for the goodness of fit of a logistic regression model was performed with the
Hosmer-Lemeshow test.

We used the chi-square test to calculate the likelihood ratios and 95% confidence intervals
for particular glycemic thresholds used in the general or pregnant population and the risk of
fetal malformations.

To verify, whether the small size of our cohort would allow for statistically sound observations,
we performed a post-hoc analysis using Medcalc 19.0 (Medcalc Software, Mariakerke, Belgium)
The analysis revealed that, with a proportion of malformations of 8.8% detected in our cohort,
a minimum sample size of 75 would be needed to detect a difference in the proportions of fetal
malformations compared to the general European population (2.5%, according to the European
network of population-based registries for the epidemiological surveillance of congenital anomalies,
EUROCAT), with an alpha of 0.05 and power of 0.8 [22]. We also performed a sample size estimation
based on data regarding the prevalence of congenital malformations (3.33%) available for the whole
cohort of N = 8055 neonates born or referred to the hospital in 2017. With an alpha of 0.5 and
power of 0.8, a minimum sample size of 120 participants would be needed to detect a difference in
the proportions.

We also confirmed that our study was powered to find a statistically significant difference in the
outcome for the fasting glucose above 6.6 mmol/dL (post-hoc power: 96.2%) and 2-h glucose above
11.7 mmol/dL (post-hoc power: 94.2%). The post-hoc power for HbA1c above 5.7% was 73.3%.

3. Results

Characteristics of the study group are summarized in Table 1.

Table 1. Characteristics of the study group (N = 125 mother-infant pairs); non-normally distributed
variables are presented as medians (interquartile range) or %. BMI: body mass index, IADPSG:
International Association of the Diabetes and Pregnancy Study Groups, and DiP: diabetes in pregnancy;
IDF: International Diabetes Federation.

Maternal age (years) 31.5 ± 5.2

Pre-pregnancy body weight (kg) 81.1 ± 19.6

Pre-pregnancy BMI (kg/m2) 29.1 ± 6.5

% of women with pre-pregnancy BMI ≥ 30 kg/m2 42.0%

Gestational age at diagnosis (weeks) 12.0 ± 4.0

75-g OGTT fasting glycemia (mg/dL)/(mmol/dL) 101.0 (94.0; 112.5)/
5.6 (3.5; 6.2)

75-g OGTT 120′ glycemia (mg/dL)/(mmol/dL) available for 91 participants 160.0 (135.0; 188.0)/
8.9 (7.5; 10.4)

75-g OGTT 60′ glycemia (mg/dL)/(mmol/dL) available for 42 participants 168.0 (141.0; 192.0)/
9.3 (7.8; 10.7)

% of women with DiP according to the IADPSG criteria [10] 21.5%

HbA1c (%) at baseline 5.5 (5.1; 6.0)

HDL cholesterol (mg/dL) at baseline 64.0 (54.7; 79.0)

% of women on diet and insulin 60.0%

% of women with Hba1c ≥ 6.5% at admission time 14.4%
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Table 1. Cont.

% of women with chronic hypertension 11.2%

% of women meeting criteria of metabolic syndrome according to the IDF
criteria at the baseline 17.6%

% of newborns with congenital malformations in the cohort 8.8%

% of healthy newborns with persistent foramen ovale 6.1%

Gestational age at delivery 38 (38; 39)

% of premature deliveries (delivery before 37th gestational age completed) 9.5%

Birth weight (g) 3420 (3080; 3756)

Birth weight > 4000 g (%) 12.8%

The participants were mostly referred for early GDM testing by their obstetricians because of
pre-pregnancy obesity (39.6%), hyperglycemia, defined as fasting blood glucose above 5.1 mmol/dL in
the cohort tested according to IADPSG/5.5 mmol/dL in the cohort tested before the IADPSG criteria
came into use (76.9%), and either/or GDM in a past pregnancy (24.6% of women who had delivered
at least once). In 18.6% of patients, 75-g OGTT was skipped, because fasting glycemia exceeded
the threshold for overt diabetes in the general population, according to the WHO (7.0 mmol/dL).
The cohort consisted of similar proportions of women diagnosed with GDM before IADPSG criteria
were recommended (49.1%) and after that (50.9%). These two subgroups did not differ significantly
regarding maternal BMI or maternal age.

Eleven out of 125 women delivered newborns with congenital malformations (8.8%). Three of
them were minor, i.e., two cases of cryptorchism and one case of a syndactylia of the second and
third finger. We confirmed cardiac malformations in six, genitourinary defects in two and skeletal
defects in two out of these eleven cases. In one newborn, we diagnosed multiple defects of the
skeletal and central nervous system and gastrointestinal tract. Women who gave birth to affected
infants did not differ from those who delivered healthy newborns in terms of pregnancy-specific
estimated average glucose, maternal age, pre-pregnancy body weight, pre-pregnancy BMI, parity,
or the prevalence of chronic hypertension. The prevalence of congenital malformation in the subgroup
treated with a diet (8.5%) was similar to the proportion found in women who required insulin treatment
(9.3%, p = 0.852). Additionally, newborns with malformations did not differ from healthy infants in
terms of gestational age at the delivery and birth weight. No statistically significant difference in
the proportion of congenital malformations was found between participants diagnosed according to
the earlier criteria (until 2014) and those diagnosed according of the IADPSG criteria (5.7% vs. 9.8%,
p = 0.483)

In seven out of 114 healthy newborns (6.1%), a neonatal cardiac assessment done postpartum found
an open foramen ovale. However, this feature was not classified as a malformation. In a separate analysis,
we found no differences comparing maternal anthropometric, metabolic, or glycemic characteristics
between women who gave birth to healthy newborns with vs. without this cardio-sonographic finding.

None of the available maternal anthropometrics, i.e., maternal age, pre-pregnancy body weight,
or pre-pregnancy BMI, were associated with an increased risk of fetal malformations.

Maternal lipids in the first trimester of pregnancy were not associated with an elevated risk of
fetal malformations, except low HDL (high-density lipoprotein) cholesterol levels: the relative risk
for congenital malformations was significantly higher in women with HDL ≤ 45 mg/dL (likelihood
ratio (LR): 3.2 95% CI: 1.1–9.8).

Comparing glycemic parameters between women who gave birth to affected vs. healthy newborns,
we found a significant difference between the groups in blood glucose levels during 75-g OGTT
and HbA1c measured at the first admission to the referral unit (for fasting glucose: 8.8 ± 3.5 vs.
5.6 ± 0.8 mmol/dL, p = 0.001, for 2-h glucose: 13.0 ± 6.6 vs. 8.9 ± 2.4, p = 0.034 mmol/dL, and for HbA1c
at the baseline: 6.6 ± 1.9 vs. 5.7 ± 1.0, p = 0.023). In the multiple logistic regression models, we were
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able to confirm that fasting glycemia in 75-g OGTT and HbA1c at the baseline remained statistically
significant predictors of birth defects in the cohort and when other maternal parameters, known as risk
factors for congenital malformations in the general population (maternal age and BMI), were included
in the models (Table 2).

Table 2. Predictors for congenital malformations—data from multivariate logistic regression models.

Parameter expB 95% CI for expB p R2 (Nagelkerke)

75-g OGTT fasting (mg/dL) 1.06 1.02–1.10 0.007 0.412
75-g OGTT 2 h (mg/dL) 1.02 0.99–1.04 0.09 0.197

HbA1c at baseline 2.05 1.24–3.38 0.005 0.191

After adjustment for maternal age, the pre-pregnancy body weight, pre-pregnancy BMI, and parity and gestational
age at diagnosis.

Being aware of the specific nature of maternal glycemia as a continuous risk factor for neonatal
complications, we obtained cut-off points with an optimal specificity and sensitivity for our cohort
from ROC curves (Table 3). We then calculated the relative risk for congenital malformations for
different values used as diagnostic thresholds in the general or pregnant population. To define the
thresholds that could be clinically useful for a risk assessment in early pregnancy in our cohort, we used
the approach described by the HAPO group, i.e., calculated the glycemic thresholds related to the
75% increase in the risk for the outcome [12]. We also estimated the highest glycemic values, for which
the risk for congenital malformations remained close to 1.00, i.e., it was similar to the unaffected
subgroup (Table 4).

Table 3. ROC curves for predictors of congenital malformations in the cohort. AUC: area under the
curve and FBG: fasting blood glycemia.

Parameter AUC p Sensitivity Specificity

75-g OGTT FBG > 6.6 mmol/dL 0.82 0.002 77.8 90.1
HbA1c > 5.7% 0.72 0.035 80.0 71.2

75-g OGTT 2-h > 11.7 mmol/dL 0.73 0.093 62.5 94.0

Table 4. The risk for congenital malformations for different diagnostic thresholds; the risk is computed
from glycemic data collected for our cohort; the thresholds are linked to the likelihood ratio (LR) (95% CI).

75-g OGTT Fasting 75-g OGTT 2-h HbA1c

Cut-off values from ROC curves constructed for our cohort; 6.6 mmol/dL 11.7 mmol. dL 5.7%
(LR) 7.9

(3.9–16.0)
10.4

(3.8–28.3)
2.8

(1.8–4.2)

The upper limit for normal fasting glycemia in the
general population 5.5 mmol/dL – –

(LR) 1.5
(1.0–2.3)

Diagnostic thresholds for GDM according to 2013 the
WHO/IADPSG criteria 5.1 mmol/dL 8.5 mmol/dL –

(LR) 1.3
(1.1–1.4)

1.4
(0.9–2.2)

Diagnostic thresholds for DiP according to the
WHO/IADPSG criteria 7.0 mmol/dL 11.1 mmol/dL 6.5% *

(LR) 12.1
(4.6–32.0)

7.4
(3.0–18.0)

4.0
(1.6–10.4)

The HAPO Study approach—glycemic thresholds nearest to
the OR of 1.75 in our cohort (approximated) 5.6 mmol/dL 9.2 mmol/dL 5.5% **

(LR) 1.73
(1.1–2.6)

1.73
(1.1–2.8)

1.78
(1.2–2.6)
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Table 4. Cont.

75-g OGTT Fasting 75-g OGTT 2-h HbA1c

Glycemic thresholds nearest to the OR of 1.0 in our
cohort (approximated) 4.2 mmol/ dL 6.1 mmol/dL 4.9%

(LR) 1.05
(1.00–1.09)

0.99
(0.76–1.31)

1.03
(0.83–1.28)

* According to the ADA (American Diabetes Association), HbA1c ≥ 6.5% can be used as a diagnostic for overt
diabetes in the general population; 75-g OGTT 1-h glycemia was not used for calculations, because this value was
available only in a small number of patients. ** The Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
study did not provide odds ratios (ORs) for the HbA1c levels. GDM: gestational diabetes mellitus.

4. Discussion

Our study provides data from a specific population. Our cohort is heterogeneous: it is comprised
of women qualified as being at high risk of carbohydrate intolerance due to obesity/other risk factors
for hyperglycemia present before pregnancy, or women without pre-pregnancy risk factors but
with elevated fasting glucose diagnosed in early pregnancy. Regarding both indications, we can
expect this population of pregnant women to increase mainly due to an increased prevalence of
overweightness/obesity and advanced procreation age [23].

We confirmed maternal glycemia as a preventable risk factor for a severe fetal condition in the
group of pregnant women without a diagnosis of hyperglycemia before pregnancy. From our data,
we concluded that a fasting glycemia diagnostic for GDM according to the IADPSG criteria is associated
with a significantly increased risk of congenital anomalies if used in pregnant women tested for
gestational hyperglycemia in early pregnancy. Considering the ongoing discussion about whether
these criteria are useful outside the gestational age at which they were used in the HAPO study,
our research supports the use of IADPSG criteria also in early pregnancy to assess the risk of
complications characteristic of maternal hyperglycemia in early pregnancy/periconception.

By adopting a more rigid threshold for normoglycemia for women attempting to conceive,
we could likely further reduce the risk of severe neonatal complications in women without a history
of pregestational diabetes mellitus but meeting the criteria of the high risk for the GDM population.
From our data, we believe that reducing maternal glycemia would allow the management of fetal risk
in our societies, characterized by women of childbearing age becoming older and heavier, which means
an increasing prevalence of fetal anomalies in clinically normoglycemic individuals [24–26]. Adopting
more stringent criteria for fasting glycemia would improve the neonatal prognosis in an epidemiological
milieu of increased maternal age, which is an unmodifiable risk factor for adverse perinatal outcomes,
and excessive maternal body weight, which is extremely difficult to treat in a short-term perspective
necessary to adopt in a woman of a more advanced procreative age. Moreover, aiming at stricter fasting
glycemia to protect from congenital malformation would also reflect a natural decrease in maternal
glycemia typical of normal early pregnancy [10]. Moreover, a recent meta-analysis from Parnell et al.
confirmed that the elevated risk for congenital malformations was seen only in women with GDM and
obesity [27]. The authors emphasized that glycemic derangement typical of pre-pregnancy obesity,
which remains undiagnosed until pregnancy, might be an actual driving factor behind this association.

In our cohort, we also noted a birth weight distribution similar to that seen in the normal
population. This striking observation supports the notion that improved glycemic control resulting
from the early treatment of GDM is likely to mitigate a late-pregnancy metabolic risk arising from mild
maternal hyperglycemia in the second half of pregnancy, but the teratogenic impact of hyperglycemia
evidently occurs before a diagnosis is made and any treatment can be commenced. However, the normal
birth weight in our cohort might raise some concerns, suggesting that what we actually see is also
a suboptimal growth (a number of LGA (large for gestational age)/macrosomia cases smaller than
expected for such a dysmetabolic cohort) reflecting a subclinical placental dysfunction in women
with severe insulin resistance (metabolic syndrome) or asymptomatic dysglycemia undiagnosed
until pregnancy. Moreover, over 10% of our cohort suffered from arterial hypertension, which is a
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well-known disease affecting placental function. From our data we concluded that women at an
elevated risk of gestational hyperglycemia should be identified in the general population and offered
preconceptional counseling, similar to that offered to women with pregestational diabetes mellitus.
Our results suggest that women with a high risk for GDM/DiP could be encouraged to start lifestyle
interventions that aim at lowering fasting blood glycemia. More large-scale research is necessary to
define the target, but our calculations indicate an optimal value even below 4.4 mmol/dL. We believe
that a threshold of 5.1 mmol/dL can be safely used before more refined data from adequately powered
studies are available. Discussing fetomaternal safety given future procreation plans could also prompt
testing for all components of the metabolic syndrome and initiate a medical treatment of insulin
resistance, if present.

Our study has some limitations. Due to the retrospective nature of our research, we had no
data to check for hyperinsulinemia or insulin resistance, which seems to be another risk factor for
fetal malformations [28,29]. Data from other studies suggest that the prevalence of this condition
is currently increasing among young women [30,31]. This metabolic trait could be a driving force
behind the coexistence of high-normal glucose levels and congenital malformations, which we noted
in our cohort. This hypothesis is supported by our observation of a low HDL level, which is also a
marker of metabolic syndrome, as a predictor of congenital malformations.

Another limitation comes from both the retrospective nature of our study and a specific setting
in which our research was performed. We sampled the high-risk population of patients referred
to the tertiary level of care unit. A proportion of malformations recorded for our hospital in 2017
was 3.3%—which is significantly larger than for a general population and reflects the specific nature
of a large, referral academic center taking care for high-risk pregnancies. To appropriately assess an
actual proportion of excess congenital malformations, prospective studies would be necessary with a
specifically designed high-risk control group, i.e., pregnant women at the high risk for hyperglycemia
in pregnancy but who were tested negative for GDM/DiP in early pregnancy.

As we mentioned above, our cohort is heterogeneous; it is comprised of women screened
for GDM/DiP in early pregnancy because of their high-risk profiles known before pregnancy but,
also, of women who did not present with any risk factors for GDM/DiP but were referred for further
tests because of the elevated fasting glycemia found in early pregnancy. Such a biochemical finding
can be noted in a healthy pregnancy as a result of prolonged overnight fasting. However, our study
confirmed that the fasting glycemia was the only predictor for congenital malformations; maternal body
weight/BMI itself did not increase the risk of birth defects in this very specific cohort. This suggests
that a “high-normal” fasting blood glucose has a predictive value both in women with a pre-pregnancy
high-risk profile and a low-risk profile concerning the GDM/DiP risk.

Elevated fasting glycemia in a pregnant woman not otherwise qualifying for early GDM/DiP
testing can indicate an early stage of an autoimmune process against pancreatic beta cells or MODY
(Maturity-onset diabetes of the young). Data on the prevalence of anty-islet antibodies among women
with gestational diabetes are inconsistent: numbers reported for different populations vary from 6% to
as high as 44% [32–34]. Our study provides another reason for such tests to be carried out in women
with hyperglycemia detected in early pregnancy, especially if they meet the criteria of DIP. Even if
intensive treatment and surveillance throughout pregnancy mitigate a short-term fetomaternal risk,
such information is critical for planning future care and discussing prognosis with a patient.

We confirm that even “normal” fasting glycemia might be a reason for a “background rate” of
congenital malformations. Due to a poor prognosis and the seriousness of this entity, every attempt
should be made to avert as many cases of birth defects as possible. Although our center covers a
large population of ca 4 million people, multicenter, large-scale studies are necessary to investigate
the glycemic thresholds for particular BMI and ages, because a combination of these two risks
can have an impact on the actual glycemic level necessary to optimize the risk. Additionally,
from such studies, one could obtain information about a high-normal glycemia as an additional risk
for early pregnancy loss.
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The question as to whether women at low risk for GDM/DiP and a high-normal fasting glycemia
should also be offered any pre-pregnancy intervention for further reducing their blood glucose,
remains open. Although we can expect health benefits in women at high-risk for gestational
hyperglycemia because their metabolic traits also increase the risk for premature cardiovascular
morbidity, no such data is available for women of low cardiometabolic risk. However, these women
could benefit from early testing towards anti-islet autoimmunity.

Data from our cohort suggest that fasting glycemia should be measured routinely in women who
wish to get pregnant, mainly in populations with an increased prevalence of overweightness/obesity.
Interventions to optimize fasting glycemia could then be initiated for women with fasting blood
glucose above 5.1 mg/dL to reduce the risk of congenital malformations. Further, large-scale studies
are warranted to investigate an optimal age- and BMI-specific fasting glycemia in view of the risk of
congenital malformations and any specific pre-pregnancy interventions.
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Abstract: Background: In the care of women with gestational diabetes mellitus (GDM), more attention
is put on glycemic control than in factors such as gestational weight gain (GWG). We aimed to evaluate
the rate of inadequate GWG in women with GDM, its clinical predictors and the association with
pregnancy outcomes. Methods: Cohort retrospective analysis. Outcome variables: GWG according
to Institute of Medicine 2009 and 18 pregnancy outcomes. Clinical characteristics were considered
both as GWG predictors and as covariates in outcome prediction. Statistics: descriptive, multinomial
and logistic regression. Results: We assessed 2842 women diagnosed with GDM in the 1985–2011
period. GWG was insufficient (iGWG) in 50.3%, adequate in 31.6% and excessive (eGWG) in 18.1%;
length of follow-up for GDM was positively associated with iGWG. Overall pregnancy outcomes
were satisfactory. GWG was associated with pregnancy-induced hypertension, preeclampsia,
cesarean delivery and birthweight-related outcomes. Essentially, the direction of the association
was towards a higher risk with eGWG and lower risk with iGWG (i.e., with Cesarean delivery and
excessive growth). Conclusions: In this cohort of women with GDM, inadequate GWG was very
common at the expense of iGWG. The associations with pregnancy outcomes were mainly towards a
higher risk with eGWG and lower risk with iGWG.

Keywords: gestational diabetes mellitus; Institute of Medicine; weight gain; length of follow-up;
pregnancy outcome

1. Introduction

Gestational diabetes mellitus (GDM) entails risks for the mother and the newborn, both at short
and long-term [1,2]. Among others, it increases the risk of preeclampsia, caesarean section, and
future type 2 diabetes for the mother [3,4] and for the baby it increases the risk of diabetic fetopathy
at short term and metabolic syndrome at long term [5]. In turn, high pre-pregnancy body mass
index (BMI) is associated with higher risks of gestational hypertension and GDM [6] as well as with
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unfavorable pregnancy outcomes [7,8]. Likewise, gestational weight gain (GWG) is related to adverse
pregnancy outcomes. In the general obstetric population, excessive GWG (eGWG) is associated with
a higher risk of hypertensive disorders of pregnancy, GDM, caesarean section, postpartum weight
retention, large for gestational age (LGA) and macrosomic newborns [9,10]. In turn, insufficient GWG
(iGWG) is associated with a higher risk of preterm birth and small for gestational babies (SGA) [11–13].
In 2009, the Institute of Medicine (IOM) provided specific guidelines regarding the recommended
GWG according to BMI categories to optimize pregnancy outcome [14].

In diabetic pregnancy, inadequate GWG is prevalent both in women with GDM and those with
pregestational diabetes [13,15,16] and has also been related to perinatal outcome. In a meta-analysis on
GWG and pregnancy outcomes in women with GDM, eGWG was associated with a higher frequency of
pregnancy-induced hypertension (PIH), cesarean delivery, LGA newborns and macrosomia in relation
to an adequate GWG (aGWG) whereas iGWG was associated with a lower risk of LGA and macrosomia.
The risk of LGA was �double with eGWG and �0.70 with iGWG [13]. Articles addressing this point in
our background are limited [17–19] and, therefore, we aimed to evaluate the frequency of inadequate
GWG in women with GDM attended in our center, its clinical predictors and the association with
pregnancy outcomes.

2. Materials and Methods

2.1. Study Design

The present study is a retrospective analysis of data collected prospectively in the database of the
Endocrinology and Pregnancy Clinic at Hospital de la Santa Creu i Sant Pau. All patients provided
written informed consent for inclusion in the database and the study has been approved by the Ethics
Committee of the Institut de Recerca de l’Hospital de la Santa Creu i Sant Pau and has been performed
in accordance with the Declaration of Helsinki. We evaluated patients with GDM who were attended
in our center between 1 January 1985 and 31 December 2011. Throughout this period, GDM has
been diagnosed after National Diabetes Data Group Criteria, continued after an evaluation of the
potential impact of Carpenter and Coustan criteria [20,21]. Treatment approach has essentially kept
constant: normocaloric diet (usually ranging from 1800 to 2200 calories per day), self-monitoring of
ketonuria (aiming at its absence) and of blood glucose (aiming at fasting/preprandial <90 mg/dL and
1 h postprandial <120 mg/dL unless fetal growth is <10th centile).

2.2. Variables Collected

Adequacy of GWG was categorized according to IOM 2009 into insufficient, adequate
(reference category) and excessive weight gain. GWG was calculated as the difference between the last
weight available during pregnancy and prepregnancy (see Appendix A Table A1). As potential independent
variables, we have considered maternal ethnicity (non-Caucasian), age at the beginning of pregnancy,
maternal anthropometry (height and prepregnancy BMI category), family history of diabetes, prior history
of abnormal glucose tolerance (GDM/impaired fasting glucose/glucose intolerance), prior pregnancy,
unfavorable obstetric history (macrosomia, pregnancy-induced hypertension, recurrent miscarriage,
non-syndromic malformation, unexplained fetal death, polyhydramnios, pyelonephritis), multiple
pregnancy, smoking habit during pregnancy (non-smoker at the beginning of pregnancy, quitter or
active smoker during pregnancy), characteristics of GDM diagnosis (gestational age at diagnosis, season,
glycemic values, number of abnormal glucose values, autoimmunity against beta cell), gestational age at
delivery and length of specific follow-up at the Diabetes and Pregnancy Clinic.

We addressed 4 maternal and 14 neonatal outcomes, defined as follows: PIH (blood pressure ≥
140/90 mmHg, ×2 times separated ≥ 6 h, starting at a gestational age ≥ 20 weeks or worsening chronic
hypertension), preeclampsia (PIH, accompanied by proteinuria), insulin treatment, cesarean delivery
(total), fetal scalp blood pH < 7.25 [22], preterm birth (defined as a gestational age at birth less
than 37 complete weeks), Apgar 5 min < 7 [23], arterial pH < 7.10 [24], significant obstetric trauma,
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LGA newborn (birth weight >90% centile for the same gestational age and sex [25], macrosomia
(defined as a birth weight ≥ 4000 g), small for gestational age (SGA) newborn (birth weight <10% centile
for the same gestational age and sex) [25], neonatal hypoglycemia (Cornblath criteria applied to capillary
blood) [26], neonatal jaundice requiring treatment [27], neonatal respiratory requiring treatment
distress [28], neonatal hypocalcemia [29], polycythemia [30] and perinatal mortality (intrauterine or until
28 days postpartum taking into account fetal viability: before 1991, <28 completed weeks; 1991–1994,
<26 completed weeks; 1995–1999, <24 completed weeks and from 2000 onwards, <23 completed weeks).
As potential independent variables for pregnancy outcomes in addition to GWG, we considered the
following characteristics: maternal ethnicity, age at the beginning of pregnancy, maternal anthropometry
(height and pre-pregnancy BMI category), prior pregnancy, multiple pregnancy, smoking habit during
pregnancy (non-smoker at the beginning of pregnancy, quitter or active smoker during pregnancy),
characteristics of GDM diagnosis (gestational age at diagnosis, glycemic values), delay between
diagnosis and initiation of specific follow-up, first HbA1c after diagnosis, average HbA1c in the third
trimester) and fetal sex. In multiple pregnancies, a variable of concordant fetal sex was computed to be
used in the analysis of fetal outcomes; for maternal outcomes, the sex of the fetus with higher risk was
used. The variables above were used for the adjusted analysis of all outcomes with the exception of
average HbA1c in the third trimester that was excluded for the adjusted analysis of insulin treatment.
Over the years, different methods have been used to determine glycated hemoglobin. Currently, it is
measured in whole blood using cation exchange HPLC (Variant II Turbo HbA1c, Bio-Rad Laboratories,
Hercules, CA, USA). The results obtained with the different methods have been collected as SD around
the mean and translated into values referred to DCCT.

2.3. Statistical Analysis

Statistical analyses were performed using the SPSS version 26.0 software package.
Descriptive results are expressed as mean and standard deviation (SD) or P50 (P25–P75) for continuous
variables according to their normal or non-normal distribution. Categorical variables are expressed
as percentages. We compared characteristics between the GWG categories using a Chi-square test
or a Kruskal–Wallis test as appropriate (the variable being categorical or quantitative, non-normally
distributed). Imputations were not used to deal with missing data.

To address the clinical characteristics associated with GWG according to IOM, we performed
a multivariate multinomial logistic regression analysis with a forward method using as dependent
variable weight gain according to IOM (reference category: aGWG) and using as potential predictors
the variables with a p value <0.100 in the bivariate analysis.

To determine the association of GWG according to IOM with pregnancy outcomes, we performed
a logistic regression analysis (forward method) using aGWG as the reference category. Results were
expressed as non-adjusted odds ratios (OR) and adjusted odds ratios (aOR) and 95% confidence intervals
(95% CI). For the adjusted analysis, we fed in the model all the potential predictors indicated above.

A p value <0.05 was used as the cut-off for significance in the multivariate analysis. All p values
were two-sided.

3. Results

A total of 2842 pregnant women with GDM were attended during the period and information
regarding GWG according to IOM and potential predictors was available in 2700 (2594 with singleton
pregnancies, 106 with multiple pregnancies, 95.0% of the target population), with analyses being
performed in this group. A total of 2818 babies were born from these mothers (2594 from singleton,
224 from multiple pregnancies). Figure 1 displays the flowchart of patient inclusion. Results on
preeclampsia are limited to the last period when information on proteinuria was included in the
database (N = 377).

Table 1 shows the characteristics of these women. Main characteristics are as follows: most women
had a normal prepregnancy BMI, 62.3% women had been pregnant before, GDM was diagnosed
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at a gestational age of 29 weeks and length of specific follow-up was 7 weeks. Median GWG was
10.2 kg. The distribution of GWG according to IOM was: 50.3% insufficient, 31.6% adequate and 18.1%
excessive (Figure 2). In the bivariate analysis, 13 out of the 20 characteristics considered as potential
independent variables had a p value <0.100 among the three groups of women. Among these variables,
prepregnancy overweight/obesity and smoking habit at the beginning of pregnancy (women quitting
smoking/active smokers during pregnancy) increased throughout the categories of GWG. The length
of follow-up for GDM was negatively associated with GWG (Table 1, Appendix B, Figure A1).

Figure 1. Flowchart of inclusion of patients in the study. GDM: Gestation Diabetes Mellitus.
GWG: Gestational Weight Gain.

Results of the multinomial logistic regression are presented in Table 2 with seven characteristics
being significantly associated with categories of GWG after IOM: non-Caucasian ethnicity, height,
prepregnancy BMI category, unfavorable obstetric history, smoking habit, gestational age at delivery
and length of follow-up.

For iGWG, independent variables were maternal height, prepregnancy overweight/obesity,
unfavourable obstetric history, smoking habit (active smoker and quitter during pregnancy), gestational
age at delivery and length of follow-up, all of them negatively associated with the exception of length
of follow-up (OR 1.035 per week; 95% CI 1.018–1.052). For eGWG, independent variables were
non-Caucasian ethnicity, prepregnancy overweight/obesityand smoking habit (active smoker and
quitter during pregnancy), all of them positively associated with eGWG. The length of follow-up was
negatively associated with borderline significance.

According to the recommendations of Institute of Medicine 2009, approximately 50% of women
with gestational diabetes had insufficient weight gain during pregnancy, 18% excessive weight gain
and 32% adequate weight gain.
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Figure 2. Distribution of gestational weight gain according to Institute of Medicine 2009.

Pregnancy outcomes according to IOM 2009 are presented in Table 3, with significant associations
with three maternal (PIH, preeclampsia, cesarean delivery) and eight fetal outcomes (preterm birth,
arterial pH < 7.1, LGA, macrosomia, SGA, jaundice requiring treatment, respiratory distress requiring
treatment and neonatal hypocalcemia).

Table 3. Pregnancy outcomes of women with gestational diabetes mellitus according to gestational
weight gain category.

Outcome
Prevalence (%) in Each GWG Category

Overall p
Overall iGWG aGWG eGWG

Pregnancy-induced hypertension 5.3 3.4 5.5 10.1 <0.001
Preeclampsia 2.9 1.3 1.7 6.5 0.031
Insulin treatment 46.8 45.4 46.5 51.4 0.068
Cesarean delivery 24.1 19.9 23.4 36.8 <0.001
Fetal scalp blood pH < 7.25 3.8 3.1 4.0 5.3 0.077
Preterm birth 9.8 13.3 6.9 4.8 <0.001
Apgar at 5 min < 7 0.5 0.6 0.3 0.4 0.735
Arterial pH < 7.1 3.8 3.5 3.1 6.0 0.035
Obstetric trauma 2.3 2.1 2.6 2.4 0.697
LGA newborn 11.2 6.4 10.7 26.1 <0.001
Macrosomia (≥ 4000 g) 5.7 2.4 5.7 14.9 <0.001
SGA newborn 9.9 11.7 9.3 5.9 0.001
Neonatal hypoglycemia 2.5 2.4 2.5 2.7 0.932
Jaundice requiring treatment 5.1 6.1 4.0 4.1 0.040
Respiratory distress requiring treatment 3.3 4.7 1.9 2.0 <0.001
Neonatal hypocalcemia 1.6 2.5 1.0 0.0 0.009
Neonatal polycythemia 1.4 1.3 1.4 1.8 0.662
Perinatal mortality 0.5 0.6 0.5 0.2 0.603

GWG (gestational weight gain), iGWG (insufficient gestational weight gain), aGWG (adequate gestational weight
gain), eGWG (excessive gestational weight gain), LGA (large-for-gestational age), SGA (small-for-gestational age).
A Chi-square test was used for statistical analyses.

Unadjusted and adjusted OR resulting from logistic regression are presented in Table 4. In the
adjusted analysis, GWG according to IOM was significantly associated with PIH, preeclampsia,
cesarean delivery, LGA, macrosomia and SGA. With the exception of SGA, eGWG was associated
with higher risks and iGWG with lower risks even when for some variables (PIH, preeclampsia and
SGA), significance was present for GWG according to IOM but not for individual categories of iGWG
and eGWG. Additionally, iGWG was associated with neonatal hypocalcemia (aOR 4.557, 95% CI
1.037–20.003) even when the global association of GWG did not reach significance (overall p 0.133).
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In addition to weight gain itself, women in the different categories of gestational weight gain
according to IOM differed in 13 out of 20 characteristics.

4. Discussion

The present study in a large cohort of women with GDM and satisfactory overall pregnancy
outcomes has shown that GWG was very frequently outside IOM recommendations and GWG, in turn,
was associated with PIH, preeclampsia, cesarean delivery, LGA, macrosomia and SGA with eGWG
essentially linked with higher risks and iGWG with lower ones.

4.1. Prevalence and of Inadequate GWG

The distribution of GWG according to IOM in this cohort (50.3% insufficient, 31.6% adequate,
18.1% excessive) is far away from IOM recommendations. The rate of eGWG is similar to that in the
study of Barquiel et al., also in Spain (14.7%) [19]—iGWG was not reported in this article [19]. In a
meta-analysis of more than 80,000 patients with GDM, rates of inadequate GWG were also very high
(30% insufficient, 34% adequate and 37% excessive) [13] and this was also the case in a recent article
on this subject [31]. However, the GWG distribution in this study is clearly shifted towards iGWG
whereas in other publications on this subject, the percentage of insufficient and excessive GWG is
more balanced. We partially attribute this difference to the fact that, in the center, the glycemic control
goals (90 mg/dL basal/preprandial, <120 mg/dL 1 h postprandial) are tighter than usual (95 mg/dL
basal/preprandial, <140 mg/dL 1 h postprandial). This may facilitate that in order to avoid or delay
insulin treatment, there is a larger caloric restriction and/or increased exercise. However, we think
that the fundamental factor is that in the population herein reported, the percentage of prepregnancy
overweight/obesity is much lower than in the aforementioned meta-analysis (34.2% vs. 68%) and we
have also seen that this is associated to less eGWG.

4.2. Variables Independently Associated with Inadequate GWG

The study has identified seven independent variables for inadequate GWG, namely non-Caucasian
ethnicity, unfavorable obstetric history, maternal height, prepregnancy BMI category, smoking habit,
gestational age at delivery and length of follow-up for GDM.

For iGWG, independent variables were unfavorable obstetric history, height, prepregnancy
overweight /obesity, active smoking/quitting smoking during pregnancy, gestational age at delivery
and length of follow-up, all of them negatively associated with the exception of length of follow-up.
For eGWG, independent variables were non-Caucasian ethnicity, prepregnancy overweight /obesity,
active smoking/quitting smoking during pregnancy; maternal height and length of follow-up displayed
borderline significance.

4.2.1. Ethnicity

The association of ethnicity with eGWG herein described is in line with information in the
literature of inadequate GWG being different according to ethnicity both in the general obstetric
population [32,33] and in women with GDM [31].

4.2.2. Maternal Anthropometry

The observation that height is associated with GWG is in line with the report of Straube et al.,
describing that for a given maternal BMI, weight gain during pregnancy increased with maternal
height [34], and also with the more recent report of Khanolkar et al., describing that maternal height
increases with the category of GWG (insufficient < adequate < excessive) [35].

Our observation of a negative association between prepregnancy overweight/obesity and iGWG
and a positive one with eGWG is broadly in line with current information both in the general pregnant
population and in women with GDM. In the general pregnant population, Lindberg et al. described
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that underweight was associated with a higher risk of iGWG, and overweight, and obesity class I
and II with eGWG [36]. In women with GDM, Wong et al. also have described that, in relation to
women gaining within recommendations, those with eGWG had a higher prepregnancy BMI (28.4 vs.
25.0 kg/m2), whereas those gaining less than recommended displayed no differences [31].

4.2.3. Unfavorable Obstetric History

We attribute the lower odds of insufficient GWG (OR 0.520, CI 95% 0.387–0.700) with unfavorable
obstetric history to the fact that the latter was usually due to a macrosomic baby in a prior pregnancy
and eGWG is a well-known risk factor for this condition [35]. We speculate that women with
a prior macrosomic baby had eGWG in a prior pregnancy and repeated the pattern of GWG in
current pregnancy.

4.2.4. Smoking

It is well-known that nicotine increases energy expenditure, and may reduce appetite, so that
smokers tend to have lower body weight and at the same time smoking cessation is commonly followed
by weight gain both outside [37] and during pregnancy [36,38]. In the same line, in the current study
women beginning pregnancy as smokers and quitting during pregnancy had a higher odds of eGWG
(OR 1.614, 1.121–2.325) and a lower odds of iGWG (OR 0.668, 0.490–0.910). However, the observation
that women who continued smoking during pregnancy also had a similar pattern of GWG can seem
counterintuitive at first glance. Our interpretation is that women who continue to smoke during
pregnancy reduce the consumption of cigarettes to a similar or higher extent than those who quit.
In the last 10 years, where specific information on number of cigarettes consumed has been collected
(N = 234), women who continued to smoke during pregnancy reduced the number of cigarettes in the
same range than those who stopped (from 16.9 to 5.9 vs. 8 to 0, data not shown). Thus, the reduction
in cigarettes per day would be similar in women who continued smoking during pregnancy and
those who quitted, and similar patterns of GWG could be expected. Other studies in the general
obstetric population have associated active smoking either with insufficient GWG [36] or smoking
(unclear definition) with a twofold risk of excessive GWG [9].

4.2.5. Gestational Age at Delivery and Length of Follow-up

We observed that earlier gestational age at delivery and longer follow-up was associated with
a higher frequency of iGWG. The interpretation of higher odds of iGWG with shorter duration of
pregnancy is straightforward. As to length follow-up, although we do not have specific information
on weight gain before and after initiation of specific follow-up for GDM, we attribute overall results
of GWG according to IOM to the impact of the intervention for GDM. The diet initially prescribed
is normocaloric but it is modified afterwards (by healthcare providers and by pregnant women
themselves) to achieve the metabolic goals [39]. This is in line with the observations of Berglund et al.,
where women with GDM had a lower total GWG versus women with normal glucose tolerance at the
expense of a lower GWG after diagnosis [18], and with those of Hillier et al., who recently reported that
obese women with GDM had less eGWG when diagnosed after early screening than at 24–28 weeks
(35 vs. 59%) [40]. The current report establishes this fact in a much larger population.

As to independent predictors of GWG, only length of specific follow-up for GDM can be
considered as modifiable during pregnancy, in contrast with smoking habit and gestational age at
delivery. Follow-up for GDM is required for the treatment of the condition. In addition, taking into
account the essentially satisfactory pregnancy outcomes with iGWG, poorer outcomes with eGWG and
the association of length of follow-up with both (borderline with eGWG), we conclude that follow-up
for GDM likely has an impact on outcomes through GWG.
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4.3. Inadequate GWG and Pregnancy Outcomes

4.3.1. PIH and Preeclampsia

With regard to pregnancy outcomes, in the adjusted analysis, hypertensive disorders (both PIH
and preeclampsia) were associated with GWG categories even when, individually, iGWG and eGWG
were not significantly different from aGWG. The direction of the association was towards a higher risk
with eGWG and a lower risk with iGWG. The magnitude of the association was nominally larger for
preeclampsia than for PIH (i.e., the aOR and 95%CI for eGWG was 6.519, 0.746–56.939 for preeclampsia
vs. 1.357, 0.818–2.253 for PIH).

These observations are in line with data from previous investigations. In the general obstetric
population Fortner et al. reported that women with eGWG had a �3-fold increased risk for hypertension
and a �4-fold increased risk for preeclampsia, compared with aGWG [41]. On the other side, there is
a reduced risk of hypertensive disorders in association with iGWG [42]. Among women with GDM,
the abovementioned meta-analysis also observed a significant association with eGWG with hypertensive
disorders of pregnancy (OR 1.65) but no association with iGWG [13]. Interestingly, GWG is positively
associated with concurrent blood pressure in all gestational periods [41] and some authors have only
observed an association in the third trimester (i.e., Gaillard for preeclampsia [9] or Gonzalez et al. for
PIH [43]). Thus, GWG from the diagnosis of GDM onwards could play a relevant a role in the risk of
PIH and preeclampsia and we have shown that the length of specific follow-up for GDM is negatively
associated with GWG supporting a beneficial role of GDM care.

4.3.2. Cesarean Delivery

We also have observed an association of GWG with cesarean delivery: the risk was higher in
women with eGWG (aOR 1.641, 95 % CI 1.225–2.197) and lower in those with iGWG (0.715, 0.556–0.920).
This is in agreement with information in the general obstetric population [44] and partially with data
in women with GDM where the negative association of iGWG with cesarean delivery did not reach
significance [13]. Since GWG in second [45] and third trimesters [46] has been related with cesarean
delivery, we consider that the relationships described in this study are partially attributable to GWG
taking place after GDM diagnosis and affected by its management.

4.3.3. LGA, Macrosomia and SGA

In this series, eGWG was associated with a higher odds of LGA (aOR 2.003, 95% CI 1.397–2.871)
and macrosomia (aOR 1.822,95% CI 1.152–2.881), results that are perfectly in line with those observed
in meta-analyses both in the general obstetric population (respective ORs of 1.85 and 1.95) [47] and in
women with GDM (respective RRs of 2.08 and 1.87) [13]. As to SGA newborns, eGWG was associated
with less risk (aOR 0.515, 95% CI 0.310–0.855), and iGWG was not significantly different from the
reference category (aOR 1.228, 95% CI 0.893–1.689). This is also in line with meta-analysis results in
women with GDM where summary figures for individual categories of iGWG (RR 1.40) and eGWG
(RR 0.57) were not significantly different from aGWG [13]. However, in the general obstetric population,
individual IOM categories display similar risks in terms of SGA and are significantly different from
reference (OR 1.53 for iGWG and 0.66 for eGWG) [47]. Thus, the lack of significance in women with
GDM is likely attributable to insufficient statistical power. The relationship between GWG and birth-
weight-related outcomes is present throughout pregnancy [9,48], so we also consider that observed
associations of GWG with these outcomes are partly attributable to weight gain after GDM diagnosis.

We have not observed significant associations of GWG with the additional 12 outcomes addressed
in the current investigation. Viecelli et al. did not show an association between GWG with either drug
treatment or preterm birth. They did not address the other 10 variables [13]. Overall, GWG was not
associated with neonatal hypocalcemia, but the category of iGWG displayed a positive association
(OR 4.557, 95% CI 1.037–20.003). The association could be mediated through reduced birthweight [49]
and requires confirmation.
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4.4. Is iGWG Satisfactory in Women with GDM?

In relation to pregnancy outcomes, eGWG is associated with higher risks, and iGWG with a more
favorable pattern. In fact, different authors have suggested that definition of adequate GWG should
use more stringent limits in women with GDM [31,50], with approaches such as subtracting 2 kg to the
limits indicated by IOM [31] or deriving specific limits using ROC curves [51].

iGWG during pregnancy also raises the issue of ketogenesis, known to be associated with
neurocognitive outcomes in the offspring [52]. It is usually recommended to monitor ketones in women
with GDM displaying overt hyperglycemia and/or weight loss during follow-up even when this has
not been formally tested to improve fetal outcomes [53]. In fact, it has been our practice for decades [54]
to recommend urinary ketone monitoring in women with GDM and not only before breakfast [55] in
order to identify its presence and introduce modifications for its prevention. Thus, we consider that
women in this series, have not displayed significant amounts of urinary ketones during follow-up for
GDM or at least, not for long periods.

The observed GWG distribution can be viewed as a good outcome according to the observed
association with pregnancy outcomes. However, a recent study in a general obstetric population in
Hong Kong has reported that inadequate GWG is associated with adiposity, hypertension and insulin
resistance in offspring at 7 years of age, independently of factors such as gestational hyperglycemia or
birthweight [56]. The association is present both for excessive and insufficient GWG but more marked
for eGWG and especially for extreme values. The relationship of iGWG with long-term adiposity and
insulin resistance would be akin to situations such as maternal treatment with metformin [57,58] or
prevention of GDM through lifestyle intervention [59]. Should these observations be confirmed in
women with GDM, the distribution of GWG herein described should be viewed as less satisfactory.

The results herein presented confirm data in the literature and also include novel observations
among predictors of GWG (maternal height, active smoking and length of follow-up) and also among
its association with pregnancy outcomes (iGWG associated with a lower rate of cesarean delivery).

The strength of our retrospective study is the large sample size of the cohort. We provide data
on more than two thousand women with GDM and have performed a comprehensive analysis of the
predictors of inadequate GWG according to IOM 2009 and its association with pregnancy outcomes.
The study has several limitations. This is an observational, retrospective, single-center study, hence
selection and information bias cannot be ruled out. A second limitation is that only information on
total GWG is available and we have not been able to address weight gain after initiation of specific
follow-up for GDM. Another limitation is that information on preeclampsia is only available in a
reduced subset of women.

5. Conclusions

In summary, in this cohort of women with GDM, inadequate GWG was very common at the
expense of iGWG; length of clinical follow-up for GDM was the only independent variable that
is modifiable during pregnancy, after GDM diagnosis. The associations of GWG with pregnancy
outcomes were essentially favorable for iGWG and unfavorable for eGWG.
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Appendix A

Table A1. Recommendations of GWG according to IOM 2009 [60]:

Pre-Pregnancy BMI Category (kg/m2)
Recommended Range of GWG During Pregnancy (kg)

Singleton Pregnancy Multiple Pregnancy

Underweight (BMI < 18.5) 12.5–18.0

Normal weight (BMI = 18.5–24.9) 11.5–16.0 16.8–24.5

Overweight (BMI = 25.0–29.9) 7.0–11.5 14.1–22.7

Obesity (BMI ≥ 30) 5.0–9.0 11.3–19.1

GWG: gestational weight gain, IOM: Institute of Medicine, BMI: body mass index.

Appendix B

Figure A1. Scatterplot of gestational weight gain (in kg) vs. length of follow-up (in weeks).
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Abstract: The objectives of this study were to (a) assess the utility of fetal anthropometric variables
to predict the most relevant adverse neonatal outcomes in a treated population with gestational
diabetes mellitus (GDM) beyond the known impact of maternal anthropometric and metabolic
parameters and (b) to identify the most important fetal predictors. A total of 189 patients with
GDM were included. The fetal predictors included sonographically assessed fetal weight centile
(FWC), FWC > 90% and <10%, and fetal abdominal circumference centile (FACC), FACC > 90% and
< 10%, at 29 0/7 to 35 6/7 weeks. Neonatal outcomes comprising neonatal weight centile (NWC),
large and small for gestational age (LGA, SGA), hypoglycemia, prematurity, hospitalization for
neonatal complication, and (emergency) cesarean section were evaluated. Regression analyses were
conducted. Fetal variables predicted anthropometric neonatal outcomes, prematurity, cesarean section
and emergency cesarean section. These associations were independent of maternal anthropometric
and metabolic predictors, with the exception of cesarean section. FWC was the most significant
predictor for NWC, LGA and SGA, while FACC was the most significant predictor for prematurity
and FACC > 90% for emergency cesarean section. In women with GDM, third-trimester fetal
anthropometric parameters have an important role in predicting adverse neonatal outcomes beyond
the impact of maternal predictors.

Keywords: gestational diabetes; fetal ultrasound; fetal anthropometry; pregnancy outcomes;
neonatal complications

1. Introduction

Gestational diabetes mellitus (GDM) carries an increased risk for short and long-term
adverse outcomes, both for the mothers and their offspring [1,2]. In women with GDM,
maternal anthropometric and metabolic parameters including prepregnancy BMI, gestational weight
gain (GWG), maternal medical treatment requirement (metformin and/or insulin) and HbA1c at the
end of pregnancy have been shown to influence and predict neonatal complications, such as small and
large for gestational age (SGA, LGA), prematurity, hypoglycemia and cesarean section [3–5].

Third-trimester fetal ultrasound (US) is a helpful tool to predict neonatal outcomes. In the healthy
pregnant population, estimated fetal weight (FW) was found to predict birth weight [6], whereas lower
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FW and fetal abdominal circumference (FAC) were associated with preterm birth [7,8]. There is a need
for studies investigating the association between third-trimester fetal parameters and diverse adverse
neonatal outcomes in the context of a population with GDM. Fetal abdominal circumference centile
(FACC) cut-offs in association with maternal capillary glycemic values have been used for medical
treatment guidance in women with GDM, leading to a reduction in neonatal complications, but these
studies were limited to experienced centres and obstetricians [9–11].

To our knowledge, it is not known whether fetal anthropometric parameters have an added value
in predicting diverse neonatal outcomes beyond the known impact of different maternal anthropometric
and metabolic variables.

When analysing fetal US parameters to guide decisions for monitoring during pregnancy, the utility
of each parameter can be assessed. Comparable efficiency between estimated FW and FACC has been
shown to predict both SGA and LGA in a mixed population with diabetes [12]. To date, no study
has compared the effectiveness of the fetal anthropometric parameters, including fetal weight centile
(FWC), FACC and their lower and higher cut-offs, in predicting the most relevant neonatal outcomes
in women with GDM.

To answer these questions, the objectives of this study were: (1) to assess the utility of fetal
anthropometric parameters to predict the most relevant adverse neonatal outcomes beyond maternal
anthropometric and metabolic parameters in a population of women with GDM and (2) to identify the
most important fetal predictors for these outcomes.

2. Experimental Section

This is a prospective observational study, which included a consecutive cohort of pregnant women
with GDM followed in the Diabetes and Pregnancy Unit in the Centre Hospitalier Universitaire
Vaudois (CHUV), Lausanne, Switzerland, between April 2012 and October 2017. Detailed information
on the material and methods have been described in a previous study [3]. Briefly, we included all
women with GDM who had signed an informed consent. Exclusion criteria were: multiple gestation,
pregestational diabetes or diabetes diagnosed before 13 weeks of gestation, missing newborn sex
and/or birth weight and missing fetal ultrasound data between 29 0/7 and 35 6/7 gestational weeks.
Patients with concomitant pathologies or pregnancy complications were not excluded from the study.

GDM was diagnosed according to the International Association of the Diabetes and Pregnancy
Study Groups criteria [13], including a 75-g oral glucose tolerance test at 24–28 weeks GA. The treatment
was based on the current guidelines of the American Diabetes Association [14] and of the Endocrine
Society [15]. At their first clinical appointment, patients were seen by a diabetes educator specialized
in GDM or a medical doctor, received information on GDM, and were taught how to perform the
capillary blood glucose test. A dietician saw these women one week later and provided them with
advice to optimal glycaemic control, while providing all the nutrients required and to promote
optimal weight gain during pregnancy. Women were encouraged to increase physical activity
and had the possibility to receive physical activity counselling by a physiotherapist, as well as to
participate in GDM physical activity groups. According to international and local guidelines (Vaud
Cantonal Diabetes Program [16,17]), women were asked to check their capillary glucose values 4x/day.
If, despite lifestyle changes, glucose values remained above targets, metformin or insulin treatment
was introduced [13,14,16,17].

2.1. Maternal and Fetal Predictors and Neonatal Outcome Measures

Maternal anthropometric and metabolic predictors included prepregnancy body mass index
(BMI), GWG, fasting, 1-h and 2-h blood glucose values during the 75g oGTT at 24–28 weeks of GA,
HbA1c at the last visit at the GDM clinic, and maternal glucose lowering medical treatment requirement
(metformin and/or insulin). Prepregnancy BMI was calculated based on pre-pregnancy weight that
was retrieved from medical charts or self-reported, and on height measured at the first visit at the
GDM clinic, using the formula weight(kg)/(height(m))2. Height at the first GDM visit was measured
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to the nearest 0.1 cm with a regularly calibrated Seca® height scale. GWG was determined as the
difference between the last weight measured before delivery and pre-pregnancy weight. Weight was
measured to the nearest 0.1 kg in women wearing light clothes and no shoes with an electronic scale
(Seca®). HbA1c at the last visit at the GDM clinic (last visit before delivery) was performed after March
2015, and was measured using a chemical photometric method (conjugation with boronate; Afinion®).
Maternal treatment was obtained from medical charts and classified into 2 categories (no treatment,
treatment with metformin and/or insulin). The latter category was not subdivided, as only 14 women
were treated with metformin alone.

Fetal predictors consisted of FWC (ranging from 0–100%), FWC> 90%, FWC< 10%, FACC (ranging
from 0–100%), FACC > 90% and FACC < 10%. All fetal ultrasounds were performed at the CHUV by
trained obstetricians. Estimated FW using the Hadlock formula [18] and FAC were obtained during
the antenatal ultrasound performed between 29 0/7 and 35 6/7 weeks of gestation. Fetal centiles were
calculated using the Intergrowth 21st fetal size application tool [19].

Neonatal outcomes included neonatal weight centile (NWC), large-for-gestational-age (LGA),
small-for-gestational-age (SGA), hypoglycemia, prematurity, hospitalization in the neonatal unit
for a neonatal complication, 5-min Apgar score < 7, cesarean section (emergency and scheduled
together) and emergency cesarean section by itself. All neonatal outcomes, with the exception of
NWC, were binary. Neonatal weight (g) was documented at birth as an absolute value; NWCs were
calculated using the Intergrowth 21st newborn size application tool [20]. LGA was defined as newborn
weight centile > 90% for sex and gestational age. SGA was defined as newborn weight centile < 10%
for sex and gestational age. Prematurity was defined as gestational age < 37 weeks. Gestational age
was calculated according to the date of the last menstruations, or as assessed by the fetal ultrasound
in the cases where gestational age was corrected during the first trimester ultrasound evaluation.
According to the centre protocol based on national Swiss guidelines [21], all neonates from mothers
with GDM received feeding in the first 2 h of life and were fed every 2–3 h during the first 48 h
in order to prevent neonatal hypoglycemia. Systemic blood glucose monitoring was conducted in all
newborns [21], and the frequency of the controls depended on whether the mother was treated or
not with insulin during her pregnancy (at least 3 controls, and at least 8 controls over 48 h in case of
maternal treatment). Neonatal glycemia was also measured if symptoms suggested hypoglycemia.
Neonatal hypoglycemia was defined as capillary or venous glucose value ≤ 2.5 mmol/L. The blood
glucose value (capillary or venous) was also verified at the CHUV central laboratory, if capillary
glycemia measured by the glucometer was ≤ 2.5 mmol/L. Neonates were hospitalized for intravenous
glucose infusion when they presented a symptomatic hypoglycemia, or a glycemia ≤ 2.0 mmol/L,
or more than one hypoglycemia ≤ 2.5 mmol/L despite administration of dextromaltan and/or formula
milk. Any hospitalization in the neonatal unit was documented. Cesarean section occurrence was
documented (emergency and total including also scheduled cesarean sections). Emergency cesarean
section included all non-scheduled cesarean sections for either a fetal or maternal indication. The exact
indication of the emergency cesarean section was not specified. In cases of scheduled cesarean section,
the decision for the cesarean section indication was taken by the mother’s obstetrician as well the
mother. Fetal and neonatal data were obtained from the center patient electronic medical chart for all
newborns born in the CHUV.

2.2. Statistical Analysis

All data were analysed using Stata/SE 16.0 (StataCorp LLC, TX, USA). The normality of continuous
variables was assessed, and normally distributed continuous variables were described as means and
standard deviations (SDs). Binary outcomes were described as N (percentages) (Table 1). Linear and
logistic regression analyses with adverse neonatal outcomes as the dependent variable, adjusting for
gestational age at birth and neonatal sex where appropriate, and including the fetal and maternal
variables as the predictor variables (see above), were initially conducted (Tables A1 and A2 of the
Appendix A). In the specific case of emergency cesarean, comparisons were made with scheduled
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cesarean section. In order to evaluate the role of fetal anthropometric parameters beyond maternal
anthropometric and metabolic parameters, the analyses of significant fetal predictors were additionally
adjusted for significant maternal predictors (Table 2). Finally, in order to identify the most important
fetal predictors for neonatal outcomes, we used stepwise procedures (backward elimination), in order
to select the most important variables among those which are highly correlated. (Table 3). This latter
analysis was also adjusted for significant maternal predictors in univariate analyses, as well as for
gestational age at birth and neonatal sex as indicated before. For all analyses, beta-coefficients
(for continuous outcomes such as neonatal centiles) and adjusted odds ratios (aORs-for binary
outcomes, e.g., all other neonatal outcomes) are reported along with their 95% confidence intervals
(CIs). The significance was set at p < 0.05. Due to the small number of some neonatal complications,
analysis was only performed for adverse outcomes present in more than 10 cases [22]. Therefore, 5-min
Apgar score < 7 was removed from the regression analyses.

Table 1. Descriptive maternal, fetal and neonatal characteristics.

Number of Patients 189

Maternal characteristics
Age (years) 32.9 ± 5.4

Prepregnancy BMI (kg/m2) 26.6 ± 5.4
Gestational weight gain (kg) 13.3 ± 7.2

Gestational weight gain until the 1st visit at the GDM clinic (kg) 10.5 ± 6.1
Fasting oGTT glucose value (mmol/L) 5.3 ± 0.7

1-h oGTT glucose value (mmol/L) 10.0 ± 2.1
2-h oGTT glucose value (mmol/L) 7.9 ± 2.0

Gestational age at the 1st visit at the GDM clinic (weeks) 28.2 ± 3.0
Gestational age at the last visit at the GDM clinic *(weeks) 36.1 ± 1.4

HbA1c at the last visit at the GDM clinic * (%) 5.7 ± 0.5
Maternal medical treatment requirement N(%) 104 (58.8)

Fetal characteristics
Gestational age (weeks) 32.8 ± 1.5

Fetal weight centile * (%) 67.8 ± 21.4
Fetal weight centile > 90% * N(%) 33 (17.5)
Fetal weight centile < 10%* N(%) 0

Fetal abdominal circumference centile * (%) 65.9 ± 29.9
Fetal abdominal circumference centile > 90% * N(%) 54 (28.6)
Fetal abdominal circumference centile < 10% * N(%) 12 (6.4)

Neonatal characteristics
Male N(%) 96 (50.8)

Gestational age at birth (weeks) 38.8 ± 1.5
Neonatal weight (g) 3252 ± 591

Neonatal weight centile † (%) 55.3 ± 31.7
LGA ‡ N(%) 41 (21.7)
SGA § N(%) 22 (11.6)

Neonatal Hypoglycemia ** N(%) 25 (13.9)
Prematurity †† N(%) 16 (8.5)

Hospitalization for neonatal complication N(%) 25 (13.8)
5-min Apgar score < 7 N(%) 6 (3.2)

Cesarean section ‡‡ N(%) 88 (48.1)
Emergency cesarean section N(%) 41 (22.4)

Abbreviations: BMI body mass index, GDM gestational diabetes mellitus, oGTT oral glucose tolerance test,
HbA1c glycated hemoglobin, LGA Large for gestational age, SGA Small for gestational age. * for gestational
age using the Intergrowth 21st fetal size application tool [19] † for sex and gestational age using the Intergrowth
21st newborn size application tool [20]. ‡ LGA: birth weight >90th centile for sex and gestational age using the
Intergrowth 21st newborn size application tool [20]. § SGA: birth weight < 10th centile for sex and gestational age
using the Intergrowth 21st newborn size application tool [20]. ** capillary or venous glucose value ≤ 2.5 mmol/L.
†† gestational age <37 weeks. ‡‡ cesarean section includes scheduled and emergency cesarean sections.
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Table 2. Fetal predictors of adverse neonatal outcomes after adjustment for maternal predictors.

Neonatal Outcomes Fetal Predictors
OR/

Beta-Coefficient
Standard Error 95% CI p Value

Neonatal Weight
Centile (%) * Fetal weight centile (%) † 0.94 †† 0.09 0.76 1.13 <0.001

Fetal weight centile >90 (%) † 37.77 †† 5.62 22.66 44.88 <0.001
Fetal abdominal circumference centile (%) † 0.55 †† 0.07 0.40 0.69 <0.001

Fetal abdominal circumference centile >90 (%) † 30.27 †† 4.78 20.83 39.71 <0.001
LGA ‡ Fetal weight centile (%) † 1.09 0.03 1.04 1.14 <0.001

Fetal weight centile >90 (%) † 10.90 7.10 3.04 39.09 <0.001
Fetal abdominal circumference centile (%) † 1.09 0.03 1.03 1.14 0.001

Fetal abdominal circumference centile >90 (%) † 9.46 5.54 3.00 29.83 <0.001
SGA § Fetal weight centile (%) † 0.95 0.01 0.92 0.97 <0.001

Fetal abdominal circumference centile (%) † 0.97 0.01 0.96 0.99 <0.001
Fetal abdominal circumference centile >90 (%) † 0.13 0.13 0.02 0.99 0.049

Prematurity ¶ Fetal weight centile (%) † 0.98 0.01 0.95 1.00 0.038
Fetal abdominal circumference centile (%) † 0.98 0.01 0.97 1.00 0.029

Cesarean section ** Fetal abdominal circumference centile < 10 (%) † 0.38 0.35 0.07 2.27 0.291
Emergency cesarean

section ** Fetal weight centile > 90 (%) † 3.08 1.75 1.01 9.38 0.047

Fetal abdominal circumference centile > 90 (%) † 3.17 1.58 1.20 8.41 0.020

Abbreviations: OR odds ratio BMI body mass index, GDM gestational diabetes mellitus, oGTT oral glucose tolerance
test, HbA1c glycated hemoglobin, LGA Large for gestational age, SGA Small for gestational age. * for sex and
gestational age using the Intergrowth 21st newborn size application tool [20]. † for gestational age using the
Intergrowth 21st fetal size application tool [19]. ‡ LGA: birth weight >90th centile for sex and gestational age using
the Intergrowth 21st newborn size application tool [20]. § SGA: birth weight <10th centile for sex and gestational
age using the Intergrowth 21st newborn size application tool [20]. ¶ gestational age < 37 weeks. ** cesarean section
includes scheduled and emergency cesarean sections. Emergency cesarean sections were compared to scheduled
cesarean sections. †† this value corresponds to a beta-coefficient. Linear and logistic regression analyses, adjusted
for neonatal sex, gestational age and significant maternal variables presented in Table A1.

Table 3 shows the main fetal predictors of neonatal outcomes using multiple logistic regression
analyses. FWC was the most relevant fetal predictor for NWC, LGA, and SGA (inverse association;
all p < 0.001). FACC was the most relevant predictor for prematurity (inverse association) and
FACC > 90% for emergency cesarean section (both p ≤ 0.029).

Table 3. Main fetal predictors of adverse neonatal and maternal outcomes.

Neonatal Outcomes Fetal Predictors
OR/

Beta-Coefficient
Standard Error 95% CI p Value

Neonatal Weight centile
(%) * Fetal weight centile (%) † 0.94 †† 0.09 0.76 1.13 <0.001

Fetal weight centile > 90(%) † 0.306
Fetal abdominal circumference centile (%) † 0.616

Fetal abdominal circumference centile > 90 (%) † 0.887
LGA ‡ Fetal weight centile (%) † 1.09 0.260 1.04 1.14 <0.001

Fetal weight centile > 90 (%) † 0.569
Fetal abdominal circumference centile (%) † 0.287

Fetal abdominal circumference centile > 90 (%) † 0.937
SGA § Fetal weight centile (%) † 0.950 0.1200 0.920 0.970 <0.001

Fetal abdominal circumference centile (%) † 0.750
Fetal abdominal circumference centile > 90 (%) † 0.829

Prematurity ¶ Fetal weight centile (%) † 0.634
Fetal abdominal circumference centile (%) † 0.98 0.01 0.97 1.00 0.029

Emergency cesarean
section ** Fetal weight centile >90 (%) † 0.756

Fetal abdominal circumference centile >90 (%) † 1.15 0.50 0.18 2.13 0.020

Abbreviations: OR odds ratio BMI body mass index, GDM gestational diabetes mellitus, oGTT oral glucose tolerance
test, HbA1c glycated hemoglobin, LGA Large for gestational age, SGA Small for gestational age. * for sex and
gestational age using the Intergrowth 21st newborn size application tool [20]. † for gestational age using the
Intergrowth 21st fetal size application tool [19]. ‡ LGA: birth weight >90th centile for sex and gestational age using
the Intergrowth 21st newborn size application tool [20]. § SGA: birth weight <10th centile for sex and gestational age
using the Intergrowth 21st newborn size application tool [20]. ¶ gestational age < 37 weeks. ** emergency cesarean
section was compared to scheduled cesarean section. †† this value corresponds to a beta-coefficient. Manual stepwise
multiple logistic regression analyses with all significant fetal variables presented in Table A2, adjusted for neonatal
sex and gestational age, as well as significant maternal variables presented in Table A1. The outcomes are only
shown if at least one predictor remains significative.
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2.3. Ethics

Signed informed consent was obtained from all participating women. The study was conducted
in accordance with the guidelines of the declaration of Helsinki, and good clinical practice. The Human
Research Ethics Committee of the Canton de Vaud approved the study protocol (326/15).

3. Results

Out of a population of 826 adult women with gestational diabetes, 111 women were excluded
due to missing informed consent, 9 because they participated in an intervention clinical trial, 128 due
to multiple gestation, missing newborn sex and/or birth weight and 389 because of missing fetal
ultrasound data between 29 0/7 and 35 6/7 gestational weeks. Overall, 189 women were included in the
final analysis.

3.1. Maternal, Fetal and Neonatal Characteristics

Detailed information about the maternal, fetal and neonatal characteristics are shown in Table 1.
In summary, women were 32.9 ± 5.4 years old and had a mean prepregnancy BMI of 26.6 ± 5.4 kg/m2.
The mean fetal and neonatal weight centiles were 67.8 ± 21.4%, and 55.3 ± 31.7%, respectively.

3.2. Associations Between Maternal and Fetal Predictors and Neonatal Outcomes

Prepregnancy maternal BMI, GWG, fasting, 1h and 2h glucose values at oGTT and need for maternal
glucose lowering medical treatment (metformin and/or insulin) showed a significant association with
one or more adverse neonatal outcomes such as NWC, LGA, SGA, hypoglycemia, and cesarean section
(all p≤ 0.046, see Table A1 of the Appendix A). HbA1c at the last GDM visit did not show any association
with neonatal outcomes. The maternal medical treatment requirement was the only maternal predictor
for neonatal hypoglycemia (p = 0.02), whereas none of the maternal parameters were correlated with
prematurity, hospitalization for neonatal complications or emergency cesarean section.

One or more of the fetal parameters were correlated with all adverse neonatal outcomes except
for hypoglycemia and hospitalization for neonatal complications (all p ≤ 0.047, see Table A2 of the
Appendix A). The significance of fetal predictors did not change after adjusting for significant maternal
predictors, with the exception of cesarean section; therefore, the FACC < 10% did not remain significant
after adjustment for maternal glycemic values at the oGTT (Table A2 of the Appendix A and Table 2).
Thus, after adjustment for maternal predictors, FWC was positively associated with NWC, LGA,
and inversely with SGA and prematurity (all p≤ 0.038), while FWC > 90% showed a positive correlation
with neonatal birth weight, LGA, and emergency cesarean section (all p ≤ 0.047). Similarly, FACC
was positively associated with neonatal birth weight, LGA, and inversely with SGA and prematurity
(all p ≤ 0.029). FACC > 90% showed a positive association with neonatal birth weight, LGA and
emergency cesarean section, and an inverse association with SGA (all p ≤ 0.049).

4. Discussion

The novel finding in this study of 189 clinically followed women with GDM was that third-trimester
fetal anthropometric parameters can predict diverse relevant neonatal outcomes, such as anthropometry,
prematurity, and emergency cesarean section, independently and beyond the impact of significant
maternal anthropometric and metabolic predictors. However, none of the maternal or fetal parameters
could predict hospitalization for neonatal complications. Maternal glucose lowering medical treatment
requirement was the only predictor for neonatal hypoglycemia. FWC was found to be the most
powerful predictor for NWC, LGA, and SGA, whereas FACC was the most powerful predictor for
prematurity, and FACC > 90% for emergency cesarean section. Based on our findings, fetal ultrasound
is a useful tool in the management of women with GDM, helping to independently predict adverse
neonatal outcomes.
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More specifically, FWC was an independent predictor for NWC, LGA, SGA and prematurity,
while FWC > 90% was an independent predictor for neonatal birth weight, LGA, and emergency
cesarean section. The association between FW and neonatal complications in the context of a population
with GDM in a clinical setting still remains poorly studied, even in healthy pregnancies, studies
mainly focused on anthropometric neonatal outcomes or a single adverse outcome. A previous
study in a healthy population showed that estimated FW was a reliable predictor of actual birth
weight; sonography appeared marginally more accurate in predicting SGA than macrosomia [6].
Alsulyman et al. compared discrepancies between intrapartum sonographically estimated FW and
actual birth weight, and found a similar accuracy between women with (mixed GDM and pre-existent
diabetes) and without diabetes [23]. Estimated FW assessed by ultrasound between 36 0/7 and 38 6/7
weeks of gestation predicted emergency cesarean section in a recent retrospective study including
a predominantly healthy population (18% GDM) [24]. To our knowledge, this is the first study proving
the utility of third-trimester sonographically estimated FW in the prediction of a series of neonatal
outcomes, in the context of a population with GDM.

Moreover, FACC (%) independently predicted neonatal birth weight, LGA, SGA and prematurity,
while FACC > 90% predicted neonatal birth weight, LGA, SGA and emergency cesarean section.
Our study is in accordance with a study by Hawkings et al., which showed that in a healthy population,
FACC < 10% was associated with a higher incidence of preterm delivery. Previous studies have used
different sonographically assessed FACC cut-offs (>70% or 75% centile) and maternal capillary glycemic
values in order to guide the medical treatment in populations with GDM [9–11]. GDM management
based on FACC cut-offs, combined with less stringent glycemic criteria, resulted in similar rates of
cesarean section, LGA, SGA, neonatal hypoglycemia, and neonatal admission compared to management
based on strict glycemic criteria alone in a study by Schaefer-Graf et al. [10] and in lower rates of LGA,
macrosomia and SGA in a study by Bonomo et al. [11]. A third-trimester FACC cut-off could be used
for treatment guidance in women with GDM, aiming to reduce adverse neonatal outcomes.

We also evaluated the respective importance of FWC and FACCs, and their higher and lower
cut-offs in predicting neonatal outcomes. FWC was found to be the most powerful fetal predictor
for NWC, LGA, and SGA, while FACC was superior for the prediction of prematurity, and FACC
>90% was a stronger predictor for emergency cesarean section. To our knowledge, this is the first
study comparing the role of different fetal anthropometric parameters in the prediction of a series
of neonatal outcomes in the context of a population with GDM. A previous study by Holcomb et al.
demonstrated equal efficiency between sonographically estimated FW and FAC (without using centiles
or cut-offs) in the prediction LGA, in a mixed population with diabetes [12]. In our study, FWC was
more relevant for the prediction of neonatal anthropometric parameters at birth, whereas FACC was
more relevant for the prediction of other outcomes, such as prematurity and emergency cesarean
section. Thus, both parameters are useful and non-interchangeable in the follow-up of patients with
GDM. In terms of clinical relevance, these parameters may be implemented in clinical practice for
maternal treatment guidance, enabling a personalized treatment based on maternal metabolic control
and fetal anthropometry.

HbA1c at the last visit at the GDM clinic was not associated with neonatal outcomes, which may
be related to a smaller sample size due to missing data.

The strengths of our study included its originality and prospective nature, which ensured the
presence of complete detailed information on maternal, fetal and neonatal characteristics. However,
some limitations may also be noted. The emergency cesarean section indication was not specified,
and the premature population was included as a whole. Dividing the population into emergency
cesarean section subgroups (i.e., for maternal or fetal reason), as well as the subclassification of
prematurity according to gestational age at delivery, could be interesting, but would lead to smaller
sizes and limited statistical power. Moreover, as the exact indication for emergency cesarean was not
specified, some of these may have been due to pregnancy complications not directly connected with
gestational diabetes. The presence of an instrumentally assisted vaginal birth was also not investigated,
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due to insufficiently documented data. Lastly, we did not include fetal anthropometric data obtained
during the second trimester of pregnancy, due to the limited number of patients followed at our
tertiary hospital before the diagnosis of GDM. This was the authors’ decision in order to ensure that all
ultrasound measurements were performed with the same methodology and by an equally experienced
team, in order to ensure data quality.

5. Conclusions

FWC and FACCs assessed in the third trimester predicted diverse relevant adverse neonatal
outcomes at birth independently and beyond the impact of maternal anthropometric and metabolic
parameters. FWC was found to be the most relevant predictor for neonatal anthropometric parameters
(weight centile, LGA, SGA), and FACC and FACC > 90% were the most relevant predictors for
prematurity and emergency cesarean section, respectively. Fetal anthropometry is thus a useful
tool for risk stratification in pregnancies with GDM. Along with maternal anthropometric and
metabolic parameters such as weight (changes) and glycemic control, it could be used for maternal
treatment guidance, allowing for a personalized follow-up and eventually a decrease in adverse
neonatal outcomes.
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Appendix A

Table A1. Maternal predictors of adverse neonatal outcomes.

Neonatal Outcomes Maternal Predictors OR/beta-Coefficient Standard Error 95% CI p Value

Neonatal Weight
Centile (%) * Prepregnancy BMI (kg/m2) 0.9 ‡‡ 0.42 0.07 1.74 0.034

Gestational weight gain (kg) 0.96 ‡‡ 0.33 0.30 1.61 0.005
Fasting oGTT glucose (mmol/L) 5.29 ‡‡ 3.55 −1.70 12.29 0.138

1-h oGTT glucose (mmol/L) 2.29 ‡‡ 1.23 −0.14 4.73 0.065
2-h oGTT glucose (mmol/L) 1.07 ‡‡ 1.32 −1.54 3.68 0.419
HbA1c at the last visit at the

GDM clinic (%) † 1.59 ‡‡ 9.12 −16.71 19.89 0.862

Maternal medical treatment
requirement 14.6 ‡‡ 4.68 5.37 23.84 0.002

LGA ‡ Prepregnancy BMI (kg/m2) 1.06 0.03 1.00 1.13 0.052
Gestational weight gain (kg) 1.11 0.03 1.05 1.18 0.001

Fasting oGTT glucose (mmol/L) 1.87 0.49 1.11 3.13 0.018
1-h oGTT glucose (mmol/L) 1.22 0.12 1.01 1.48 0.040
2-h oGTT glucose (mmol/L) 1.16 0.12 0.95 1.41 0.139
HbA1c at the last visit at the

GDM clinic (%) † 2.12 1.44 0.56 8.01 0.267
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Table A1. Cont.

Neonatal Outcomes Maternal Predictors OR/beta-Coefficient Standard Error 95% CI p Value

Maternal medical treatment
requirement 6.61 3.36 2.44 17.89 <0.001

SGA § Prepregnancy BMI (kg/m2) 0.96 0.04 0.87 1.05 0.333
Gestational weight gain (kg) 0.98 0.03 0.92 1.05 0.596

Fasting oGTT glucose (mmol/L) 1.01 0.35 0.51 1.99 0.975
1-h oGTT glucose (mmol/L) 1.04 0.14 0.81 1.35 0.743
2-h oGTT glucose (mmol/L) 1.09 0.13 0.86 1.39 0.466
HbA1c at the last visit at the

GDM clinic (%) † 0.46 0.61 0.04 6.06 0.559

Maternal medical treatment
requirement 0.37 0.18 0.14 0.98 0.046

Neonatal
Hypoglycemia ¶ Prepregnancy BMI (kg/m2) 1.03 0.04 0.95 1.11 0.483

Gestational weight gain (kg) 1.03 0.03 0.97 1.10 0.310
Fasting oGTT glucose (mmol/L) 0.93 0.31 0.49 1.78 0.831

1-h oGTT glucose (mmol/L) 1.02 0.12 0.81 1.28 0.868
2-h oGTT glucose (mmol/L) 1.08 0.13 0.85 1.38 0.534
HbA1c at the last visit at the

GDM clinic (%) † 0.34 0.33 0.05 2.31 0.267

Maternal medical treatment
requirement 3.83 2.21 1.23 11.88 0.020

Prematurity ** Prepregnancy BMI (kg/m2) 0.95 0.05 0.86 1.06 0.375
Gestational weight gain (kg) 0.98 0.04 0.91 1.06 0.609

Fasting oGTT glucose (mmol/L) 1.35 0.47 0.68 2.68 0.384
1-h oGTT glucose (mmol/L) 1.21 0.16 0.94 1.56 0.146
2-h oGTT glucose (mmol/L) 1.23 0.15 0.96 1.56 0.098
HbA1c at the last visit at the

GDM clinic (%) † 13.37 18.98 0.82 215.73 0.068

Maternal medical treatment
requirement 0.87 0.55 0.25 2.98 0.823

Hospitalization for
Neonatal Complication Prepregnancy BMI (kg/m2) 1.04 0.04 0.96 1.14 0.308

Gestational weight gain (kg) 0.99 0.04 0.92 1.06 0.753
Fasting oGTT glucose (mmol/L) 1.12 0.34 0.62 2.02 0.701

1-h oGTT glucose (mmol/L) 1.11 0.12 0.90 1.39 0.329
2-h oGTT glucose (mmol/L) 1.07 0.13 0.85 1.35 0.567
HbA1c at the last visit at the

GDM clinic (%) † 0.63 0.67 0.08 5.07 0.662

Maternal medical treatment
requirement 1.26 0.65 0.46 3.47 0.651

Cesarean Section †† Prepregnancy BMI (kg/m2) 1.06 0.03 1.00 1.12 0.064
Gestational weight gain (kg) 1.00 0.02 0.96 1.05 0.908

Fasting oGTT glucose (mmol/L) 1.46 0.39 0.86 2.47 0.161
1-h oGTT glucose (mmol/L) 1.22 0.12 1.01 1.47 0.038
2-h oGTT glucose (mmol/L) 1.22 0.12 1.00 1.49 0.045
HbA1c at the last visit at the

GDM clinic (%) † 0.33 0.25 0.07 1.48 0.148

Maternal medical treatment
requirement 1.28 0.42 0.68 2.42 0.440

Emergency cesarean
section Prepregnancy BMI (kg/m2) 0.97 0.04 0.90 1.04 0.370

Gestational weight gain (kg) 1.01 0.03 0.95 1.07 0.852
Fasting oGTT glucose (mmol/L) 1.13 0.31 0.66 1.93 0.656

1-h oGTT glucose (mmol/L) 1.15 0.14 0.90 1.46 0.267
2-h oGTT glucose (mmol/L) 1.06 0.13 0.84 1.34 0.630
HbA1c at the last visit at the

GDM clinic (%) † 3.88 4.16 0.48 31.73 0.206

Maternal medical treatment
requirement 0.93 0.44 0.37 2.35 0.881

Abbreviations: OR odds ratio BMI body mass index, GDM gestational diabetes mellitus, oGTT oral glucose tolerance
test, HbA1c glycated hemoglobin, LGA Large for gestational age, SGA Small for gestational age. * for sex and
gestational age using the Intergrowth 21st newborn size application tool [20]. † this corresponds to the last visit
at the GDM clinic. ‡ LGA: birth weight >90th percentile for sex and gestational age using the Intergrowth 21st
newborn size application tool [20]. § SGA: birth weight < 10th percentile for sex and gestational age using the
Intergrowth 21st newborn size application tool [20]. ¶ capillary or venous glucose value ≤ 2.5 mmol/L; ** gestational
age < 37 weeks. †† cesarean section includes scheduled and emergency cesarean sections. Emergency cesarean
sections were compared to scheduled cesarean sections. ‡‡ this value corresponds to a beta-coefficient. Linear and
logistic regression analyses, adjusted for neonatal sex and gestational age.
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Table A2. Fetal predictors of adverse neonatal outcomes.

Neonatal Outcomes Fetal Predictors OR/beta-Coefficient Standard Error 95% CI p Value

Neonatal Weight
centile (%) * Fetal weight centile (%) † 0.96 §§ 0.08 0.80 1.13 <0.001

Fetal weight centile > 90 (%) † 37.73 §§ 5.42 27.03 48.43 <0.001
Fetal abdominal circumference centile (%) † 0.59 §§ 0.06 0.46 0.71 <0.001

Fetal abdominal circumference centile > 90(%) † 34.99 §§ 4.43 26.26 43.72 <0.001
Fetal abdominal circumference centile < 10(%) † −14.63 §§ 9.41 −33.19 3.94 0.122

LGA ‡ Fetal weight centile (%) † 1.10 0.18 1.06 1.14 <0.001
Fetal weight centile > 90 (%) † 9.89 4.22 4.29 22.82 <0.001

Fetal abdominal circumference centile (%) † 1.09 0.02 1.06 1.13 <0.001
Fetal abdominal circumference centile > 90(%) † 11.89 4.84 5.35 26.42 <0.001
Fetal abdominal circumference centile < 10(%) † − § − § − § − § − §

SGA ¶ Fetal weight centile (%) † 0.95 0.01 0.93 0.97 <0.001
Fetal weight centile > 90 (%) † − § − § − § − § − §

Fetal abdominal circumference centile (%) † 0.97 0.01 0.96 0.98 <0.001
Fetal abdominal circumference centile > 90(%) † 0.10 0.11 0.01 0.78 0.028
Fetal abdominal circumference centile < 10(%) † 2.77 0.20 0.69 11.14 0.151

Neonatal
Hypoglycemia ** Fetal weight centile (%) † 1.00 0.01 0.98 1.02 0.855

Fetal weight centile > 90 (%) † 0.78 0.46 0.24 2.49 0.674
Fetal abdominal circumference centile (%) † 1.01 0.01 0.99 1.02 0.322

Fetal abdominal circumference centile > 90(%) † 1.44 0.65 0.59 3.51 0.428
Fetal abdominal circumference centile < 10(%) † 0.59 0.65 0.07 5.18 0.634

Prematurity †† Fetal weight centile (%) † 0.98 0.01 0.95 1.00 0.038
Fetal weight centile > 90 (%) † 0.67 0.52 0.14 3.11 0.608

Fetal abdominal circumference centile (%) † 0.98 0.01 0.97 1.00 0.029
Fetal abdominal circumference centile > 90(%) † 0.55 0.37 0.15 2.03 0.371
Fetal abdominal circumference centile < 10(%) † 4.10 3.00 0.98 17.20 0.054

Hospitalization for
Neonatal

Complication
Fetal weight centile (%) † 1.00 0.01 0.98 1.02 0.780

Fetal weight centile > 90 (%) † 0.94 0.55 0.30 2.98 0.922
Fetal abdominal circumference centile (%) † 1.00 0.01 0.99 1.02 0.982

Fetal abdominal circumference centile > 90(%) † 1.55 0.76 0.59 4.07 0.377
Fetal abdominal circumference centile < 10(%) † 0.53 0.56 0.07 4.22 0.547

Cesarean Section ‡‡ Fetal weight centile (%) † 1.01 0.01 1.00 1.03 0.159
Fetal weight centile > 90 (%) † 2.22 0.93 0.98 5.04 0.057

Fetal abdominal circumference centile (%) † 1.01 0.01 1.00 1.02 0.129
Fetal abdominal circumference centile > 90(%) † 1.45 0.49 0.75 2.80 0.275
Fetal abdominal circumference centile < 10(%) † 0.21 0.16 0.05 0.92 0.038

Emergency cesarean
section Fetal weight centile (%) † 1.01 0.01 0.99 1.04 0.163

Fetal weight centile > 90 (%) † 3.08 1.75 1.01 9.38 0.047
Fetal abdominal circumference centile (%) † 1.01 0.01 0.99 1.03 0.252

Fetal abdominal circumference centile > 90(%) † 3.17 1.58 1.20 8.41 0.020
Fetal abdominal circumference centile < 10(%) † 0.23 0.30 0.02 3.02 0.265

Abbreviations: OR odds ratio BMI body mass index, GDM gestational diabetes mellitus, oGTT oral glucose tolerance
test, HbA1c glycated hemoglobin, LGA Large for gestational age, SGA Small for gestational age. * for sex and
gestational age using the Intergrowth 21st newborn size application tool [20]. † for gestational age using the
Intergrowth 21st fetal size application tool [19]. ‡ LGA: birth weight>90th percentile for sex and gestational age using
the Intergrowth 21st newborn size application tool [20]. § statistical analysis not possible due to the small number of
outcomes. ¶ SGA: birth weight <10th percentile for sex and gestational age using the Intergrowth 21st newborn size
application tool [20]. ** capillary or venous glucose value ≤ 2.5 mmol/L. †† gestational age < 37 weeks. ‡‡ cesarean
section includes scheduled and emergency cesarean sections. Emergency cesarean sections were compared to
scheduled cesarean sections. §§ this value corresponds to a beta-coefficient. Linear and logistic regression analyses,
adjusted for neonatal sex and gestational age.
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Abstract: The value of diabetes education, focusing on lifestyle measures, in women with gestational
diabetes mellitus (GDM) is acknowledged, but requires intensive education and input of resources if
done on an individual basis. Group education could be a valuable alternative to individual education.
This study aims to investigate the impact of multidisciplinary group education on women’s knowledge
about GDM, education, treatment satisfaction, and emotional status. Two hundred women with
GDM were enrolled in a prospective observational study. Dutch speaking women were offered group
education at their first visit after GDM diagnosis. Non-Dutch speaking women or women for whom
group education was not possible received individual education. Individual follow-up with a dietitian
was planned within two weeks for all women. Women receiving individual education (n = 100) were
more often from an ethnic minority background compared to women in group education (n = 100)
(32.0% (n = 31) vs. 15.3% (n = 15), p = 0.01). Knowledge about GDM significantly improved after
education, with few differences between the two education settings. Both patients in group and
individual education were equally satisfied with the content and duration of the initial and follow-up
education. Of all group participants, 91.8% (n = 90) were satisfied with group size (on average three
participants) and 76.5% (n = 75) found that group education fulfilled their expectations. In conclusion,
women diagnosed with GDM were overall satisfied with the education session’s content leading to a
better understanding of their condition, independent of the education setting. Group education is a
valuable alternative to better manage the increasing workload and is perceived as an added value by
GDM patients.

Keywords: gestational diabetes mellitus; treatment; education; group education

1. Introduction

Gestational diabetes mellitus (GDM) is one of the most frequent medical conditions during
pregnancy and is defined as diabetes diagnosed in the second or third trimester of pregnancy, provided
that overt diabetes early in pregnancy has been excluded [1]. GDM is associated with an increased risk
for fetal and maternal complications such as preeclampsia and macrosomia [2,3]. In the long term,
women with GDM have a seven-fold increased risk of developing type 2 diabetes mellitus (T2DM).
The offspring is also at increased risk of developing obesity, metabolic syndrome, and T2DM [4–8].
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The ‘International Association of Diabetes and Pregnancy Study Groups’ (IADPSG) and the World
Health Organization (WHO) currently both recommend a universal one-step strategy with a 75 g oral
glucose tolerance test (OGTT) for the screening of GDM [9,10]. As these diagnostic cut-off values are
more stringent and one abnormal glucose value is sufficient for the diagnosis of GDM, adoption of the
new IADPSG criteria leads to an important increase in the prevalence of GDM, creating an important
increase in workload and associated costs [11].

Treatment of women with GDM results in a lesser degree of perinatal complications and can
potentially improve the health-related quality of life [2,3,12,13]. Initial treatment of GDM involves
non-pharmacological approaches such as medical nutrition therapy, weight management, physical
activity, and glucose monitoring [1]. If lifestyle measures are insufficient to reach and maintain
glycemic targets, pharmacological therapy should be added [1]. Treatment of GDM should always
start with education about medical nutrition therapy, physical activity, weight management, and
self-monitoring of blood glucose (SMBG). The concept of self-management is thereby crucial to achieve
good maternal and neonatal outcomes [14]. Therefore, diabetes educational programs for women with
GDM should be organized in order to help them cope with their condition during pregnancy. However,
the management of GDM is a labor-intensive discipline in which the rapidly rising prevalence of GDM
poses challenges to maintain high-quality care [11].

Group education is a well-documented alternative to individual education in the organization of
diabetes care in general, serving as a method to meet the educational needs of diabetes patients while at
the same time providing peer support and motivation [15,16]. However, few studies have investigated
the effectiveness of group education for the treatment of GDM. A study investigating multidisciplinary
group education in women with GDM found that group sessions were associated with a reduction in
carbohydrate consumption, an increase in physical activity level, and a combined clinical time saving of
8–28 h per week [17]. Another observational study in the United States demonstrated that women with
GDM in group prenatal care required less insulin treatment, attended post-partum follow-ups more
often, and underwent more often postpartum glucose screening compared to women who received
conventional obstetrical care [18]. Factors associated with group education such as learning from the
experience of peers, a greater connection with health care providers and a motivating group dynamic
may partially explain these beneficial results [18]. A recent study demonstrated the benefits of group
education sessions delivered by a specialized diabetes midwife and a dietitian on women’s knowledge
of GDM, but made no comparison with individual education sessions [19]. Additional high-quality
studies in this research area are necessary to evaluate the feasibility and impact of group education
compared with conventional individual education sessions in the management of GDM. This study
aimed therefore to determine the impact of a multidisciplinary group education program for the
management of GDM on women’s knowledge about GDM, their satisfaction about the education and
treatment, and their emotional status.

2. Materials and Methods

This study was performed in compliance with the principles of the Declaration of Helsinki (2008)
and received approval from the local Ethics Committee of UZ Leuven (B322201525589). Prior to the
first inclusion, the study was registered in Clinicaltrials.gov (NCT02528162). Participants provided
written informed consent before inclusion in the study.

2.1. Study Design

This monocentric prospective observational cohort study was conducted at the University Hospital
UZ Leuven in Belgium from October 2015 to September 2018. Since October 2015, the endocrinology
department of UZ Leuven replaced the initial individual education session for the management of
GDM as much as possible by structured group education sessions. Screening for GDM was based on a
universal two-step screening strategy with a 50 g glucose challenge test (GCT) and a 75 g oral glucose
tolerance test (OGTT) using the IADPSG/2013 WHO criteria. After diagnosis of GDM, Dutch speaking
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women were invited to attend a multidisciplinary group education session of maximum 1.5 h with a
maximum of six participants. The session was organized on a weekly basis and was provided by a
certified diabetes educator and a specialized diabetes dietitian. For non-Dutch speaking women or if
group education was not possible, the first education session was delivered individually. A structured
PowerPoint presentation was used both in the group and individual education sessions to educate
about the pathophysiology, consequences and treatment of GDM—including dietary intake, physical
activity and SMBG. The structure and content of this presentation was evaluated on a regular basis and
adapted if necessary to the most recent guidelines and recommendations. For non-Dutch speaking
patients, the presentation was translated to French and English. At the end of the education session,
women received the handouts of the presentation, a brochure with information on physical activity,
a glucose monitoring diary, a seven-day diet journal, a brochure on specific dietary guidelines with
adapted recipes and material for SMBG.

Regardless of the initial education setting, all women were offered an individual follow-up session
of 30 min with a dietitian within two weeks after the initial education session. During this session,
women received further advice regarding their gestational weight gain and dietary habits based on
their seven-day diet journal together with the SMBG results. The glycemic targets of the American
Diabetes Association (ADA) were followed (fasting plasma glucose < 95 mg/dL (5.3 mmol/L) and two
hours after meals < 120 mg/dL (6.6 mmol/L)) [1]. Further follow-up of glycemic values occurred every
two weeks through email, phone or by attending the diabetes outpatient clinic as needed. In case of
persistent inadequate glycemic control, treatment with insulin was started in consultation with an
endocrinologist and women were followed-up at the outpatient diabetes clinic every two weeks until
delivery. As part of normal routine, women with GDM were offered a 75 g OGTT three months after
delivery to screen for glucose intolerance according to the ADA criteria [1]. Treatment and follow-up
of women participating in the study were in line with normal routine for the management of GDM.
There were no additional medical interventions, extra visits or additional blood tests compared to the
treatment of women who did not participate in the study.

2.2. Study Participants

Women diagnosed with GDM could participate if at least 18 years old. Women were excluded if
they had a history of bariatric surgery, were diagnosed with pregestational diabetes or if they could not
speak fluently Dutch, French or English. All other women attending a group or individual education
session were invited to participate in the study.

2.3. Study Assessments

Data were collected from the electronic medical records and through questionnaires. Outcome
data from women who received the initial education session in group were compared to those from
women who received the initial education session individually.

2.3.1. Self-Administered Questionnaires

All participants—both in group and individual education—were asked to complete several
questionnaires at three different time points during the multidisciplinary education program: prior to
the initial education session, immediately after the initial education session and after the individual
follow-up session with the dietitian. The questionnaires aimed to evaluate the education of GDM,
the knowledge on GDM and the emotional status. For this purpose, the questionnaires measured
sociodemographic characteristics of the subjects, knowledge of GDM, feelings of depression and anxiety
associated with the diagnosis of GDM, and the satisfaction with the education and the treatment. It took
about 10 to 15 min at each point in time to fill in the questionnaires. All questionnaires were translated
into French and English for non-Dutch speaking participants. An overview of the questionnaires
administered at each time point is given in Table 1.

47



J. Clin. Med. 2020, 9, 509

Table 1. Overview of the different self-administered questionnaires at the different visits.

Prior to the Initial
Session

after the Initial
Session

after the Follow-Up
Session

I: questionnaire on sociodemographic characteristics x
II: questionnaire on knowledge about GDM x x x

IIIa: questionnaire on satisfaction with the initial session x
IIIb: questionnaire on satisfaction with the follow-up session x

IV: CES-D questionnaire on depression x x x
V: STAI-6 questionnaire on anxiety x x x

VI: DTSQs questionnaire on treatment satisfaction x

GDM: gestational diabetes mellitus; CES-D: Center for Epidemiologic Studies Depression; STAI: Spielberger
State-Trait Anxiety Inventory; DTSQs: Diabetes Treatment Satisfaction Questionnaire—status version.

Questionnaire I on sociodemographic characteristics: A self-designed sociodemographic
questionnaire—including data on education level, ethnicity, financial and marital status—was
administered at the start of the initial education session. This questionnaire was based on a questionnaire
that has previously been used in the Belgian Diabetes in Pregnancy Study [20].

Questionnaire II on knowledge of GDM: Knowledge of GDM was assessed before and after the
initial session and after the follow-up session to measure knowledge gains, using a self-designed
questionnaire containing 14 multiple-choice questions on risk factors for and consequences of GDM,
diagnosis of GDM, treatment of GDM and follow-up after delivery. Proportions of correct responses
on the knowledge questionnaire of the total cohort prior to the initial education session were compared
to those after the follow-up session in order to evaluate knowledge improvement after education.
In order to compare the knowledge about GDM between participants in group education and those in
individual education, response rates on the knowledge questionnaire after the initial education session
were compared between both groups.

Questionnaire IIIa and IIIb on satisfaction with the education sessions: Two self-designed
questionnaires were created to evaluate satisfaction with the education program and whether treatment
goals could be achieved. The first education satisfaction questionnaire (IIIa) was administered after
the initial education session and evaluated the participant’s degree of agreement with the clarity
and relevance of the explanation on twelve items that were discussed during the presentation, using
a five-point Likert scale. This questionnaire also contained an extra section with multiple choice
questions for women attending the group education to evaluate perceptions on the duration of the
group session, the advantages and disadvantages of group education and the size of the group. At the
end of the questionnaire, an open question was included to share comments about the education
session. The second education satisfaction questionnaire (IIIb) was completed after the follow-up
session with the dietitian and again assessed participant’s satisfaction with the twelve discussed items
during the session. An additional set of questions on a five-point Likert scale was included regarding
patient satisfaction on accomplishing lifestyle modifications in the week following the initial education
session. At the end of this questionnaire, women were given the opportunity to share their opinions
about the education session in an open question.

Questionnaire IV on depression: To measure possible feelings of depression, the ‘Center for
Epidemiologic Studies Depression’ (CES-D) questionnaire was completed at all three time points.
The CES-D questionnaire is a validated tool to use in pregnancy and consists of 20 items with each
item being scored between 0 and 3 on a four-point Likert scale, from respectively ‘rarely or none’ to
‘almost all the time’. Total score on the CES-D questionnaire can range from 0 to 60, with a score of ≥
16 being suggestive for clinical depression [21].

Questionnaire V on anxiety: The validated six-item short-form of the Spielberger State-Trait
Anxiety Inventory (STAI-6) questionnaire was administered at each point in time to measure state
anxiety level. The six items are scored from ‘very much’ to ‘not at all’ with a four-point Likert scale
and a total score ranging from 6 to 24, with a higher score referring to a greater level of anxiety [22,23].

Questionnaire VI on treatment satisfaction: The Diabetes Treatment Satisfaction
Questionnaire—status version (DTSQs) is a validated tool for measuring satisfaction with diabetes
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treatment regimens and was administered after the follow-up session. This is an eight-item
questionnaire in which each item is scored on a seven-point Likert scale from 0 to 6 [24]. The DTSQs scale
score is calculated by summing the six satisfaction item scores. Total scores can range between 0
and 36, with higher scores indicating better treatment satisfaction. Item 2 and 3 are related to
perceived frequency of hyperglycemia and hypoglycemia and are analyzed separately. They are
reported on a seven-point Likert scale, with lower scores indicating fewer episodes of hyperglycemia
or hypoglycemia [25].

2.3.2. Data from the Electronic Medical Records

Data from the participant’s electronic medical record (EMR) were collected during pregnancy, at
delivery and at three months postpartum. Maternal characteristics recorded were age, ethnicity, height,
body weight, body mass index (BMI) at first prenatal visit and at delivery, overweight (BMI ≥ 25 kg/m2),
obesity (BMI ≥ 30 kg/m2), gestational weight gain (difference in weight between delivery and first
prenatal visit), parity, family history of diabetes, smoking, alcohol intake during pregnancy and history
of GDM. Excessive gestational weight gain was defined according to the most recent Institute of
Medicine (IOM) guidelines [26].

Data recorded about the diagnosis and treatment of GDM were timing and result of the GCT and
OGTT, gestational age at the diagnosis of GDM, HbA1c at the time of the OGTT during pregnancy,
time between diagnosis and start of the treatment, whether women received treatment with corticoids
during pregnancy, need of insulin, type of insulin and gestational age at the start of insulin, timing and
result of the postpartum OGTT.

The following maternal pregnancy outcomes were recorded: gestational hypertension (blood
pressure≥ 140/90 mmHg), preeclampsia (hypertension with proteinuria or in combination with reduced
fetal growth or the ‘Hemolysis Elevated Liver enzymes and Low Platelets’ (HELPP)-syndrome), preterm
delivery (<37 weeks of gestation) and cesarean section (planned and emergency sections combined).
Neonatal pregnancy outcomes recorded were: gender, birth weight, macrosomia (birth weight > 4 kg),
large-for-gestational age infants (LGA, birth weight> 90 percentile adjusted for sex and parity according
to the Flemish birth charts), small-for-gestational age infants (SGA, birth weight< 10 percentile adjusted
for sex and parity according to the Flemish birth charts), shoulder dystocia, Apgar score at five minutes
and admission at the neonatal intensive care unit (NICU) [27].

2.4. Statistical Analyses

Statistical analyses were performed using SPSS software for Windows (IBM SPSS Statistics
version 25.0, Armonk, NY, USA). Continuous data were expressed as mean and standard deviation
(SD) if normally distributed, otherwise, variables were displayed as median and interquartile range
(IQR). Categorical data were presented as frequencies and percentages. To compare variables
between two groups, independent sample t-tests were used for normally distributed continuous
variables, Mann-Whitney U-tests for non-normal variables and Chi-square tests for categorical
variables. To evaluate the effect of the education, the Wilcoxon Signed Rank test was used for
non-normal variables and McNemar test for categorical variables. Multivariable models were used
to correct for significant differences in general patient characteristics between both groups. Linear
regression was used for continuous outcomes and logistic regression for binary outcomes. A p-value
of <0.05 (two-tailed) was considered significant.

3. Results

A total of 200 pregnant women with a recent diagnosis of GDM were enrolled. The prevalence of
GDM over this period was 6.6% (n = 392). Women with GDM who did not participate in the study
despite meeting the inclusion criteria (n = 145), were mostly women who received the initial education
during hospitalization, were unable to participate due to practical reasons such as arriving too late for
the education session, or women who declined to participate. Of all participants, 100 attended the
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initial education session in group and 100 received the initial education session individually. As this
was an observational study, the equal division of participants over the two groups occurred by chance.
The average number of women seen in each group education session was three. Results did not differ
when excluding non-Dutch speaking women. The supplementary (Tables S1–S8), gives an overview
of the general characteristics and comparisons between the individual and group education groups
excluding non-Dutch-speaking women from the analyzes.

3.1. General Characteristics

The mean age of the participants was 32.3 ± 5.0 years, 11.2% (n = 13 of 116 women with more
than one pregnancy) had a previous history of GDM, 23.7% (n = 47) had an ethnic minority (EM)
background. The most frequent EM background was Asian in 10.6% (n = 21), Black-African in 4.0%
(n = 8), Northern-African in 4.0% (n = 8), Middle-Eastern in 2.0% (n = 4) and Turkish in 1.5% (n = 3).
Women receiving individual education were more often from an EM background than women in group
education (32.0% (n = 32) versus 15.3% (n = 15), p = 0.01). There were no other significant differences
in characteristics between women in each setting (Table 2). Of all women with GDM, 85.0% (n = 170)
attended the postpartum OGTT of which 40.4% (n = 67) had glucose intolerance (Table 2).

Table 2. Baseline characteristics.

General Cohort
n = 200

Group Education
n = 100

Individual Education
n = 100

p-Value

age (mean ± SD) 32.3 ± 5.0 32.1 ± 5.3 23.6 ± 4.7 0.455
BMI at first prenatal visit (mean ± SD) 26.7 ± 5.4 26.5 ± 5.4 26.8 ± 5.4 0.695
overweight at first prenatal visit 30.6 (60) 29.3 (29) 32.0 (31) 0.917
obese at first prenatal visit % (n) 27.0 (53) 27.3 (27) 26.8 (26) 0.917
EM background % (n) 23.7 (47) 15.3 (15) 32.0 (32) 0.010
primigravida % (n) 39.9 (79) 44.0 (44) 35.7 (35) 0.410
first degree relative with T2DM % (n) 20.2 (40) 17.0 (17) 23.5 (23) 0.526
history of GDM (n = 116) % (n) 11.2 (13) 13.0 (7) 9.7 (6) 0.913
high secondary diploma % (n) 84.8 (168) 84.8 (84) 84.8 (84) 0.166
higher degree diploma % (n) 71.5 (138) 69.8 (67) 73.2 (71) 0.716
paid job % (n) 81.0 (158) 83.7 (82) 78.4 (76) 0.409
single % (n) 7.1 (14) 7.1 (7) 7.1 (7) 1.000
week at OGTT (median (IQR)) 26 (24–28) 26 (25–27) 26 (24–28) 0.617
Hba1c % at OGTT (mean ± SD) 5.2 ± 0.4 5.2 ± 0.4 5.2 ± 0.4 0.768
insulin treatment % (n) 17.2 (33) 16.3 (16) 18.1 (17) 0.895
present at postpartum OGTT % (n) 85.0 (170) 88.0 (88) 82.0 (82) 0.990 *
weeks after delivery (median (IQR)) 14 (10–18) 15 (12–18) 14 (9–19) 0.398 *
abnormal postpartum OGTT % (n) 40.4 (67) 35.6 (31) 45.6 (36) 0.284 *

GDM: gestational diabetes mellitus; BMI = body mass index; OGTT: oral glucose tolerance test; EM: ethnic minority;
T2DM: type 2 diabetes mellitus; Statistically significant p-values are in bold; *p-values based on multiple linear and
logistic regression adjusting for difference in EM background.

3.2. Pregnancy Outcomes

Of all woman, 21.9% (n= 41) had excessive gestational weight gain, 8.2% (n= 16) had preeclampsia
and 30.3% (n = 59) had a cesarean section. Of all babies, 9.3% (n = 18) was LGA, 9.9% (n = 19) SGA and
5.2% (n = 10) had macrosomia. There were no significant differences in pregnancy outcomes between
the different education groups (Table 3).

Table 3. Pregnancy outcomes of women in group versus individual education.

General Cohort
n = 200

Group Education
n = 100

Individual Education
n = 100

p-Value

Maternal Outcomes

total weeks of gestation (median) 39 (38–40) 39 (37–41) 39 (38–40) 0.803 *
excessive weight gain % (n) 21.9 (42) 18.2 (18) 25.8 (24) 0.847 *
gestational hypertension % (n) 13.8 (27) 16.0 (16) 11.6 (11) 0.401 *
preeclampsia % (n) 8.2 (16) 12.0 (12) 4.2 (4) 0.075 *
preterm delivery % (n) 9.7 (19) 12.0 (12) 7.4 (7) 0.407 *
cesarean section % (n) 30.3 (59) 31.0 (31) 29.5 (28) 0.415 *
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Table 3. Cont.

General Cohort
n = 200

Group Education
n = 100

Individual Education
n = 100

p-Value

Neonatal Outcomes

macrosomia % (n) 5.2 (10) 5.0 (5) 5.3 (5) 1.000
LGA % (n) 9.3 (18) 6.1 (6) 12.8 (12) 0.069 *
SGA % (n) 9.9 (19) 9.1 (9) 10.8 (10) 0.764 *
shoulder dystocia % (n) 2.1 (4) 2.0 (2) 2.1 (2) 1.000
NICU transfer % (n) 6.2 (12) 7.0 (7) 5.4 (5) 0.774 *
Apgar score < 7 after 5 minutes % (n) 3.2 (6) 1.0 (1) 5.6 (5) 0.104

LGA: large for gestational age; SGA: small for gestational age; NICU: neonatal intensive care unit; Statistically
significant p-values are in bold; * p-values based on multiple linear and logistic regression adjusting for difference in
EM background.

3.3. Knowledge about GDM

Of all participants, 159 (79.5%) completed the knowledge questionnaire prior to the initial session
and after the follow-up session. Women generally had good knowledge about GDM before the
initial education session, which improved significantly for almost all items after the follow-up session
(Table 4).

Table 4. Comparison of the correct responses on the knowledge questionnaire prior to the initial
education session and after the follow-up session.

Prior to the Initial
Session n = 159 % (n)

after the Follow-Up
Session n = 159 % (n)

p-Value

When is GDM diagnosed?

24–28 weeks 95.6 (152) 98.7 (157) 0.180

How is GDM diagnosed?

Based on a fasting blood collection in combination with
drinking a sugar solution 82.4 (131) 87.4 (139) 0.201

It’s more likely to develop gestational diabetes if you:

Are overweight before pregnancy 78.0 (124) 87.4 (139) 0.007
Gain too much weight during the pregnancy 35.2 (56) 53.5 (85) <0.0001
Have had GDM during a previous pregnancy 71.1 (113) 79.9 (127) 0.011
Have a first degree relative with diabetes 75.5 (120) 80.5 (128) 0.152
Your age is > 30 years 49.7 (79) 63.5 (101) 0.002

What are the consequences for the baby if the treatment
of GDM is insufficient?

Too high birth weight of the baby 85.5 (136) 97.5 155) <0.0001
Increased risk of diabetes for the baby later on 60.4 (96) 74.2 (118) 0.006
Increased risk of overweight for the baby later on 50.9 (81) 69.8 (111) <0.0001

What are the risks for you if the treatment of GDM is
insufficient?

An increased risk for a difficult delivery 77.7 (122) 91.7 (144) <0.0001
An increased risk for preeclampsia 22.2 (35) 75.9 (120) <0.0001
An increased risk for a cesarean section 66.5 (105) 89.9 (142) <0.0001

How GDM is initially treated after diagnosis?

Dietary change and increasing physical activity 59.1 (94) 79.2 (126) <0.0001
Insulin is only started if dietary change and physical
activity is insufficient 53.5 (85) 63.5 (101) 0.049

Which food products do you have to restrict if you have
GDM?

Pie 88.1 (140) 95.6 (152) 0.008
Fruits 19.5 (31) 54.1 (86) <0.0001
Sugared soda 94.3 (150) 98.1 (156) 0.031
Fruit juice 74.8 (119) 93.1 (148) <0.0001

Which fasting blood sugar level is normal in the
morning?

< 95 mg/dl 39.0 (62) 98.1 (156) <0.0001
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Table 4. Cont.

Prior to the Initial
Session n = 159 % (n)

after the Follow-Up
Session n = 159 % (n)

p-Value

Which blood sugar level is normal 2 hours after eating?

< 120 mg/dl 25.8 41) 96.2 (153) <0.0001

How can best be checked if your blood sugar levels are
sufficiently under control?

Based on a finger prick with a glucometer 79.0 (124) 98.7 (155) <0.0001

What do you think about the treatment with insulin for
GDM?

This can lower the risk of an overweight baby 45.9 (72) 73.2 (115) <0.0001

What do you think about breastfeeding after a
pregnancy with GDM?

This is good for the general health of the baby 58.5 (93) 89.9 (143) <0.0001
This can lower the risk of diabetes and overweight in the
baby later on 25.2 (40) 37.7 (60) 0.002

What do you think that happens with your GDM after
your delivery?

GDM disappears completely but I have a strongly
increased risk of 50% to develop T2DM within 10 years 39.0 (62) 83.0 (132) <0.0001

GDM: gestational diabetes mellitus; T2DM: type 2 diabetes mellitus; Statistically significant p-values are in bold.

Women showed an overall good knowledge of most topics after the initial education session, with
almost no significant differences between the group and individual education groups (Table 5).

Table 5. Comparison of correct responses on the knowledge questionnaire between group and
individual education after the first education session.

Group Education
n = 98 % (n)

Individual Education
n = 99 % (n)

p-Value

When is GDM diagnosed?

24–28 weeks 99.0 (97) 98.0 (97) 1.000

How is GDM diagnosed?

Based on a fasting blood collection in combination with
drinking a sugar solution 87.8 (86) 88.9 (88) 0.979

It’s more likely to develop gestational diabetes if you:

Are overweight before pregnancy 91.8 (90) 77.8 (77) 0.011
Gain too much weight during the pregnancy 38.8 (38) 40.4 (40) 0.930
Have had GDM during a previous pregnancy 77.6 (76) 65.7 (65) 0.091
Have a first degree relative with diabetes 89.8 (88) 75.8 (75) 0.016
Your age is > 30 years 62.2 (61) 52.5 (52) 0.217

What are the consequences for the baby if the treatment
of GDM is insufficient?

Too high birth weight of the baby 95.9 (94) 94.9 (94) 1.000
Increased risk of diabetes for the baby later on 80.6 (79) 75.8 (75) 0.514
Increased risk of overweight for the baby later on 73.5 (72) 70.7 (70) 0.785

What are the risks for you if the treatment of GDM is
insufficient?

An increased risk for a difficult delivery 91.8 (90) 90.9 (90) 1.000
An increased risk for preeclampsia 92.9 (91) 93.8 (83) 0.080
An increased risk for a cesarean section 90.8 (89) 90.9 (90) 1.000

How is GDM initially treated after diagnosis?

Dietary change and increasing physical activity 81.6 (80) 79.8 (79) 0.884
Insulin is only started if dietary change and physical
activity is insufficient 74.5 (73) 60.6 (60) 0.054
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Table 5. Cont.

Group Education
n = 98 % (n)

Individual Education
n = 99 % (n)

p-Value

Which food products do you have to restrict if you have
GDM?

Pie 96.9 (96) 91.9 (91) 0.221
Fruits 63.6 (62) 51.5 (51) 0.128
Sugared soda 95.9 (94) 94.9 (94) 1.000
Fruit juice 98.0 (96) 94.9 (94) 0.445

Which fasting blood sugar level is normal in the
morning?

< 95 mg/dl 98.0 (96) 92.9 (92) 0.170

Which blood sugar level is normal 2 hours after eating?

< 120 mg/dl 96.9 (96) 91.9 (91) 0.221

How can best be checked if your blood sugar levels are
sufficiently under control?

Based on a finger prick with a glucometer 94.9 (93) 94.9 (94) 1.000

What do you think about the treatment with insulin for
GDM?

This can lower the risk of an overweight baby 77.6 (76) 71.7 (71) 0.437

What do you think about breastfeeding after a
pregnancy with GDM?

This is good for the general health of the baby 85.7 (84) 93.9 (92) 0.099
This can lower the risk of diabetes and overweight in the
baby later on 32.7 (32) 34.7 (34) 0.880

What do you think that happens with your GDM after
your delivery?

GDM disappears completely but I have a strongly
increased risk of 50% to develop T2DM within 10 years 85.7 (84) 86.9 (86) 0.977

GDM: gestational diabetes mellitus; T2DM: type 2 diabetes mellitus; Statistically significant p-values are in bold.

3.4. Satisfaction with the Education and Treatment

3.4.1. Satisfaction with the Education Sessions

Patients were overall satisfied with the content and duration of both the initial and follow-up
education sessions (Table 6). The majority of all women were satisfied with the explanation that was
given on the subject of pathophysiology, risks, treatment, and follow-up of GDM. There were no
significant differences in satisfaction rates after the initial education session between women receiving
group education and those receiving individual education (Table 6).
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Of all women who completed the additional questions about group education (n = 98), 91.8%
(n = 90) were pleased with the size of the group. A large majority of 76.5% (n = 75) indicated that
group education fulfilled their expectations, although 22% (n = 22) indicated that they would prefer
supplementary individual education after group education. Only four women (4.1%) preferred
individual education alone. The most frequently reported advantages of group education were
‘learning from the questions of others’ (74.5%, n = 73) and ‘learning from the experience of others’
(50.0%, n = 49), followed by ‘feeling supported by the group’ (26.5%, n = 26) and ‘helping you to stick
to the advice’ (14.3%, n = 14). However, 10 women (10.2%) reported no advantages of group education
and four women (4.1%) indicated that they felt inhibited by the group.

3.4.2. Satisfaction with the Treatment Regimen

Of all responders (n = 152), a large majority agreed that is was possible to follow the advice
about diet, physical activity, weight gain, and glycemic measurements. Almost all participants agreed
or strongly agreed with the statement that they were confident in the given advice (96.7%, n = 147).
However, 23.0% (n = 35) perceived the advice to be too strict and indicated that they felt starved. There
were no significant differences in agreement with the feasibility of the advice between women who
received group education and those who received individual education (Table 7).

Mean total score of the DTSQs was 27.3 (± 0.5) and this was not significantly different for women
in group or individual education (27.1 ± 5.4 versus 27.5 ± 5.6, p = 0.692). Mean total score for the two
items on perceived hyper- or hypoglycemia was 3.1 (± 2.1) and this was not significantly different
between both education groups (2.9 ± 1.8 versus 3.3 ± 2.4, p = 0.240).

3.5. Emotional Status

Of all responders (n = 148), 25.0% (n = 37) had a total score ≥ 16 at the CES-D questionnaire
prior to the initial education session and were therefore considered at risk for clinical depression.
This percentage declined to 18.9% (n = 28) after the follow-up session (p = 0.137). The median total
score on the STAI-6 questionnaire decreased significantly from 12 (10–14) at the start of the initial
education session to 11 (8–13) at the end of the follow-up session (p < 0.0001).

No significant differences in clinical depression rates (25.6% versus 24.2%, p = 0.967) or median
anxiety scores (11.0 versus 10.5, p = 0.294) were observed between both education groups after the
initial education session.

3.6. Comments on the Education Sessions

In general, most women indicated that the explanation was sufficient and felt that all of their
questions had been addressed during the education sessions. However, topics such as postpartum
follow-up and future risks should have been addressed in more detail according to a few women.
Another recurring comment was the demand for specific recipes and nutritional instructions. Women
often indicated that they were well aware of what they should not eat, but struggled with deciding
what they were allowed to eat instead.
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4. Discussion

Due to the worldwide obesity epidemic and the adoption of the 2013 WHO diagnostic criteria,
the prevalence of GDM will continue to increase. This contributes to a number of practical challenges
in the management of GDM, such as an increased workload for health care providers and a growing
demand for additional resources [11,28]. In order to cope with this increasing burden, it may be useful
to reconsider the way in which health care services are currently provided for women with newly
diagnosed GDM. Group education is a commonly used approach in the treatment of diabetes, but little
is known about the effectiveness of group education in women with GDM in particular. However,
gaining sufficient insight into the perceptions of GDM patients with regard to their treatment is crucial
to better organize educational programs that are adapted to their needs.

Improved knowledge about GDM in newly diagnosed women might result in better adoption of
a healthy lifestyle, better treatment adherence and better self-management. A Malaysian study among
175 women with GDM demonstrated that better knowledge about GDM is related to better glycemic
control [29]. Our study showed that a multidisciplinary education program for the management of
GDM can effectively improve the knowledge on GDM with almost no difference whether women
received group education or individual education. This finding is consistent with a recent Irish study
investigating the effectiveness of group education on knowledge of women with newly diagnosed
GDM [19]. However, no comparison was made with individual education in the Irish study. A Canadian
study further investigated the impact of small-group versus individual nutritional counseling on
knowledge improvement of women with GDM and showed that women with GDM can be effectively
and cost-efficiently counselled on nutrition in small-group settings. [30].

Patient satisfaction is an important consideration in the organization of medical care, since
improved satisfaction rates appear to be associated with a more effective engagement in health care
programs [31]. In this prospective study, participants were overall satisfied with the content and
duration of both the initial and follow-up education sessions, independent of whether they received
group or individual education. The majority agreed with the clarity and relevance of the explanation
given about the different aspects of GDM. Furthermore, almost all participants were confident in the
given advice. However, a considerable group of women (23.0%) perceived the advice to be too strict
and indicated that they felt starved. The same observations were made in the Italian DAWN (Diabetes
Attitudes, Wishes, and Needs) Pregnancy Study, which was promoted by the International Diabetes
Federation to evaluate the quality of life, wishes and needs in women diagnosed with GDM [32]. In
this study, women indicated that they experienced difficulties in following the treatment regimen and
that the dietary advice was one of their biggest concerns. This study also showed that the issue of
eating habits among immigrant women with GDM is often more difficult compared to indigenous
women. To address these concerns, we have developed leaflets in cooperation with specialized
diabetes dietitians on specific dietary guidelines and with adapted recipes for Flemish, Asian, and
North-African cuisine.

The results of the DTSQs revealed that the participants were generally very satisfied with their
treatment, whether they received group or individual education. A Malaysian study in women with
GDM showed that higher treatment satisfaction is associated with better glycemic control [25]. Other
studies in the field of diabetes research have demonstrated that treatment satisfaction can have a
significant impact on clinical outcomes as well as on treatment adherence [33,34]. Determining patient
treatment satisfaction levels could therefore be a useful tool in improving healthcare delivery in patients
with GDM.

More than 90% of all group participants were satisfied with the group size and almost 80%
indicated that group education met their expectations. Only a small minority reported that they felt
inhibited by the group and preferred individual education. This is in contrast to the findings of a
study from New Zealand, establishing that only a minority of the people surveyed would consider
participating in a group session, fearing that less attention would be paid to the individual needs of
each patient [35]. In our study, the most important advantages reported with group education were
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learning from others’ questions and experiences. This is in line with another observational study on
GDM, showing that the beneficial effects of their prenatal group care program were associated with
factors as learning from the experience of peers, a greater connection with health care providers, and a
motivating group dynamic [18].

Depression is a common condition in women with GDM, with studies reporting depression rates
between 15% and 20% in this population [36,37]. In our cohort, 25% of all women were considered
at risk for clinical depression prior to the initial education session, which declined to 18.9% after
the follow-up session, although this was not statistically significant. Depression can lead to poor
management of GDM, thus increasing the risk of adverse pregnancy outcomes such as macrosomia
and neonatal hypoglycemia [38]. Health care providers should therefore be aware of the risk of
antenatal depression when treating women with GDM and should regularly screen for depression in
order to timely provide appropriate care. GDM can also cause maternal anxiety and stress related
to the perception of a high-risk pregnancy, fear of maternal and neonatal complications and the
feeling of losing control during the process of dietary management [39]. However, feelings of anxiety
tend to decrease throughout pregnancy, which could be related to the understanding that GDM is
a self-limiting condition and which might suggest that education and reassurance by health care
providers is successful in dissipating anxiety in women diagnosed with GDM [40]. This is in line
with the findings in our study, as feelings of anxiety were apparent prior to the initial education but
declined significantly after education was given. To our knowledge, no studies have been conducted
to compare feelings of depression and anxiety between women with GDM in group versus individual
education. We show that there were no significant differences in terms of feelings of depression and
anxiety between patients receiving group education and those receiving individual education.

We present the first prospective study on the impact of group education on patient’s knowledge
about GDM, their satisfaction with the education and treatment, and emotional status. Our study
demonstrates that group education is at least as good an alternative to individual education with
regard to these outcomes. Moreover, our results did not differ when non-Dutch speaking women were
excluded from the analyzes.

Our study has several strengths. We provide prospective data of a large cohort of women with
GDM, allowing the evaluation of the impact of group education compared to individual education.
In addition, we used several validated questionnaires to evaluate treatment satisfaction and emotional
status of women with GDM. When validated questionnaires were not available, we used self-designed
questionnaires based on our experience and previous research in women with GDM. We included
French and English speaking women in our cohort, ensuring that our results are representative of a
multi-ethnic population. However, we could not evaluate group education for non-Dutch-speaking,
since group education was only offered to Dutch-speaking women in line with routine care in
our hospital.

A limitation of our study is the observational design. Women following individual education
were more often from an EM background than women in group education, but we corrected for this
difference through multiple regression analysis. In addition, some participation bias is likely since not
all eligible patients participated in the study and we have no data available on their characteristics.

5. Conclusions

The results of this study show that women with newly diagnosed GDM are overall satisfied with
their education and treatment, and have a better understanding of their condition after education,
independent of the education setting. We show that group education is a valuable alternative to better
organize education in view of the increasing GDM prevalence and is perceived as an added value by
GDM patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/2/509/s1,
Table S1: Baseline characteristics, Table S2: Pregnancy outcomes of women in group versus individual education,
Table S3: Comparison of the correct responses on the knowledge questionnaire prior to the initial education
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session and after the follow-up session, Table S4: Comparison of correct responses on the knowledge questionnaire
between group and individual education after the first education session, Table S5: Satisfaction rates with the
given explanation on 12 items after the initial education session for women in group education compared to
women in individual education, Table S6: Agreement with the feasibility of the advice for the management of
GDM for women in group education compared to women in individual education, Table S7: Emotional status
before the initial education session versus after the follow-up session for the complete Dutch cohort, Table S8:
Emotional status in group versus individual education at the end of the initial education session.
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Abstract: Globally, gestational diabetes (GDM) is increasing at an alarming rate. This increase is
linked to the rise in obesity rates among women of reproductive age. GDM poses a major global
health problem due to the related micro- and macro-vascular complications of subsequent Type 2
diabetes and the impact on the future health of generations through the long-term impact of GDM
on both mothers and their infants. Therefore, correctly identifying subjects as having GDM is of
utmost importance. The oral glucose tolerance test (OGTT) has been the mainstay for diagnosing
gestational diabetes for decades. However, this test is deeply flawed. In this review, we explore
a history of the OGTT, its reproducibility and the many factors that can impact its results with an
emphasis on pregnancy.

Keywords: oral glucose tolerance test; reproducibility; diabetes; gestational diabetes

1. Introduction

1.1. Diabetes and Gestational Diabetes—Historical Aspects

Diabetes mellitus has been recognised since 1500 BC [1]. Diabetes with onset during pregnancy
was first described in 1824 in Germany [2]. Lambie in 1926 determined that the first manifestation
of diabetes in pregnancy occurs in the 5th or 6th month of pregnancy. He advocated the use of the
50 g oral glucose challenge test (OGCT) to calculate ketogenic-anti-ketogenic balance [3]. Based on
Hoet’s study [4], in 1957, Wilkerson [5] developed a protocol proposing a 3 h oral glucose tolerance
test (OGTT) for patients at high risk for developing diabetes. Additionally, for women with no risk
factors, he recommended a 2-step approach: 1 h blood glucose measurement after a 50 g glucose load
which, if abnormal, was followed by a 3 h OGTT.

The clinical equipoise regarding the best approach to screen and diagnose gestational diabetes
(GDM) was the impetus for Norbet Freinkel to organise the First International Workshop on GDM
in 1979 [6]. A core outcome of this event was the emergence of a model for GDM screening and the
suggestion that screening should be carried out between 24 and 28 weeks’ gestation. This model was
updated in 1984 at the Second International Workshop on GDM [7], which concluded that all pregnant
women should be screened for glucose intolerance with a 50 g OGCT, irrespective of the time of the
last meal or time of day, and for diagnostic purposes the 100 g OGTT was to be employed. In 1990,

J. Clin. Med. 2020, 9, 3451; doi:10.3390/jcm9113451 www.mdpi.com/journal/jcm63



J. Clin. Med. 2020, 9, 3451

at the Third International Workshop on GDM [8], screening and diagnostic criteria were confirmed.
This panel agreed that the 75 g 2 h OGTT should be used to screen women at high risk of developing
GDM [8].

The seminal Hyperglycaemia and Adverse Pregnancy Outcome (HAPO) Study in 2008 [9]
addressed the importance of having all three glucose values (fasting, 1-h and 2-h post glucose load)
in the OGTT since none of the glucose values were significantly correlated, and no single value was
better in predicting a GDM diagnosis.

1.2. OGTT

The OGTT has been used in clinical medicine for over 100 years [10] and was first described
by Conn [11]. His findings were based on the work of Jacobsen in 1913, who demonstrated that
carbohydrate ingestion leads to glucose fluctuations [10]. Since then, the OGTT has been contested [12].
The main concerns raised by Unger in 1957 were the diagnostic values at each time point, the timing
of samples, diet (at that time 300 g of carbohydrates for 3 consecutive days prior to the test was
recommended), exercise, age, gastrointestinal factors (e.g., gastric emptying time or gastrointestinal
absorption rates) and stress prior to the test that may influence the values of the test. In 1964,
Nadon et al. [13] completed a comparative analysis between OGTT and the intravenous glucose
tolerance test (IVGTT) and found considerable disagreement between both in the identification of
diabetes. They concluded that, in the future, diabetes “may be diagnosed without reliance on glucose
tolerance tests alone” [13].

1.3. Reproducibility

In 1965, McDonald et al. examined the reproducibility of the OGTT [14]. In this work, 400 male
volunteers free of diabetes underwent a series of six separate OGTTs and demonstrated that blood
glucose levels for individuals varied considerably. A decade later, these findings were corroborated by
Olefsky et al. [15].

In 1991, Harlass et al. [16] found OGTT reproducibility of only 78% in women with an elevated
glucose concentration 1 h post a glucose load when repeated within 2 weeks. Catalano [17] reported
poor reproducibility for the OGTT in diagnosing GDM in 24% (9 of 38) of pregnant women tested.
The authors hypothesised that this was likely due to a norepinephrine-mediated process where
maternal stress leads to increased concentrations of glucose and insulin. This theory was supported by
Ko et al. [18], who found the overall reproducibility of the OGTT to be 65.5% with subjects showing
an improvement in glycaemic status on repeat testing. More recently, Munang et al. [19] showed the
reproducibility of the OGTT for GDM in a sub-Saharan African population to be 74.2%. In this study,
70 women underwent the OGTT at 24–28 weeks of gestation and again one week later. However,
the generalisability of the results of this study to other populations is questionable due to the small
cohort, the short time interval between repeat testing and the fact that glucose was measured on
capillary blood samples and not plasma as is more usual.

Despite scientists raising concerns about the reproducibility of the OGTT for over 50 years,
it remains the only available test and the current “gold standard” for diagnosing Type 2 Diabetes
Mellitus (T2DM) and GDM. In this review, the myriad of variables that affect the reproducibility and
accuracy of the OGTT are discussed in terms of the Total Testing Process: pre-analytical, analytical and
post-analytical phases (Figure 1).
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Figure 1. Variables that influence the oral glucose tolerance test (OGTT).

1.4. Screening

Diagnosing GDM is important not only for the short-term adverse outcomes related to pregnancy
and delivery, but also for the long-term consequences affecting both the mother and the child such as
development of T2DM, obesity, metabolic, cardiovascular, neurological and psychiatric problems [20].
The main purpose of GDM screening is the identification of GDM cases, thus facilitating early lifestyle
interventions and treatment. Randomised clinical trials (RCTs) have shown that treatment of GDM
through lifestyle changes and pharmacological interventions leads to a reduction in adverse perinatal
outcomes (large/small for gestational age, macrosomia, prematurity, neonatal hypoglycaemia and
caesarean section delivery) [21,22].

Debate continues on the optimum screening strategy to diagnose GDM [23]. Universal screening
is an approach where all pregnant women are screened. Critics of this approach highlight the
fact that, if adopted, universal screening would mean that many women without GDM would be
subjected to unnecessary invasive testing and that the cost implications for healthcare systems would
be significant [24]. The alternative approach is selective screening based on the presence of risk factors.
Selective screening is less costly as fewer women are tested. However, unscreened women may develop
GDM and remain undiagnosed with the potential for increased adverse outcomes. Risk factors for
GDM include age ≥30 years, family history of diabetes, increased body mass index (BMI), previous
GDM, miscarriage, polycystic ovarian syndrome (PCOS) and a previous large for gestational age (LGA)
or macrosomic baby [25]. The Atlantic Diabetes in Pregnancy (Atlantic DIP) study group evaluated
the difference in GDM prevalence using three distinct guidelines for selective screening in a cohort of
universally screened pregnant women [26]. This research found that by using 2008 National Institute
for Health and Care Excellence (NICE) [27], 2010 Irish [28] and 2013 American Diabetes Association
(ADA) guidelines [29], 20%, 16% and 5% of women, respectively, would have been misdiagnosed as
not having GDM. In an Italian study, Pintaudi et al. [30] found that when universal screening was
applied, 11.1% of pregnant women were identified as having GDM, but when selective screening was
applied to the same cohort, 23% of GDM cases would have been missed.

In an effort to provide universal screening such that no case of pregnancy dysglycaemia is
missed, researchers are intensifying the quest to identify an alternative biomarker/test that would
easily, accurately, reproducibly and economically detect this at-risk maternal population. Identifying a
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minimally invasive biomarker that could be used as a single test in the non-fasting state would have
clear advantages over the current fasting OGTT.

2. The Total Testing Process

2.1. Pre-Analytical Phase

The importance of the pre-analytical phase of the total testing process is often underappreciated
and accounts for 46–68% of all laboratory errors [31]. An inaccurate glucose measurement due to
sampling without standard timepoints can lead to a missed diagnosis of GDM or mismanagement of
a patient with GDM with the potential for increased adverse outcomes and healthcare costs. This is
particularly relevant when using the International Association of the Diabetes and Pregnancy Study
Groups (IADPSG) criteria, as only one of three values is required to be met or exceeded to make
the diagnosis.

2.2. Physiological Factors

2.2.1. Exercise

The benefits of exercise on physical and mental health have been widely documented from
improvement of cardiovascular fitness and outcomes to significant reduction in depression and
anxiety [32,33]. Many researchers have looked at the impact of exercise on blood glucose levels to
build evidence on the importance of exercise in the management and prevention of glucose intolerance
and diabetes.

In 2007, Andersen et al. [34] showed that an exercise session carried out 14 h before having a
high carbohydrate meal significantly reduced post prandial levels of glucose compared to controls
(p ≤ 0.05). Slentz et al. [35] studied the effects of different intensities of exercise on the OGTT in
individuals with prediabetes. These authors found significant reductions in fasting glucose levels
only when low amount of moderate exercise and diet was combined. Higher levels of exercise were
associated with improved glucose concentrations at 30 min post OGTT but was less effective when
compared to the combination of diet and exercise. When overall improvement in glucose tolerance
was assessed, low amounts of moderate exercise alone was determined to be half as effective as diet
and exercise combined but twice as effective as high amounts of high intensity exercise. These findings
are supported by Houmard et al. [36], who found that exercise sessions of low and moderate intensity
have a positive effect on improving insulin sensitivity and fasting plasma glucose. These results
contradict previous studies [37,38] that found no improvement in the OGTT results after moderate
intensity training but noticed a 30% decrease in glucose levels on the OGTT after sustained vigorous
exercise sessions.

Castleberry et al. [39] examined the impact of various workout patterns (no exercise, a single
exercise session, alternative days of exercise or consecutive days of exercise) on glycaemic control
on the OGTT 12–14 h post the exercise session and found that the type of exercise pattern made no
difference to the glucose results.

Despite contradictory data in the literature on the length and intensity of the exercise session,
physical activity influences the way our body processes nutrients. Most of the studies on this topic have
been carried out on healthy subjects or individuals with diabetes and there are no studies evaluating the
impact of exercise on the antepartum OGTT results. Hence, further research is required to determine
whether a single exercise session prior to the antepartum OGTT lowers/improves glucose results. Such
evidence is also necessary to ensure that patient preparation for the OGTT is standardised with respect
to the amount of exercise, if any, pregnant women should do in the days prior to testing.
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2.2.2. Gastric Emptying

Absorption of glucose is negligible from the mouth and the stomach, so the ingested glucose dose
cannot enter the blood compartment until it is emptied from the stomach, digested to monosaccharides
and transported across the intestinal epithelia. The ability of the small and large bowel for transport
far exceeds the rate of delivery of the 75 g glucose challenge, and so a major rate limiting step for the
absorption of glucose is gastric emptying rate. Gastric emptying in one of the main factors influencing
the glucose response in the first hour after the OGTT or after a meal and is responsible for 30–35%
of the variability in post-prandial glycaemia in healthy controls [40,41] and diabetic patients [42].
This supports the hypothesis that an augmentation in the volume or reduction in the osmolality of
a meal may result in an intensification in the speed of gastric emptying with a consequent rise in
glucose [43]. Studies have shown that the faster the gastric emptying post glucose load, the higher the
postprandial glucose levels will be [40,44]. Horowitz et al. [40] found that the 2 h glucose level post
OGTT was inversely related to the gastric emptying rate—the slower the gastric emptying, the higher
the 2 h blood glucose level. Their hypothesis for this finding was that high blood glucose levels may
influence gastric motility, slowing it down in order to reduce further glucose absorption.

We cannot control (but should always consider) the individual variability of the rate of gastric
emptying. Guidelines recommend the glucose load should be drank slowly over a period of 5 min.
However, this is difficult to achieve and control for in clinical practice with individual wide variations
in the glucose load drinking time.

2.2.3. Hydration

Research into the impact of hydration status on glycemic levels is limited. In 2015, Murry [45]
explored the effects of mild hypohydration on glucose tolerance within individuals diagnosed
with T2DM by evaluating blood glucose levels over two 120-min time periods in euhydrated and
hypo-hydrated states, respectively. He found that reduced water consumption resulted in increased
glucose concentration before and during the OGTT. Johnson et al. [46] found similar findings, concluding
that 3 days of decreased total water intake in people with T2DM acutely modifies blood glucose levels
during an OGTT with higher glucose measurements in the hypohydrated group. In 2016, Caroll et al. [47]
piloted a study (n = 5) in which ~12 h hypo-hydration (sauna plus fluid restriction) induced a higher
glycaemic response to a glucose load compared with sauna plus rehydration. The same group [48]
however, 3 years later, found contradictory evidence indicating that acute hypohydration did not
modify the glycaemic response, suggesting that when OGTTs are done in healthy subjects, hydration
status may not necessarily influence the glycemic response during the OGTT. In 2019, Jansen et al. [49]
conducted a crossover trial looking at the acute effect of osmotically stimulated arginine vasopressin
(AVP) on glucose response in 60 healthy adults and found that acute osmotic stimulation increased
glucose levels during the OGTT.

Additional findings that might reflect the importance of hydration status come from studies
assessing the impact of seasonal variation on the OGTT and GDM prevalence. Numerous studies [50–53]
have had consistent findings of higher GDM prevalence during the summer months with higher 1 h
and 2 h values on the OGTT and no impact on fasting glucose levels. While these results can be
attributed to other seasonal factors such as nutrition quality, exercise level, light-sensitive hormones or
increased blood flow due to increased temperature, hydration status may be more likely to explain
these higher glucose values observed. The rationale being that where increased temperature is not
accompanied by adequate fluid intake, this could lead to hypohydration, hypovolemia and increased
glucose concentration.

Even though there are no studies examining the impact of hydration status on the OGTT in
pregnancy, we can extrapolate on previous findings and consider that the effects of hypo-hydration or
hyper-hydration are not negligible and have the potential to lead to a misdiagnosis. Currently, there
are no guidelines on water intake in the days prior to the OGTT.
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2.2.4. Stress and Sleep

In 1991, Spirito et al. [54] explored the impact of stress and coping mechanisms on glucose
levels in 72 pregnant women without diabetes (mean age 27.8 years) and 125 women (mean age
27.7 years) with GDM. While levels of emotional distress and methods of coping did not show any
significant difference between groups, disconnection and detachment significantly influenced daily
blood glucose variability. In 2011, Hosler et al. [55] found that having any number of stressors one
year prior to delivery was significantly associated with pregnant women failing their glucose test.
One of the possible explanations for this is that psychological stress alters the hypothalamic-pituitary
adrenocortical system and stimulates the release of cortisol thus increasing glucose levels. Importantly,
both GDM studies were retrospective cohort studies, therefore the knowledge of one’s GDM diagnosis
could potentially influence the woman’s disease awareness creating a recall bias for stressors.

Experiencing acute psychological stress is associated with hyperglycemia and increased risk of
T2DM and glucose intolerance [56]. In 2016, Horsch et al. [57] found that intense stress (major life
events) and psychological stress responses (depression, anxiety and sleep length) led to increased
glucose levels during pregnancy even prior to women being tested for GDM. The variables that were
associated most with increased levels of fasting blood glucose were increased distress and short sleep
duration. The association between sleep duration and quality and glucose homeostasis has been
highlighted by additional studies [58,59] that found that shorter sleep duration is associated with
higher glucose levels, particularly the fasting and 2 h glucose level on the OGTT. Retrukatul et al. [60]
found that pregnant women with reduced sleep duration (less than 7 h per night) have an increased
risk of developing GDM; in fact, each hour of reduced sleep leads to a 4% increase in blood glucose
levels. These results are supported by Myoga et al. [61], who also found that pregnant women who
sleep less than 5 h per night had higher random blood glucose levels.

Stress can impact glycaemic status not only through hormonal responses but also through
the development of unhealthy lifestyle behaviours such as overeating, smoking, increased alcohol
intake [62,63]. Given the glucose response to stress and to decreased sleep duration/quality, it would
seem possible that pregnant women could be erroneously diagnosed as having GDM using the OGTT.

2.3. Pre-Testing Patient Preparation Factors

2.3.1. Length of Time Spent in the Fasting State

A regular meal can significantly influence glucose levels [64]. Similarly, fasting also influences the
levels of glucose. Salehi et al. [65] noticed a significant decrease in glucose after a complete period of
fasting during Ramadan of 13 h in young healthy males, while Saada et al. [66] found that glucose
levels increased significantly after 10–12 h fast in women with T2DM.

The OGTT is performed after an overnight fast. However, the period of fasting is not standardised
and varies between 8 h and 16 h. Despite a low level of evidence (grade B), the ADA guidelines
recommend that the glucose sample should be taken in the morning, after a period of fasting of at least
8 h, with no constraints on the amount of water allowed to be consumed by the patient during this
time [67,68].

Variation in the period of fasting prior to testing may influence OGTT results. In 2011,
Moebus et al. [69] challenged the necessity for fasting >8 h and found that a fasting length of
3 h was adequate for a reliable glucose measurement. In the British Regional Heart Study [70],
a cross-sectional study of men aged between 60–79 years, there was no difference in plasma glucose
levels in those fasting for 6 h or ≥6 h.

Patient adherence to instructions for fasting prior to the OGTT must also be considered. In 2013,
Kackov et al. [71] explored how well patients were informed regarding the fasting protocol for
laboratory blood testing and whether patients arrived for phlebotomy appropriately prepared for
testing. These authors found that 46% of the participants believed that the precise time of their last
meal prior to fasting was unimportant, as long as the last meal was on the day prior to the blood test.
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Notwithstanding, only 60% of participants arrived for blood testing having adhered to instructions
for fasting. Furthermore, 52% of study participants had not been informed about the pre-testing
preparation requirements for blood testing.

Therefore, while there is no clear evidence regarding impact of the duration of time spent fasting
prior to the OGTT, it is critical to standardise the duration spent fasting prior to laboratory OGTT and
to give clear, consistent instructions to our patients to prevent inaccurate results.

2.3.2. Preparatory Diet

Many centers recommend that the OGTT is preceded by a 3-day diet of 150 g carbohydrate per
day. The concept of this is based on the original work of Conn [11]. The length of the diet preceding
the OGTT and the quantity of carbohydrate recommended have been randomly selected. Conn’s 3-day
diet contained in fact 300 g carbohydrate per day. Conn showed that by keeping a low-carbohydrate
diet prior to the glucose test the number of false-positive cases of diabetes would increase. However,
this study was small and only 3 of the 9 study participants were women.

The Fourth International Workshop-Conference on GDM [72] recommended the 3-day diet with
a minimum of 150 g carbohydrate per day prior to the OGTT in order to prevent patients being
misdiagnosed as having diabetes.

However, other studies [73–75] found that the carbohydrate ratio of the diet prior to the OGTT
did not impact upon the test results indicating that a specific diet prior to the OGTT is not mandatory
for women with normal dietary habits.

There is not enough evidence to recommend a pre-set diet/carbohydrate intake prior to the OGTT.
Perhaps maintaining one’s normal, regular diet prior to undergoing the OGTT would best reflect the
individual’s capacity to metabolise glucose. However, in order to maintain a standardised approach to
OGTT, adherence to current guidelines should be recommend for now.

2.3.3. Glucose Load

In 1998, Sievenpiper et al. [76] investigated the post-prandial glycaemic response (PGR) after
the ingestion of 25 g glucose, sucrose or fructose dissolved in either 200 mL or 600 mL of water.
They established that PGR was not only influenced by carbohydrate type but also by the volume
dose. By increasing the meal volume from 200 mL to 600 mL, PGR areas were significantly increased
for all three sugars. Building on these results, Sievenpiper investigated the effects of a 2- and 3-fold
increase in the volume of a 300 mL 75-g OGTT on glycaemic concentrations [77]. He found that there
was a significant statistical difference between the means of the area under the curve (AUC) for the
300 mL, 600 mL and 900 mL OGTTs (p = 0.006). While post prandial glucose levels were not affected
by the increase in volume from 300 mL to 600 mL, glucose levels were significantly increased when the
volume was increased to 900 mL.

Fifty years ago, in an effort to reframe and strengthen this analysis, the Committee of the Statistics
of the American Diabetes Association (ADA) suggested that the glucose load used during the OGTT
should be based on an estimation of the individual body surface area (BSA) [78]; However, despite this
recommendation, in 1980 the World Health Organization (WHO) endorsed the use of the 75 g glucose
load for the OGTT irrespective of the individual BSA [79,80]. Subsequently, the glucose dose was set at
1.75 g/kg body weight with a maximum of 75 g [72,81]. Practically, this means that all patients over
43 kg are tested using the maximal dose of 75 g glucose. Furthermore, a number of studies have shown
an association between a person’s height and their 2 h glucose values on the OGTT [82,83], which
supports the ADA’s findings. In 2019, Palmu et al. [84] showed that the BSA has a considerable impact
on the blood glucose levels from a standardised 75 g OGTT, with smaller individuals more likely to be
diagnosed with diabetes or glucose intolerance compared to individuals with a larger BSA.

Therefore, emerging research has made a strong case for glucose loading to be individualised
according to BSA. Additionally, research is steering practitioners to reexamine if 75 g glucose load is
an appropriate dose regardless of the patient’s physical characteristics. Indicators are showing that
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the glucose values following a 75 g glucose load is expected to differ according to variable factors
such as pancreatic beta cell function, gut hormones and neural responses to carbohydrate ingestion.
The problem becomes clear when individuals with a small BSA are diagnosed with diabetes or
glucose intolerance, despite their daily glucose values not exceeding the diabetes threshold. Moreover,
individuals with an increased BSA might not reveal an abnormal glucose response, even though their
daily glucose values meet the diabetes diagnostic criteria because the 75 g glucose dose is inadequate
to increase the glucose level to ≥11.1 mmol/L compared to their normal daily caloric intake required to
maintain their BMI. Consequently, the parameters for loading dose of glucose in the tolerance test
should ideally be individualised according to BSA, activity level, or necessary caloric intake calculated
for the individuals basal metabolic rate in order to increase its usefulness in the identification of
glucose intolerance.

There are several options regarding the preparation and delivery of the standard 75 g glucose load.
One of the most popular options has been the use of Lucozade (Energy Original), which contained
70 kcal and 17 g of carbohydrates per 100 mL. To obtain 75 g of glucose required the consumption
of 410 mL. The current reformulated product has a ~50% reduction in calories (available April 2017),
contains 37 kcal and 8.7 g of carbohydrate per 100 mL, and to deliver a 75 g glucose load requires the
consumption of a large volume, 860 mL. This change in formulation of Lucozade makes it unsuitable
for use in the OGTT. To overcome this issue, an alternative form of 75 g anhydrous glucose (glucose
monohydrate 82.5 g) comes in powder form in a ready-to-use sachet. It requires dissolving in 250 mL of
water (to give final volume of 300 mL). Polycal® (Nutricia) (Nutricia Ltd., White Horse Business Park,
Newmarket Avenue, Trowbridge, Wiltshire, UK)comes in liquid form and necessitates having access to
a sufficiently accurate measuring vessel to accurately measure out 113 mL (equivalent to 75 g glucose)
to which water is then added and mixed to give a final total volume of 250–300 mL. Rapilose® OGTT
Solution (Penlan Healthcare Ltd., Abbey House, Wellington Way, Weybridge, UK) comes in liquid form
and is available in a ready-to-use 300 mL pouch containing 75 g anhydrous glucose. Rapilose® has be
customised for patients with a body weight ≥43 kg where they should consume the entire contents of
one pouch but patients who weigh under 43 kg should have the volume adjusted accordingly.

2.4. Pre-Analysis Sample Handling

2.4.1. Sampling Site

In order to improve the interpretation of glucose results, it is imperative to understand the
difference in results between samples collected from different sites (capillary plasma, capillary whole
blood, venous plasma and venous whole blood). For example, the glucose levels in plasma are 11%
higher than the levels in whole blood despite the fact that in clinical practice the words “plasma” and
“blood” are used interchangeably [85].

Under normal physiological conditions, the post-prandial, capillary glucose levels are higher than
the venous glucose levels as determined by the rate at which glucose is extracted from blood by tissues.
Exploring this anomaly, Kuwa et al. [86] examined the difference in glucose levels between capillary
and venous samples during the OGTT in 75 healthy individuals. They found that venous and capillary
glucose levels were comparable in the fasting state, but the post-load capillary sample had significantly
higher glucose levels compared to the venous one.

Stahl et al. [87] investigated whether capillary whole blood glucose levels used for analysis can
be expressed as plasma results (as recommended by the ADA and WHO). Results from this study
confirm that translation from capillary to plasma values may be acceptable for mean values but should
not be used for individual glucose levels. These findings were confirmed by Colagiuri et al. [88],
assessing the correlation between glucose levels in capillary and venous samples in fasting state, 2 h
after oral glucose load and random glucose levels. These authors established that both fasting and
random capillary samples gave lower glucose values than venous samples but the 2 h post glucose
load capillary sample gave higher glucose values than the venous sample.
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Adding to these research conclusions, D’Orazio et al. [89] maintain that due to the difference
in glucose concentrations observed between whole blood and plasma, the glucose levels are not
interchangeable. They also recommend that the reporting of glucose measurements should be in
plasma only as the concentration of glucose in plasma is independent of hematocrit.

Preferably, the best model is one where blood glucose levels are reported from plasma samples
where glycolysis has been delayed or inhibited. Alternatively, glucose level measurement reports
should have clear information on the sample type being used and if any conversion factors had been
applied in the reporting process.

2.4.2. Specimen Collection Tube

A prominent source of pre-analytical error in determining plasma glucose levels in vitro is
glycolysis. It is reported that glycolysis leads to 5–7% decrease in glucose levels per hour at room
temperature [68]. There are two main approaches to inhibit glycolysis. The first requires immediate
separation of plasma/serum (within 30 min of sampling) from blood cells prior to analysis. The second
approach involves collecting venous whole blood into specimen tubes containing a glycolytic inhibitor.

Sodium fluoride is one such glycolytic inhibitor and acts to inhibit enolase activity [90] stabilising
the glucose levels in the long term. However, enolase is late in the glycolytic pathway such that
glycolysis continues during the first hours after the sample has been collected. The rate of glucose loss
is similar during the first 90 min regardless of the presence of sodium fluoride [68,91]. Furthermore,
using sodium fluoride as a glycolytic inhibitor leads to an error in glucose levels that ranges between
0.28 and 0.39 mmol/L (5–7 mg/dL), and can be as high as 1.1 mmol/L (20 mg/dL) if plasma is left
unseparated for more than 3 h post collection [92]. These findings are supported by Chen et al. [93]
who confirmed the failure of sodium fluoride to inhibit glycolysis one hour after sample collection
and recommending that the best way to reduce glycolysis and improve glucose integrity in samples
in vitro was through immediate separation of plasma from blood cells.

Therefore, using sodium fluoride alone as a glycolytic inhibitor is considered insufficient.
To circumvent this issue, Uchida et al. [94] showed that acidification quickly inhibits glycolysis
through the inhibition of hexokinase and phosphofructokinase. In 2013, Garcia del Pino et al. [95]
determined that citric acid immediately inhibits glycolysis. These authors showed that the glucose
levels in samples taken in sodium fluoride tubes was significantly lower when compared to the glucose
levels taken in temporally paired citrate tubes. Comparable results were reported by Norman et al. [96]
evaluating paired fasting plasma glucose samples collected into sodium fluoride and citrate tubes
and found higher glucose levels in the samples collected into the citrate tubes. This was reaffirmed
in 2019 by Jamieson et al. [97], seeking to compare plasma glucose stability over time in 501 samples
taken at the time of the OGTT after 24 weeks of gestation and found that the samples containing
citrate as a glycolytic inhibitor offered the best short and long-term stability for glucose levels even
compared with fluoride samples placed immediately on ice. They suggested that the use of sample
tubes containing citrate would not require services to make any changes in the sample collection
protocols (such as the addition of ice or immediate plasma separation). However, the authors advised
that the diagnostic criteria for glucose intolerance may need revision as glucose values were, on average,
0.2 mmol/L higher when using fluoride-citrate sample tubes compared to those obtained by research
methodology. In support of these findings, Lyons et al., 2018, assessed the stability of glucose in
citrate-fluoride-oxalate buffered plasma (FC-Mix tubes) stored at 4 ◦C and 18–22 ◦C for 8.5 days and
found that glucose results were maintained within 0.20 mmol/L of those determined using WHO
specifications [98].

In clinical practice, where delays of sample transport and processing are regularly encountered,
the use of citrate tubes delivers the best option in inhibiting glycolysis and preserving the integrity of
blood glucose levels ex vivo. The use of citrate buffered specimen tubes is recommended by the ADA
especially if the sample processing is likely to be more than 30 min post-collection [68].
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2.4.3. Sample Storage and Transport

In 1985, the WHO recommended “rapid plasma separation from samples collected in fluoride
tubes” in order to prevent or delay glycolysis [99]. The AACC and ADA guideline [68] recommends
that samples “be immediately immersed in an ice-slurry and analyzed within 30 min of collection
or rapid centrifugation after collection”. However, compliance with these guidelines is particularly
challenging in the case of the OGTT due to that fact that fasting and post glucose samples are usually
held at the point of patient care until the test is completed, invariably over 2 h.

Consequently, diabetes prevalence will be underestimated in research studies in which sample
handling and analysis is delayed as indicated by Potter et al. [100], who compared OGTT results
(sodium fluoride tubes) between early centrifugation (within 10 min) and delayed centrifugation (at
the end of the OGTT test) in over 12,000 women. They found the mean glucose levels for fasting, 1 h,
and 2 h OGTT samples were higher using early centrifugation (p < 0.0001 for all) compared to delayed
processing, increasing the GDM prevalence from 11.6% (n = 869/7509) to 20.6% (n = 1007/4887). In the
commentary accompanying this study, Price et al. [101] highlight that “without strict pre-analytical
OGTT sample handling in routine clinical practice, our ability to accurately diagnose GDM and report
GDM prevalence data will be flawed”.

The pre-analytical blood sampling protocol for pregnancy OGTT requires revision and
standardisation [102]. Consideration of the difficulties that rapid centrifugation (within 30 min
of sampling) or placement of samples on ice in busy clinics illustrates that value and pragmatism of the
use of citrate blood tubes for sample collection. However, the use of citrate tubes has the potential to
give a positive bias of 0.2 mmol/L, falsely increasing the rate of GDM diagnosis, such that a correction
factor or revision of the diagnostic thresholds may be required [96,103,104]. An alternative approach
could be to measure glucose in lithium heparin plasma analysed on the critical care analyser at the
point of care (POC). In 2018, Lyons et al., recruited 12 volunteers to undergo the OGTT measuring
blood glucose at each time point on the critical care analyser (ABL90FLEX®/Glucose oxidase), (Manor
Court, Manor Royal, Crawley, West Sussex, England) and concomitantly in whole blood collected into
fluoride-oxalate tubes immersed immediately in ice-slurry and analysed within 30 min using the central
laboratory (Roche Cobas® 8000 modular analyzer series/Hexokinase) (Roche Diagnostics GmbH,
Sandhoferstrasse 116, Mannheim, Germany) [105]. These authors demonstrated good agreement of
glucose results with the WHO recommended method with results within the total allowable error
analytical goal for plasma glucose of < 5.5%.

While clear recommendations exist regarding glucose sample transport and storage, the challenge
is the practicality and applicability of these guidelines to the routine clinical practice settings that are
not resourced for immediate sample handling and processing. Outside of research specific laboratories,
worldwide, very few centers are likely equipped to adhere to such strict glucose processing methodology.
Citrate buffered specimen tubes offer the best practical solution and their use is recommended by
the ADA.

2.5. Analytical Phase

2.5.1. Traceability and Methodology

Central Laboratory

Global standardisation of clinical assay’s aims to produce accurate and reproducible test results
across space and time (traceability) through a reduction in method variability. To minimise assay bias,
methods for measuring glucose should be calibrated (traceable) to reference methods. Currently, there
are two reference methods for blood glucose measurement recommended by the Joint Committee for
Traceability in Laboratory Medicine: isotope dilution mass spectrometry (ID-MS) [106], and enzymatic
(Hexokinase-Glucose-6-Phosphate Dehydrogenase) [107]. The maximum allowable deviation for the
alignment of the central laboratory method with a reference method is 4%. In the routine clinical central
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laboratory setting, glucose is invariably measured using one of three common enzymatic methods:
hexokinase, glucose 1-dehydrogenase and glucose oxidase in reactions that either are coupled to a
chromophore or generate an electric current.

2.5.2. Point of Care (POC)

Blood Glucose Meters (BGM)

Glucose is measured using capillary blood glucose concentrations. All POC meters use enzymes
to measure glucose. These enzymes are oxidoreductases, can be classified in several categories each
with its specific characteristics but, ultimately, have as a primary role to oxidise glucose [108]. Electron
transfer to an electrode is then measured (third generation sensors). Of note, none are completely
specific for glucose.

In 2020, O’Malley and colleagues [109] studied the use of POC glucose measurements in diagnosing
GDM in women undergoing an antepartum OGTT. These authors found the diagnostic accuracy of
POC glucose for GDM to be 83.0% (95% confidence interval (CI), 74.2–89.8) and concluded that there is
no justification for the use of POC in centers that have adequate sample handling facilities. However,
they noted that POC might be acceptable in low- and medium-resource settings, where processes to
inhibit glycolysis are not available.

Critical Care Analysers (Blood Gas Analysers)

Whole blood (venous/arterial) is collected into balanced sodium heparinised (plasma) syringes
and glucose is measured by a fixed enzyme electrode or via a reagent cassette. Glucose oxidase is the
enzyme most commonly used [110].

2.6. Analytical Quality

2.6.1. Central Laboratory

Generally, laboratory testing quality should not be one of the variables influencing GDM prevalence
and should not cause any glucose variability though the measurement process. The total laboratory
analytical error has two main components: (1) precision, which is the capacity of the test to reproduce
replicate measurements and it is expressed as the coefficient of variation (CV); and (2) bias, which is the
difference between the laboratory result and the true value of the test. A good laboratory test should
have minimal imprecision and bias and should conform with the specified analytical regulatory criteria.
Laboratories compare their test result and the performance of their measurements against objective
quality requirements such as the National Academy of Clinical Biochemistry (NACB) guidelines for
total maximum allowable error (TEa). For glucose, the recommended targets are imprecision < 2.9%,
bias < 2.2% and TEa < 6.9% [68]. The analytical imprecision for central laboratories is of the order
of 1–2%.

However, glucose measurements, even within permissible limits, can influence GDM incidence
and prevalence significantly. The true value of a laboratory test ranges within a 95% confidence interval
of the reported value. In 2015, Agarwal et al. [111] examined the impact the analytical quality of a
laboratory can have on GDM prevalence by comparing the total analytical error in one laboratory with
the TEa as recommended by the NACB. This was a prospective study with over 2000 study participants.
The research team found that, irrespective of criteria used to diagnose GDM (IADPSG, ADA, CDA),
the analytical variation in glucose measurement had both a statistically significant impact on the GDM
prevalence and also a significant impact on pregnant women that would be incorrectly reassured as
not having GDM. These authors suggest that laboratories with decreased quality performance that
report glucose measurements outside the 95% CI will ultimately lead to an increased reported GDM
prevalence and an increase in false positive GDM cases. Based on total analytical variation of glucose
for glucose in the laboratory performing the analyses, in their cohort, the prevalence of GDM ranged
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from 27% to 71% with an absolute prevalence of 45.3% (independent of the diagnostic criteria used).
The authors concluded that the reported GDM prevalence has the potential to vary from 0.5–2.0-fold
even if the laboratory meets the NACB recommendation of TEa < 6.9%, and urge laboratories to strive
to improve their analytical performance even beyond the NACB recommendation in order to avoid
misclassifying patients. Supporting these findings, Nielsen et al. [112] found that at 0% bias, an increase
in imprecision from 2.7% to 3.7% increased the prevalence of diabetes by 90%.

Clinicians should always seek to use accredited laboratories but must be aware that TEa does
not take into account pre-analytical factors that may influence glucose results. For example, a delay
of more than 4 h in processing (centrifugation and separation of plasma from blood cells) the fasting
sample of the OGTT would exceed the TEa for glucose.

2.6.2. POC—BGM

The analytical variation for BGM is commonly of the order of 5%. POC guidelines recommend
that 95% of glucose results from BGM should be within ± 12.5% of the central laboratory glucose results
≥ 5.55 mmol/L (100 mg/dL) and within 0.67 mmol/L (12 mg/dL) for values < 5.55 mmol/L (100 mg/dL);
furthermore, that 98% of BGM glucose results should be within ± 20% of the central laboratory glucose
values ≥ 4.2 mmol/L (75 mg/dL) and within ± 0.83 mmol/L (15 mg/dL) for glucose values < 4.2 mmol/L
(75 mg/dL) [113].

2.6.3. POC—Critical Care Analysers (Blood Gas Analysers)

The analytical imprecision for critical care analysers is of the order of 1–2% and similar to that of
the central laboratory [114,115].

2.7. Post-Analytical Phase

The next phase of the total testing process is the post-analytical phase, which includes the
following steps:

Processing of results into a report format (paper or electronic).
Identification of critical results and communication to the requesting clinician.
Interpretation of the results and if deemed necessary provision of advice for further tests.
Transmission of final report to the requesting clinician.
In the context of the OGTT, the diagnostic criteria are not uniform and are the subject of

much debate.
In 1964, O’Sullivan et al. [116] proposed that “screening, diagnosis and treatment of hyperglycaemia

in women who are not known to have diabetes improves outcomes”. The diagnostic criteria proposed
were based on the 3 h–100 g glucose OGTT, which were subsequently validated for the development
of future maternal T2DM [116]. The values proposed for GDM diagnosis were: fasting, 6.1 mmol/L
(110 mg/dL); 1 h, 9.4 mmol/L (170 mg/dL); 2 h, 6.7 mmol/L (120 mg/dL) and 3 h, 6.1 mmol/L (110
mg/dL). Women with at least two abnormal values were diagnosed with GDM.

In 2008, the HAPO study showed that mild hyperglycemia was associated with adverse neonatal
outcomes even below the previous GDM diagnostic criteria [9]. Based on these findings, in 2010 the
IADPSG recommended a one-step 75 g OGTT and modified the GDM diagnostic cut-off points: fasting
glucose: 5.1 mmol/L, 1 h glucose: 10.0 mmol/L and 2 h glucose: 8.5 mmol/L (fasting glucose: 92 mg/dL,
1 h glucose: 180 mg/dL and 2 h glucose: 153 mg/L) [81]. A single abnormal value confirms a diagnosis
of GDM. Some critics of the new IADPSG diagnostic criteria indicate that the HAPO study did not
take into account all pre-specified adverse outcomes and factors such as the rates of cesarean section or
neonatal hypoglycemia in the determination of diagnostic cut-off points. Another criticism was that
the single abnormal value required for diagnosis and the low glucose threshold of the new criteria to
identify women as having GDM meant that such women would be in a very low risk category [117].

The IADPSG criteria were embraced by many international organisations including the ADA [118],
WHO [119], the International Federation of Gynaecology and Obstetrics (FIGO) [120] and European
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Board and College of Obstetrics and Gynaecology (EBCOG) (2015). At the same time, some international
bodies have not incorporated the IADPSG criteria: American College of Obstetricians and Gynecologists
(ACOG) Practice Bulletin [121], the National Institutes of Health (NIH) consensus statement [122]
and Society of Obstetricians and Gynaecologists of Canada (SOGC) [123]. The reasons given for not
adopting the IADPSG criteria were (1) the benefit of treating women with mild GDM is not well
established; (2) the increased prevalence of GDM will lead to additional healthcare costs; (3) caesarean
section delivery and neonatal intensive care unit (NICU) admission rates will increase; and (4) patients
identified as having GDM will develop additional psychosocial burdens which will decrease their
Quality of Life (QoL).

Inconsistencies in GDM diagnostic criteria worldwide have led to challenges in making meaningful
comparisons between study results (through systematic reviews and metanalysis). Cost analysis studies
should always include clinical adverse outcome prevention through diagnosis and treatment in their
analysis. A very well designed study by Duran et al. [124] found that the use of the IADPSG criteria
was associated with an improvement in the prevalence of maternal and neonatal adverse outcomes
(pregnancy induced hypertension, prematurity, caesarean sections, NICU admissions, LGA and SGA)
that was cost-effective despite a 3.5-fold rise in GDM prevalence.

2.7.1. COVID-19: Implications for GDM Testing

In the context of the coronavirus 2019 (COVID-19) pandemic, travel restrictions, the time (up to
3 h) spent in a potentially infectious environment while the OGTT is carried out and the requisite
glucose samples collected, together with the additional number of clinical visits consequent to a
positive GDM diagnosis, have combined to reduce the use of the OGTT. In fact, McIntyre et al. [125],
have highlighted that international bodies have already moved to using one or more of the following
alternative approaches to GDM diagnosis: fasting venous plasma glucose [126], random venous
plasma glucose and/or HbA1c [127]. Unfortunately, both approaches, while safer in the context of the
SARS-CoV-2 pandemic, will lead to many women with GDM not being diagnosed. Gemert et al. [128]
have shown that by only using a fasting plasma glucose ≤ 4.6 mmol/L for the diagnosis of GDM, 29% of
women would have been missed. Similarly, van-de- l’Isle et al. [129] found that by using the Royal
College of Obstetrics and Gynecologists recommendations for the diagnosis of GDM (fasting glucose
≥ 5.3 mmol/L or HbA1c ≥ 39 mmol/mol or random plasma glucose ≥ 9 mmol/L), 57% of women would
have been wrongly diagnosed as not having GDM. The likely consequence of this will be an increase
in GDM-related complications as these women will not have received the appropriate treatment for
GDM. In their commentary, Mcintyre et al. [130] emphasise the need for validation and regulatory
approval of alternative, less cumbersome strategies for the diagnosis and classification of GDM by
using new non-fasting biomarkers such as plasma glycated CD59, a complement regulatory protein,
which is showing promise. The need for change to the way in which the diagnosis of GDM is made
has been recognised for many decades now. The current global COVID-19 pandemic has reignited the
urgent quest for the rapid identification of a new, reliable and feasible biomarker to diagnose GDM.

2.7.2. Emerging Biomarkers

The current COVID-19 pandemic has highlighted what the scientific community has known for
years [13]—that it is time to identify new tests that can accurately and robustly diagnose GDM, tests
that require less preparatory and sampling time and that are less affected, if at all, by the pre-analytical
factors mentioned in this article. There are now several biomarkers showing great potential to meet this
clinical need. They include amino acids, peptides, proteins, lipids, enzymes, saccharides, microRNA,
etc. The following biomarkers are a cross-section of the emerging data in this field.

Adiponectin is a protein hormone and adipokine involved in glucose metabolism. Many researchers
have shown that adiponectin levels can diagnose GDM and can also predict GDM when analysed
in early pregnancy. In 2008, Lain et al. [131] showed that women with a low first trimester level
of adiponectin were 10 times more likely to be diagnosed with GDM later in pregnancy. In 2013,
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Rasanen et al. [132] supported this work showing that first trimester adiponectin levels were associated
with the development of GDM. Additionally, an Irish study [133] found that high first trimester
adiponectin levels were associated with a reduced risk of developing GDM validating the work of
Rasanen et al. Furthermore, there is evidence to suggest that adiponectin may also be used in predicting
the development of post-partum glucose intolerance in women with a history of GDM [134]. However,
despite these promising results, in 2016 a study by Iliodromiti et al. [135] found the sensitivity and
specificity of adiponectin in predicting GDM diagnosis to be 60.3% and 81.3%, respectively. Prospective
studies to confirm the adiponectin role as a GDM diagnostic biomarker are warranted.

Emerging research on GDM has shown that CD59, a glycoprotein biomarker, has the potential to
diagnose GDM. Gosh et al. [136] determined that glycated CD59 (gCD59) accurately predicted the
development of GDM with a sensitivity of 85% and a specificity of 92%. These authors found that GDM
patients had 10-fold higher levels of gCD59 compared to controls. These findings are supported in
work by Ma et al. [137], showing that gCD59 levels in pregnant women before 20 weeks of pregnancy
accurately predict the results of the OGTT. In addition, gCD59 levels were also associated with higher
risk of delivering a baby large for gestational age (LGA). Prospective studies are ongoing to assess the
potential of gCD59 to identify GDM early in pregnancy and improve prediction of adverse pregnancy
outcomes [138].

Extracellular vesicles (EV) have also shown diagnostic potential as indicated in a study by
Salomon et al. [139], who found a 2-fold higher concentration of exosomes (small EV) in GDM
pregnancies compared to normal pregnancies. These findings have been further supported by several
recent studies [140,141] which found higher concentrations of EV in women who developed GDM
compared to controls.(add references) Jayabala et al. [142] examined the differences in protein content
in EVs between women with GDM and women with normal glucose tolerance. They found a total of
78 proteins that were significantly differentially expressed in GDM women compared to women with
normal glucose tolerance. Despite this, there are no studies comparing the levels of EV concentrations
between different types of pregnancy complications (gestational hypertension/preeclampsia, foetal
growth abnormalities, foetal malformations, etc). There are no studies assessing the trimester-specific
EV levels in normal and GDM pregnancies or studies assessing the robustness of the test by comparing
different analysis method, different methods for purifying and separating exosomes or different types
of blood sample used, nor also studies investigating concentrations of EV released from placenta vs.
non-placental sources. EV are an emerging biomarker with great potential; however, further studies
are required to establish the exact role of EV in GDM diagnosis.

Nesfatin-1 is a polypeptide involved in food regulation and water intake and has a
glucose-dependent insulinotropic action. In 2012, Aslan et al. [143] found lower nesfatin-1 levels in
GDM women compared to controls. These findings are supported by Kucukler et al. [144], who similarly
found lower levels of nesfatin-1 in women who developed GDM compared to women without GDM
but also found a positive correlation between nesfatin-1 and insulin levels. In a recent prospective study,
Mierzynski et al. [145] also observed that women with GDM had significantly lower levels of nesfatin-1
compared to women with normal glucose tolerance but also found a strong correlation between
nesfatin-1 levels and pre-pregnancy BMI. However, a study by Zang et al. [146] found opposite results
with nesfatin-1 levels higher in GDM patients compared to controls with a positive correlation between
nesfatin-1 levels and BMI, while Deniz et al. [147] showed a negative correlation between nesfatin-1
levels and BMI. The discrepancy of these results might arise from the different study participants’
characteristics or the timing of the sample collection. While it is clear that nesfatin-1 plays a role in
GDM pathophysiology, further studies are required to define its potential as a diagnostic biomarker.

Several biomarkers show potential advantages over the historical OGTT. The breadth of this
emerging trend shows the activity within the research community to identify an appropriate new
test for GDM diagnosis. Those mentioned above provide a mere snapshot of the evolving evidence,
and an in-depth analysis is beyond the scope of this paper. This review has explored the fallacy of the
OGTT, the current “gold standard” for GDM, a test that is easily affected by many variables, potentially
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leading to false results and has drawn attention to promising emerging alternative biomarkers. Through
ongoing collaboration, researchers in this field can make a critical breakthrough on a new test for
GDM diagnosis.

3. Conclusions

The OGTT is subject to several factors spanning the total testing process that have the potential to
influence its results and negatively impact patient care. Clear guidance is needed to ensure a universal
standardised approach to performing and interpreting the OGTT for the diagnosis of GDM. This will
permit global harmonisation of the detection of GDM, improve the accuracy and reproducibility of the
OGTT and provide for better outcomes for mothers and their offspring. Alongside this, the search for
better biomarkers to diagnose GDM and ultimately replace the OGTT is gaining pace with several
biomarkers currently under evaluation. However, the diagnostic accuracy and clinical usefulness of
many of these novel biomarkers remain to be fully validated.
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Abstract: Introduction: Gestational diabetes (GDM), defined as hyperglycemia with onset or initial
recognition during pregnancy, has a rising prevalence paralleling the rise in type 2 diabetes (T2DM)
and obesity. GDM is associated with short-term and long-term consequences for both mother and
child. Therefore, it is crucial we efficiently identify all cases and initiate early treatment, reducing
fetal exposure to hyperglycemia and reducing GDM-related adverse pregnancy outcomes. For this
reason, GDM screening is recommended as part of routine pregnancy care. The current screening
method, the oral glucose tolerance test (OGTT), is a lengthy, cumbersome and inconvenient test
with poor reproducibility. Newer biomarkers that do not necessitate a fasting sample are needed
for the prompt diagnosis of GDM. The aim of this scoping review is to highlight and describe
emerging protein biomarkers that fulfill these requirements for the diagnosis of GDM. Materials and

Methods: This scoping review was conducted according to preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines for scoping reviews using Cochrane Central Register
of Controlled Trials (CENTRAL), the Cumulative Index to Nursing & Allied Health Literature
(CINAHL), PubMed, Embase and Web of Science with a double screening and extraction process.
The search included all articles published in the literature to July 2020. Results: Of the 3519 original
database citations identified, 385 were eligible for full-text review. Of these, 332 (86.2%) were included
in the scoping review providing a total of 589 biomarkers studied in relation to GDM diagnosis.
Given the high number of biomarkers identified, three post hoc criteria were introduced to reduce
the items set for discussion: we chose only protein biomarkers with at least five citations in the
articles identified by our search and published in the years 2017–2020. When applied, these criteria
identified a total of 15 biomarkers, which went forward for review and discussion. Conclusions: This
review details protein biomarkers that have been studied to find a suitable test for GDM diagnosis
with the potential to replace the OGTT used in current GDM screening protocols. Ongoing research
efforts will continue to identify more accurate and practical biomarkers to take GDM screening and
diagnosis into the 21st century.

Keywords: gestational diabetes; biomarker; protein biomarker

1. Introduction

Gestational diabetes (GDM) is defined as hyperglycemia with onset or initial recogni-
tion during pregnancy [1]. GDM is a common complication of pregnancy, with a prevalence
of 5.8–12.9% globally, the prevalence varying by region, and diagnostic criteria [2]. GDM
is associated with substantial short and long-term adverse outcomes for both mother
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and child. Short-term complications include preeclampsia and pregnancy-induced hy-
pertension, increased risk of delivery by cesarean section, macrosomia, and neonatal
hypoglycemia [3,4]. Long-term complications include increased risk of type 2 diabetes mel-
litus (T2DM), obesity and cardiovascular complications for both mother and offspring [5,6].
Studies have established that effective treatment of GDM reduces the rate of short-term
perinatal complications and improves the quality of life of the mother [7,8]. Given this
evidence, it is of utmost importance that we identify those at risk and accurately diag-
nose GDM [9]. Current diagnostic strategies use the oral glucose tolerance test (OGTT)
performed between 24 and 28 weeks of gestation, with universal screening advised in
populations with a high prevalence of T2DM [10].

As with any screening program, we must continue to re-evaluate the test suitability,
accuracy, and reproducibility. The OGTT was first described in 1957 [11] and has been the
gold standard for the diagnosis of GDM for decades [12]. The OGTT is onerous, lengthy
and requires a fasting state [13]. A recent review by our research group [14] has detailed
the numerous factors contributing to its poor reproducibility [15].

In view of the cumbersome nature and poor reproducibility of the OGTT, it is necessary
to look for and identify a more robust, convenient, and accurate biomarker for the diagnosis
of GDM. Over recent years, substantial progress has been made in this field of biomarkers.
There is an unmet clinical need to identify an easily measurable biomarker, which is
superior to the traditional OGTT. In addition, a more convenient biomarker could be used
to diagnose GDM in early pregnancy, reducing the period of intra-uterine hyperglycemic
exposure. This scoping review aims to synthesize the literature on emerging biomarkers
for GDM diagnosis.

2. Materials and Methods

2.1. Scoping Review Question

What are the emerging biomarkers reported in the literature for the diagnosis of
gestational diabetes?

2.2. Aim

The aim of this scoping review was to systematically identify the evidence available on
emerging biomarkers with the potential to diagnose GDM (beyond glucose, fructosamine
and HbA1c).

2.3. Methods

This review was conducted based on the framework for scoping reviews recom-
mended by Arksey and O’Malley [16] and the later improvements to this method [17,18].
By contrast to systematic reviews, this approach was found to be more appropriate for a
comprehensive search reflecting the vast number of biomarkers with a potential to diag-
nose GDM at the same time, enabling us to provide an in-depth analysis of selected key
biomarkers [19]. Scoping reviews are a method for recording evidence from a particular
research area by presenting existing research results and highlighting gaps in the evidence
at the same time.

Preferred reporting items for systematic reviews and meta-analyses (PRISMA) guide-
lines were followed using the PRISMA extension for scoping reviews checklist [20].

No review protocol for this study has been published.

2.4. Data Sources and Search Strategy

Using a broad-based search strategy, the following databases were searched for rel-
evant studies from database inception through July 2020: Cochrane Central Register of
Controlled Trials (CENTRAL), the Cumulative Index to Nursing and Allied Health Lit-
erature (CINAHL), PubMed, Embase and Web of Science. Search terms used included
“gestational diabetes", “GDM”, “emerging/novel/new”, “biomarkers”, “tests”, and “diag-
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noses” combined as appropriate using the Boolean operators “AND” and “OR” (Supple-
mental Material).

Results were inputted into the reference manager, Rayyan web application [21], and
duplicates were identified and removed. Two reviewers (DB and CR) screened the titles
and the abstracts. The reference lists of included studies were also reviewed. Full texts
of the remaining articles were independently assessed by two reviewers (DB and CR) for
eligibility based on predefined criteria. Disagreements were resolved by consensus. Where
a resolution was not reached by discussion, two other reviewers were consulted (FD, POS).
The electronic search strategy can be found in (Supplemental Material)

2.5. Eligibility Criteria

Studies were eligible for inclusion if study participants were pregnant women, and
the study reported on a biomarker for GDM diagnosis. All study designs were eligible
for inclusion. We did not apply a language restriction. However, if translation to English
was not possible, the study was excluded. There was no time restriction on the date of
publication of the studies. Only full-text articles were included in this review. When the
full text was unavailable, the corresponding authors were contacted.

2.6. Data extraction and Synthesis

Data were extracted independently by two authors (DB and CR) using a standardized
predetermined data collection form. For each study, we extracted the title, year of publica-
tion, journal, and biomarker (which was identified on review of the methods and results
section of each paper).

Extracted data were compared for inconsistencies and merged into a final database.
Disagreement was resolved through discussion and, where necessary, consultation with
two further reviewers (FD, POS).

The biomarkers identified were grouped alphabetically together with all the papers
citing the specific biomarker for easier identification.

It was decided that if the number of potential biomarkers identified was considerable,
rendering the analysis and discussion impractical, post hoc criteria would be implemented.
This would help focus the discussion on the most recent, most cited protein biomarkers.

2.7. Post Hoc Inclusion Criteria

Once all the biomarkers were identified, we selected for analysis and discussion
biomarkers that fulfilled 3 criteria:

1. Protein biomarkers;
2. Biomarkers that had at least 5 citations in our search results;
3. Study publication year: 2017–2020.

The resulting biomarkers were grouped into categories and brought forward for discussion.

3. Results

A total of 3519 articles were identified after the database search (Figure 1). Following
title screening and deletion of duplicates, 843 abstracts were selected. A total of 458 articles
were further excluded after abstract screening by two researchers, thereby reducing the
articles eligible for full-paper screening to 385. A total of 53 articles were excluded (articles
not in English n = 5, the test assessed was not used for GDM diagnosis n = 13, no biomarker
was discussed n = 4, duplicates n = 8 and conference proceeding/abstract publication only
n = 23). Finally, 332 articles were selected for data extraction. Following data extraction, a
total of 589 biomarkers were identified (Supplemental Table S1).
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Figure 1. Prisma diagram.

After the application of the post hoc criteria, 15 biomarkers were identified, reviewed,
and discussed. These biomarkers were grouped into 3 categories: cytokines, glycoproteins,
and other proteins (Table 1). The biomarkers’ testing performance at the time of GDM and
as a predictive indicator of GDM are shown in Tables 2 and 3, and Supplemental Material
Figures S1 and S2.

Table 1. Protein biomarkers (n = 15) identified post-application of post hoc criteria.

Biomarker Function Molecular Characteristics

Cytokines

* Adiponectin Regulation of glucose and lipid metabolism. Role
in cell apoptosis, inflammation and angiogenesis

Molecular mass 30 kDa; consists of 244 aa in multimeric
circulating forms: a 90-kDa low molecular weight trimer, a
middle molecular weight hexamer of 180 kDa and a high
molecular weight multimer of ~360 kDa

* Chemerin
Adipogenesis regulation and adipocyte
metabolism; role in glucose and lipid
metabolism; pro/anti-inflammatory modulator

Molecular mass of 18 kDa; chemerin is translated as a 163 aa
preproprotein that is secreted as a 143 aa (18 kDa) proprotein
following proteolytic cleavage of a signal peptide

* Fetuin
Transport of fatty acids in the circulation with a
role in insulin resistance; inhibits vascular
calcification; role in inflammatory responses

Molecular mass of 64 kDa; comprises a two-chain form whose
N-terminal heavy chain (321 amino acid residues) is disulfide
bonded to the C-terminal light chain (27 aa)

* Leptin Regulation of food intake and energy balance Molecular mass of 16 kDa; consists of 146 aa structured in
four antiparallel α-helices
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Table 1. Cont.

Biomarker Function Molecular Characteristics

* Omentin Role in glucose and lipid metabolism and
adipocyte mediated inflammation

Molecular mass of 34 kDa; consists of 313 aa; contains a
secretory signal sequence and a fibrinogen-related domain
and appears as a glycolyzed trimer of 120 kDa molecular
weight in its negative form

IL-6

Role in immunity as a mediator of the acute
phase response. Acts as both a proinflammatory
cytokine and an anti-inflammatory myokine.
Additional role in adipocyte-mediated
inflammation and glucose metabolism

Molecular mass of 21 kDa; single, non-glycosylated
polypeptide chain with a four–α-helix structure containing
185 aa

TNF
Role in the regulation of immune cells, growth
regulation, inflammation, viral replication,
tumorigenesis, and autoimmune diseases

Molecular mass of 17.3 kDa; homotrimer composed of 233 aa

Glycoproteins

Afamin Vitamin E transport. Possible role in glucose and
lipid metabolism

Molecular mass of 87 kDa with 55% aa sequence similarity to
albumin; composed of a 21-aa leader peptide, followed by
578aa of the mature protein and consists of 2
structural domains

hCG

Maintains the production of progesterone from
the corpus luteum during pregnancy; role in
glucose and insulin metabolism; role in
adipocyte-mediated inflammation

Molecular mass of 36.7 kDa, (~14.5 αhCG and 22.2 kDa
βhCG), composed of 237 aa; it is heterodimeric, with an α

subunit identical to that of luteinizing, follicle-stimulating and
thyroid-stimulating hormone and an β subunit that is unique
to hCG

CD59 Inhibits the complement membrane attack
complex action Molecular mass of 14.2 kDa; consists of 128 aa

SHBG

Binding protein for testosterone and estradiol;
regulates sex steroid effects in target cells by
direct action; role in lipid and
glucose metabolism

Molecular mass of 43.7 kDa; homodimer, each monomer
consists of 402 aa

Other Proteins

CRP
Activation of the complement system, promoting
phagocytosis by macrophages Role in the innate
immune system

Molecular mass of 120 kDa, belonging to the family of
pentraxins; consists of five identical subunits that contain each
206 aa

Nefatin-1 Regulation of food intake and glucose
homeostasis Molecular mass of 9.7 kDa containing 82 aa residues

PAPP-A Cleavage of insulin-like growth factor-binding
proteins promoting somatic growth

Molecular mass of 400 kDa composed of two 200-kDa
disulfide-bound subunits, each subunit consists of 1547 aa:
belonging to the pappalysin protein family

RBP4 Transporter protein for retinol; role in insulin
resistance and tumor growth

Molecular mass of 21 kDa consisting of 184 aa; the entire
molecule consists of an N-terminal loop, a β-barrel structure,
an alpha helix and a C-terminal loop

* adipokines; IL-6—interleukin 6; TNF—tumor necrosis factor; hCG—human chorionic gonadotropin; SHBG; sex hormone-binding
globulin; CRP—C-reactive protein; PAPP-A—placental associated plasma protein A; RBP4—retinol-binding protein 4; aa—amino acids.

Table 2. Summary of test performance at the time of gestational diabetes (GDM) diagnosis *.

Biomarker First Author (Ref.)
Analytical

Method
Diagnostic

Sensitivity %
Diagnostic

Specificity %
AUC Cutoff Value

Cytokines

Adiponectin Bozkurt et al. [22] RIA NS ns 0.62 ns
Weerakiet et al. [23] ELISA 91.7 30.8 0.63 10 μg/mL

Chemerin Wang et al. [24] ELISA 73.3 76 0.82 6.78 μg/L

Leptin Bozkurt et al. [22] RIA ns ns 0.61 ns
Boyadzhieva et al. [25] ELISA 81.2 64.2 0.82 28.7 ng/mL

Glycoproteins

CD59
Ghosh et al. [26] ELISA 85 92 0.92 ns
Ma et al. [27] ELISA 54 93 0.86 ns

SHBG Tawfeek et al. [28] ELISA 96 95 0.91 50 nmol/L
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Table 2. Cont.

Biomarker First Author (Ref.)
Analytical

Method
Diagnostic

Sensitivity %
Diagnostic

Specificity %
AUC Cutoff Value

Other Proteins
RBP4 Du et al. [29] ELISA 79.4 79.1 0.87 34.84 μg/mL)

* no information on test performance at the time of GDM diagnosis was found for the following biomarkers: fetuin, omentin, IL-6, TNF,
afamin, hCG, CRP, nesfatin-1, PAPP-A. AUC—area under the curve; IL-6—interleukin 6; TNF—tumor necrosis factor; hCG—human
chorionic gonadotropin; SHBG—sex hormone-binding protein; CRP—C-reactive protein; PAPP-A—pregnancy-associated plasma protein
A; RBP4—retinol-binding protein 4; RIA—radioimmunoassay; ELISA—enzyme-linked immunosorbent assay; ns—not stated.

Table 3. Summary of test performance as a predictive indicator of GDM *.

Biomarker First Author, Year (Ref.)
Analytical

Method
Diagnostic

Sensitivity %
Diagnostic

Specificity %
AUC Cutoff Value

Cytokines

Adiponectin

Georgiou et al. [30] ELISA 85 1 85.7 1 0.86 3.5 μg/mL
Ferreira et al. [31] ELISA ns ns 0.85 2 ns
Madhu et al. [32] ELISA 100 95.6 ns 9.1 μg/mL
Iliodromiti et al. [33] ** ns 64.7 77.8 0.78 ns

Fetuin
Kansu-Celik et al. [34] ELISA 58.6 76.2 0.33 166 ng/mL
Jin et al. [35] ELISA 64.4 58.5 0.61 305.9 pg/mL

Leptin Bawah et al. [36] ELISA 95.7 68.6 0.81 18.9 ng/mL
TNF Syngelaki et al. [37] ELISA ns ns 0.82 ns

Glycoproteins

Afamin
Tramontana et al. [38] ELISA ns ns 0.66 3 ns
Koninger et al. [39] ** ELISA 79.3 79.4 0.78 88.6 mg/L
Ravnsborg et al. [40] ** nanoLC-MS ns ns 0.67 ns

SHBG

Caglar et al. [41] RIA 46.7 84.1 0.87 97.47 nmol/L
Maged et al. [42] ELISA 85.2 37 0.69 211.5 nmol/L
Veltman-Verhulst et al. [43] ** ECL 81 82.8 0.86 58.5 nmol/L
Badon et al. [44] ** ELISA ns ns 0.71 2 44.2 nmol/L

Other Proteins
CRP Kansu-Celik et al. [34] Nephelometry 86.2 50.8 0.70 ns

PAPP-A

Lovati et al. [45] DELFIA 81.4 2 50.5 2 0.70 2 ns
Ramezani et al. [46] ELISA 73.3 57.3 0.61 1896 mU/L
Ramezani et al. [46] ELISA 34.4 83.2 0.62 0.3 mU/L
Ren et al. [47] TRFIA 72.5 82.3 0.86 16.34 ng/L
Snyder et al. [48] DELFIA 75.7 2 55.5 2 0.71 2 ns
Xiao et al. [49] DELFIA ns ns 0.53; 0.68 2 ns
Syngelaki et al. [50] DELFIA ns ns 0.84 2 ns

RBP4 Yuan et al. [51] EIA 63.6 75 0.72 30.45 μg/mL

* no information on test performance as a predictive indicator of GDM was found for the following biomarkers: chemerin, omentin,
IL-6, CD59, hCG, nesfatin-1. AUC—area under the curve; IL—6—interleukin 6; TNF—tumor necrosis factor; hCG—human chorionic
gonadotropin; SHBG—sex hormone-binding protein; CRP—C-reactive protein; PAPP-A—pregnancy-associated plasma protein A; RBP4—
retinol-binding protein 4; RIA—radioimmunoassay; ELISA—enzyme-linked immunosorbent assay; nanoLC-MS—nano-flow liquid
chromatography-tandem mass spectrometry; ECL—electrochemiluminescence; DELFIA—dissociation-enhanced lanthanide fluorescent
immunoassay, TRFIA—time-resolved fluorescence immunoassay analyzer; EIA—enzyme immunoassay; ns—not stated; 1 combined model
with insulin levels; 2 combined model with risk factors; 3 combined model with BMI; ** prior to pregnancy.

4. Cytokines

Cytokines are cell-signaling proteins, peptides or glycoproteins that are secreted by
specific cells of the immune system. They regulate and modulate both the innate and
adaptive immune response to inflammation and infection.

4.1. Adipokines

The adipokines are cytokines secreted by the adipose tissue and comprise a group of
over 600 molecules that have paracrine and endocrine functions [52]. Inflammation and
dysfunction of the adipose tissue lead to a pattern of adipokines secretion, which reflects a
proinflammatory, dysmetabolic and diabetogenic model [52,53].
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4.1.1. Adiponectin

Adiponectin is a protein secreted primarily by the fat tissue but also by the brain, the
skeletal muscle, and the placenta [54–56], comprising 244 amino acids. Adiponectin has a
role in insulin sensitivity [57,58], reduces liver gluconeogenesis [59] and enhances skeletal
muscle fatty acid oxidation [60]. Low adiponectin levels are associated with an increased
incidence of T2DM [61,62], and furthermore, low adiponectin levels were found in women
with GDM [63,64]. This raised the question of adiponectin can be used to diagnose GDM.

Hedderson et al. [65] looked at the relationship of prepregnancy adiponectin levels
and the risk of subsequent development of GDM in a case–control study within a cohort of
4098 women (GDM women n = 256, 100 g 3 h OGTT, American College of Obstetricians
and Gynecologists criteria [66] controls n = 497). The team found that low adiponectin
levels measured as far as six years prior to pregnancy were associated with an increased
risk of developing GDM independent of age, BMI, family history or ethnicity. This finding
suggests that adiponectin could have the potential to identify women at high risk of
developing GDM, who otherwise would not be classified as high risk. This study, however,
does not capture the changes in lifestyle, diet, and exercise between the baseline adiponectin
measurement and the GDM diagnosis, and it also does not provide any information on
body composition, such as percentage of fat or anthropomorphic measurements. One
study has found that the first-trimester of pregnancy adiponectin is significantly lower in
GDM cases compared to controls and has the potential to determine the risk of developing
GDM [30] with an AUC of 0.86, thus showing promise despite the small sample size of
their cohorts (n = 28). Similar results come from Williams et al. [67] and Ferreira et al. [31],
who found that adiponectin levels taken at 13 weeks of gestation were lower in women,
who developed GDM compared to controls. Choosing a cutoff point of 9.1 μg/mL for the
first-trimester adiponectin levels, Madhu et al. [32] found the test to have a sensitivity of
100% and a specificity of 95.6% in predicting GDM.

In 2018 Bozkurt et al. [22] investigated the relationship between adiponectin levels
and the development of GDM. The study included 223 participants, who were assessed
for their glycemic status (75 g 2 h OGTT, IADPSG criteria) and adiponectin level at the
first visit (<21 weeks of gestation) and at the second visit (24–28 weeks of gestation). The
team found that adiponectin levels were significantly lower in women that developed
GDM, and the association between adiponectin levels and GDM was even stronger in
study participants that developed early GDM (<21 weeks), with a calculated predictive
value for GDM of 0.67 (95% CI 0.57 to 0.77). Adiponectin taken during the OGTT at
24–28 weeks of gestation could predict GDM with an AUC of 0.65 (95% CI 0.57–0.74).
These findings were independent of the prepregnancy maternal BMI; this is consistent with
previous studies [68,69] that found adiponectin levels to be similar between individuals
with a normal BMI and obese individuals that are classified as being metabolically healthy
(based on lipid levels, glycemic status and blood pressure readings) compared to obese
individuals classified as metabolically unhealthy. Therefore, in pregnancy, low adiponectin
levels may indicate a prepregnancy predisposition for metabolic complications, such as
diabetes, hypertension, or dyslipidemia, rather than a reflection on the individual’s adipose
tissue mass. Weerakiet et al. [23] measured adiponectin levels in 359 women at the same
time as the glucose challenge test between 21st and 27th week of gestation and, while the
results were consistent with previous findings in that adiponectin level are lower in women
that develop GDM independent of age and BMI, in terms of screening. However, the AUC
of adiponectin was less than the glucose challenge test (GCT) AUC (0.63 (95% CI 0.53–0.67)
Vs. 0.73 (95% CI 0.71–080) and had a sensitivity of 91.7% and a specificity of 30.8%. These
calculations, however, were based on an arbitrarily chosen cutoff value for adiponectin at
10 μg/mL.

Xu et al. [70], in their systematic review and meta-analysis, looked at the association
between adiponectin and GDM and included 15 studies and 560 GDM patients. They
found that adiponectin levels were significantly decreased in women who developed GDM
compared to controls, independent of BMI, similar to previous studies. The study, however,
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had its limitations, including large variability in adiponectin cutoff points and a high degree
of heterogeneity. Iliodromiti et al. [33] conducted a systematic review and meta-analysis
on the accuracy of adiponectin in predicting GDM and included 11 studies and data on
794 GDM women. They found that pooled sensitivity for adiponectin as a GDM diagnostic
biomarker was 64.7% (95% CI 51%, 76.4%), and the pooled specificity was 77.8% (95% CI
66.4%, 86.1% with an AUC of 0.78 (95% CI 0.74, 0.81). While the researchers conclude that
adiponectin has a moderate predictive value, there are several limitations to their paper,
including the study heterogeneity, the limited access to data (2 studies), the variability of
adiponectin levels cutoff points for “low” or “high” levels, the diversity of ethnicities in
the populations involved and the various study designs and retrospective nature of the
data that may have contributed to the results.

Adiponectin is a very promising biomarker for the diagnosis of GDM and has a
significant advantage over the OGTT/GCT of not mandating a fasting state for measure-
ments [71]. While some studies determined less than ideal performance parameters for
adiponectin, we need to consider that in the first-trimester, fasting glucose has been shown
to have a sensitivity of 47%, a specificity of 77% and AUC of 0.62 [72], improving in the
second-trimester [73]; HbA1c has a sensitivity of 32% and a specificity of 94% [74] and
fructosamine has a sensitivity of 12.2% and a specificity of 94.7% [75]. More so, there are
no studies assessing adiponectin level cutoff points for best prognostic/diagnostic capacity,
nor are any studies on adiponectin-trimester-specific interval ranges.

Large prospective studies together with health economic input analyzing best diag-
nostic cutoff points, natural level variation in GDM and normal glucose tolerance (NGT)
cohorts, the impact of confounders, such as ethnicity, percentage of body fat, etc. are
required to accurately determine the true value of adiponectin in diagnosing GDM.

4.1.2. Chemerin

Discovered more than 20 years ago [76], chemerin (163 amino acids) is an inflam-
matory adipokine with a role in adipogenesis, adipocyte metabolism [77] and insulin
resistance [78] secreted from the adipose tissue, liver, intestine [79] and placenta [80].
Chemerin plays a role in adipocyte metabolism, inflammation, insulin resistance and
metabolic processes [77,78,81], and chemerin levels have been associated with adverse
pregnancy outcomes [82–84].

Yang et al. [85] measured chemerin levels in the first-trimester of pregnancy (8–12 weeks’
gestation) in 212 women and in 39 women (GDM n = 19, IADPSG criteria) after the 75 g 2 h
OGTT. Chemerin levels were significantly lower in the GDM group compared to NGT in
the first-trimester but significantly higher in the third-trimester. In both GDM and NGT
groups, chemerin significantly rose between the first and third-trimester, paralleling the
rise in HOMA-IR.

In 2020 Wang et al. [24] found that the AUC of chemerin (cutoff value 6.78 μg/L) in the
diagnosis of GDM (24–28 weeks of gestation) was 0.82 (95% CI 0.74–0.89) with a sensitivity
of 73.3% and specificity of 76%.

Pfau et al. [86] measured chemerin levels in 40 GDM women and, while the levels were
higher in GDM subjects, there was no significant difference when compared to controls;
there was, however, an independent association between chemerin and markers of insulin
resistance. Guelfi et al. [87] measured adipokine levels, including chemerin in 123 pregnant
women at 14 and 28 weeks of gestation and found no change in chemerin concentration
between the two time points and no difference in chemerin levels between women who
developed GDM compared to those who did not (unlike adiponectin and leptin that
showed significant changes). The cohort in this study included only women with a history
of GDM with a different metabolic profile compared to the general population, so the
results cannot be extrapolated. Van Poppel et al. [88] found no difference in chemerin
levels between GDM (n = 15, IADPSG criteria) and NGT subjects. However, chemerin
levels were significantly higher in obese women compared to non-obese women. In their
systematic review and meta-analysis (10 studies), Sun et al. [89] did not find any difference
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in chemerin levels between GDM and NGT women but did find a positive correlation
between chemerin and BMI. These results contradict the findings of Zhou et al. [90],
who conducted a systematic review and meta-analysis (11 studies) looking specifically at
chemerin levels and GDM and found that chemerin levels are significantly raised in the
GDM population compared to NGT women. While both systematic reviews and meta-
analyses had significant heterogeneity, the discrepancy in results may arise either from
the different studies comprising the analysis or either from the type of subanalysis and
confounders included.

The main reason for the discordant results is the fact that chemerin is influenced by
numerous factors, such as inflammation, insulin resistance, metabolic syndrome, obesity,
diabetes, nutrition, activity level and pregnancy [80,82,91–95]. It seems that chemerin
may play a better role as a risk-stratifying tool rather than a GDM diagnostic biomarker,
identifying women at risk of GDM, but future research might prove otherwise.

4.1.3. Fetuin

Fetuins are a group of adipokines mainly secreted by the liver. Fetuin-A is secreted
from the liver and adipose tissue with elevated levels in obesity [96,97], metabolic syn-
drome [98], fatty liver disease [99], and T2DM [100,101]. Fetuin-B, secreted by hepatocytes,
tongue and placenta [102], is increased in hepatic steatosis and is linked to gluconeogenesis
through insulin suppression [103,104]. Based on the association with insulin resistance
and glucose metabolism, it was hypothesized that fetuins could serve as markers for
GDM diagnosis.

Kansu-Celik et al. [34] measured first-trimester fetuin-A as a biomarker for GDM
diagnosis in 88 pregnant women (GDM n = 29, GCT/OGTT, Carpenter and Coustan
criteria) and found significantly lower levels in GDM women compared with controls.
Fetuin-A below 166 ng/mL could predict GDM with a sensitivity of 58.6%, specificity of
76.2% and AUC of 0.337 (95% CI 0.21–0.46).

Kalabay et al. [105] measured fetuin-A in 134 pregnant women (GDM n = 30, 75 g 2 h
OGTT, 1999 WHO criteria) and 30 non-pregnant women in each-trimester of pregnancy
(including at the time of the OGTT) and found significantly higher levels of fetuin-A in
GDM women at all time points compared to the NGT and non-pregnant women; fetuin-A
was also positively associated with markers of insulin resistance, TNF-α and leptin levels.
Iydir et al. [106] also found higher fetuin-A levels (sample collected at the time of the
OGTT) in GDM women (n = 26, Carpenter and Coustan criteria [107]) compared to NGT
and decreased post-partum. The authors found a positive correlation between fetuin-A
and HbA1c levels. Jin et al. [35] measured fetuin-A in 270 women (GDM n = 135, IADPSG
criteria) in the first and second-trimester of pregnancy and found significantly higher levels
of fetuin-A in GDM women compared to controls at both time points, and it was positively
correlated with the changes in the markers of insulin resistance. In this study, a fetuin-A
cutoff value of 305.9 pg/mL in the first-trimester would predict GDM with a sensitivity of
64.4%, specificity of 58.5% and AUC of 0.61 (95% CI 0.54 to 0.68).

Farhan et al. [108] measured fetuin-A in 20 women (GDM n = 10) at the time of the
75 g 2 h OGTT (28 weeks of gestation) and 3 months post-partum; they found no difference
in fetuin-A levels between GDM and NGT study participants at any time point.

The discrepancy between these study results arises from the different study designs,
different population characteristics and sample size, and the different time-point sampling
making the results inconsistent and difficult to compare.

It is unclear what the exact role of fetuin-A is in the pathophysiology of GDM. Some
hypotheses suggest that its main action is through insulin resistance through the inhibition
of the insulin receptor, while others suggest that fetuin-A induces adipose tissue inflam-
mation, which leads to lipid-induced insulin resistance. There is even less information
on fetuin-B, as its mode of action, signaling, and even receptor have not been adequately
described. However, the minimal studies available show promising results. Prospective
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studies with a longitudinal sampling of both fetuins while assessing correlations with
markers of insulin resistance are required.

4.1.4. Leptin

Leptin (167 amino acids), the first adipokine to be discovered in 1994, [109] is predom-
inantly secreted by adipose cells [110], but also by the stomach [111], placenta [112] and the
brain [113]. Leptin has a role in energy homeostasis by inhibiting hunger and mediating
food intake [114,115] through its action on the hypothalamus, dopamine system and brain
stem [116]. More so, in both animal and human models, leptin administration improved
hyperinsulinemia, hyperglycemia, insulin resistance and hyperlipidemia [117–119].

While leptin levels rise in pregnancy compared to the non-pregnant state, peaking
between 20 and 30 weeks of gestation most likely secondary to fat accumulation [71,120],
even higher leptin levels have been associated with GDM.

Bawah et al. [36] found that first-trimester leptin levels (11–13 weeks of gestation)
in 140 women (GDM n = 70, 75 g 2 h OGTT, American Diabetes Association (ADA)
criteria [121]) could predict the development of GDM with a sensitivity of 95.7%, specificity
of 68.6% and AUC of 0.81.

Kautzky-Willer et al. [122] measured leptin levels at 28 weeks of gestation in GDM
women (n = 55, 1999 WHO criteria [1]), women with NGT (n = 25) and women with T1DM
(n = 10). These samples were collected in a fasting state and 30 minutes after the glucose
load during the OGTT. They found that leptin levels were higher in women with GDM
compared to NGT and T1DM and similar between NGT women and T1DM women, all
matched for BMI. There were no differences between leptin levels between fasting and
post-glucose-load values, indicating that this test could be done in a non-fasting state.
Boyadzhieva et al. [25] measured fasting leptin levels during the OGTT in 286 women
(GDM n = 127, IADPSG criteria) and found significantly higher levels in the GDM group
compared to the controls. They also assessed if leptin could be used as a screening test and,
setting the cutoff value at 28.7 ng/mL; the test could exclude GDM with a sensitivity of
81.2%, a specificity of 64.2% and AUC of 0.827. Bozkurt et al. [22] found higher levels of
leptin in women with GDM compared to controls, but the predictive value for GDM was
0.66 (95% CI 0.57 to 0.74). Leptin taken during the OGTT at 24–28 weeks of gestation could
identify GDM with an AUC of 0.61 (95% CI 0.53–0.69).

Contradictory results come from the work of McLachlan et al. [123], who found higher
leptin levels in the control group compared to GDM. However, this was of borderline
significance p = 0.05. More so, the number of women in this study was small (19 women in
each arm) but well-matched, and the measurements for leptin levels were taken during an
intravenous glucose tolerance test (IVGTT) in the third-trimester of pregnancy. While the
OGTT is preferred over the IVGTT in detecting glucose intolerance [124], we also know
from previous studies [71,120] that leptin levels peak up to 30 weeks of gestation and start
decreasing thereafter.

In a systematic review and meta-analysis, Xu et al. [70] found that high levels of leptin
in early pregnancy may be predictive for developing GDM independent of BMI. In their
systematic review (which included 9 prospective studies), Bao et al. [125] found that leptin
levels taken in the first or second-trimester of pregnancy were 7.25 ng/mL higher (95% CI
3.27–11.22) in women who were subsequently diagnosed with GDM compared to women
with NGT.

The data on leptin is slightly contradictory, and that may be due to the leptin correla-
tion with adipose tissue. Despite that, most studies show great promise. While there is some
evidence that stress, sleep deprivation or exercise influence leptin levels [126–128], similar
to the OGTT [14], the test can be done in a non-fasting state, which is a clear advantage over
the OGTT. Similar to adiponectin, prospective studies are required to determine-trimester-
specific reference ranges for the non-diabetic pregnant population,-trimester-specific cutoff
points for the GDM population, the impact of confounders (including adiposity markers)
on leptin levels and association with pregnancy outcomes.
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4.1.5. Omentin

Omentin (313 amino acids) is an adipose-tissue-specific factor selectively expressed
in visceral tissue relative to subcutaneous adipose tissue. Omentin has a role in fat dis-
tribution, energy expenditure and insulin action modulation [129,130]. In 2007, de Souza
Batista et al. [131] found that omentin levels correlated negatively with BMI/obesity, leptin
level, and markers of insulin resistance and correlated positively with HDL and adiponectin
levels in healthy subjects.

Barker et al. [132] studied the effects of pregnancy on omentin levels, also assessing
the impact of BMI and GDM on omentin levels. Blood samples were collected in the first
and second-trimester from 83 pregnant women (GDM n = 39, 75 g 2 h OGTT, Australasian
Diabetes in Pregnancy Society (ADIPS) [133]). The study found significantly decreased
omentin levels in non-obese GDM women compared to controls with no difference in levels
between obese GDM and NGT study participants. Omentin was negatively associated
with fasting glucose, and maternal BMI and no association was found between omentin
and adiponectin or leptin levels. While the subgroup numbers were small and the out-
comes most likely underpowered, this research was one of the first to explore the role of
omentin in pregnancy and GDM, raising further questions, such as what is the balance
between omentin secretion and clearance at each stage of the pregnancy; does the ratio
between adipose tissue omentin secretion and placental tissue omentin secretion change
during pregnancy?

Abell et al. [134] measured omentin levels in the first-trimester of pregnancy in
103 women (25 of whom later developed GDM) and found lower omentin-1 levels in
women with GDM compared to controls and a negative association with 1 h and 2 h
glucose levels of the OGTT. They also found that omentin-1 levels less than 38.36 ng/mL
were associated with a 4-fold increased risk of GDM and that for 1 ng/mL increase in
omentin levels, the risk of GDM was OR 0.97 (95% CI 0.94–0.99). Limitations of the study
include that all the participants in this study were at high risk for GDM with all pregnant
women being overweight or obese, and the women were initially screened with a GCT
followed by the OGTT if deemed necessary with arguably milder GDM cases being missed
(thus this is only attributable to the very highest risk group and not suitable for population
screening). Regardless, this study also highlights that-trimester 1 omentin may have the
potential to predict GDM.

Contradictory data comes from Franz et al. [135], who measured omentin levels in
192 pregnant women (GDM n = 96, German and Austrian Society for Diabetes criteria
based on the hyperglycemia and adverse pregnancy outcomes (HAPO) study [136]) at
the time of the OGTT, at 32 weeks and from the umbilical cord at the time of the delivery.
While omentin levels were lower in the GDM group compared to the NGT group at all
timepoints, this was only statistically significant at the delivery timepoint. Omentin levels
were also lower in women with a higher BMI and a lower HDL cholesterol.

In a systematic review and meta-analysis, which included 20 studies (GDM n = 1493),
Sun et al. [89] found that omentin levels were significantly lower in women with GDM
than in healthy controls. The authors also suggested that age and BMI may be important
parameters influencing omentin levels in GDM patients. While there was significant het-
erogeneity in this review and a limited number of studies identified, the authors conclude
that omentin has the potential to be a novel biomarker for early GDM diagnosis.

Omentin shows some promise as a GDM diagnostic biomarker, however further
studies are required to clarify the actual role in GDM pathophysiology—if it is linked to
visceral adiposity, vascular/endothelial dysfunction in either visceral adipose tissue or
placenta or insulin mediation. Prospective studies are required to detect specific reference
ranges and cut-offs and assess the impact of adiposity and inflammation on omentin levels
and consecutively on omentin capacity to diagnose GDM. More so, omentin levels are
influenced by fasting state [137,138], which makes it a less attractive biomarker compared
to other biomarkers discussed.
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4.1.6. Interleukin 6 (IL-6)

IL-6 is an inflammatory cytokine [139] secreted by monocytes/macrophages, but also
endothelial cells, myocytes, adipocytes, pancreatic cells and placenta [139,140] with primary
roles in immune response regulation, inflammation and hematopoiesis [141], but also roles
in obesity, insulin resistance and T2DM [142–144]. Some of the mechanisms proposed for
its role in metabolism are the percentage of body fat [145], the degree of visceral fat [146],
IL-6 direct effect on hepatocytes [142,147], the immune response induced dyslipidemia, IL6
lipolytic effect [148] or even a central effect of IL-6 on food intake [149,150]. A systematic
review and meta-analysis by Liu et al. (Liu 2016) explored the association between IL-6
and T2DM. It comprised 16 studies involving 24,929 subjects and found that IL-6 was a
strong predictor of developing T2DM. In pregnancy, the role of IL-6 in GDM prediction
has given conflicting results.

Sudharshana Murthy et al. [151] explored the role of IL-6 in GDM. IL-6 levels were
taken at the time of the OGTT in 60 pregnant women (GDM n = 30, OGTT) and found
significantly raised IL-6 levels at the time of diagnosis. Siddiqui et al. [152], using a very
similar study design, measured IL-6 levels in 103 pregnant women (GDM n = 53, OGTT,
ADA criteria) at the time of the OGTT and found significantly increased IL-6 levels in
the GDM cohort compared to the NGT and a strong association between IL-6 levels and
prepregnancy BMI and fasting and post-prandial glucose levels. The participants in both
studies were Asian with a median normal/normal-high BMI. A prospective study by
Braga et al. [153] involving 176 South American pregnant women (GDM n = 78, 100 g
OGTT, Carpenter and Coustan criteria) found no difference in IL-6 levels (taken at the
time of the OGTT) between GDM and NGT women. Similar results were found by Simjak
et al. [154] in 24 European pregnant women (GDM n = 12, OGTT, IADPSG criteria) with
normal BMI, who examined IL-6 levels in the second and third-trimester and post-partum
and found no difference between GDM and NGT women.

Driven by the discordance in results, a recent systematic review by Amirian et al. [155]
has explored the relationship between Il-6 and GDM in studies published between 2009 and
2020 and included 24 articles. The study highlighted the diversity of ethnicities involved,
the different measurement methods, but also the numerous criteria used to diagnose
GDM (14 different diagnostic criteria) in the studies selected, making significant research
synthesis difficult. The common denominator for all studies, however, was the small
sample size with the largest cohort in a study by Abdel Gader et al. [156], who found no
difference in IL-6 levels between GDM and NGT women. Out of 24 studies, 16 found a
positive association between IL-6 levels and GDM, the authors concluding that IL-6 can be
used as a GDM biomarker. However, such a statement requires more scientific evidence.
The heterogeneity of the studies to date involved in assessing the relationship between IL-6
and GDM is too high to be able to make any meaningful comparison.

Conceptually, IL-6 could be linked to GDM pathogenesis either through a higher
degree of inflammation in GDM pregnancies [157], driven by increased subcutaneous or
visceral adipose tissue [158] or increased IL-6 secretion by the placenta in GDM pregnan-
cies [159]. While IL-6 might prove to be a good GDM biomarker in the future, there are
too many unanswered questions at present for such a claim. Larger studies with increased
homogeneity in GDM diagnostic methods and criteria are required with serial IL-6 mea-
surements in each-trimester of pregnancy for identification of-trimester-specific ranges,
measurements of subcutaneous and visceral adipose tissue, which might be the driver for
its increase, and associations with adverse pregnancy outcomes.

4.1.7. Tumor Necrosis Factor (TNF)

TNF is an inflammatory cytokine family primarily secreted by monocytes/macro-
phages [160] with two main components TNF-α (also secreted from the placenta [161]) and
TNF-β. The initial role for TNF was thought to be the death of tumor cells [162], but it was
soon discovered that TNF plays an important role in inflammatory diseases [163], neurode-
generative disease [164], and depression [165]. Given its pro-inflammatory effects, TNF
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has been identified as a marker of metabolic syndrome [166,167], obesity [168] and insulin
resistance [169,170]. Evidence suggests that TNF stimulates the secretion of IL-6 [171,172],
inhibits the secretion of adiponectin [173], induces apoptosis in adipose cells [174,175] and
inhibits the insulin receptor, thus promoting insulin resistance [170,176]. A recent study by
Alzamil et al. [177] examined the correlation between TNF-α and insulin resistance, T2DM
and obesity in 128 Asian subjects (T2DM n = 65). These authors found significantly higher
TNF-α in T2DM subjects compared to controls, in obese subjects (T2DM or non-T2DM)
compared to non-obese subjects, and TNF-α levels were positively correlated with HbA1c
levels and HOMA-IR highlighting the role TNF-α plays in the pathogenesis of insulin
resistance and T2DM and the link with both obesity and glucose intolerance.

Guillemette et al. [178] studied TNF-α levels in both the first-trimester of pregnancy
and at the time of GDM diagnosis and its relationship to GDM in 756 pregnant women
(GDM n = 61, GCT/OGTT, IADPSG criteria). They found a positive association between
TNF-α levels and BMI, adiponectin, and insulin levels in the first-trimester and HOMA-IR,
BMI, triglycerides, and fasting insulin levels in the third-trimester. The authors also showed
that TNF-α levels are strongly positively linked to insulin resistance and that it behaves
differently during the OGTT in insulin-sensitive and insulin-resistant women.

Kirwan et al. [179] described longitudinal changes in TNF-α levels and the association
with maternal insulin resistance in 15 women (GDM n = 5, euglycemic-hyperinsulinemic
clamp, Carpenter and Coustan criteria). They found that TNF-α in normal pregnancy had
lower levels in early pregnancy, increasing in late pregnancy paralleling insulin sensitivity
changes, with higher levels in GDM women compared to lean NGT women. They also
found that TNF-α was positively correlated with insulin sensitivity independent of BMI or
glycemic status. Proposed mechanisms for this were either increased TNF-α secretion by
the placenta in GDM women and direct inhibition of the insulin receptor. This hypothesis
is also supported by Desoye et al. [159]. Syngelaky et al. [37] studied the link between
first-trimester TNF-α and the development of GDM in 1000 women (GDM n = 200, random
glucose/OGTT, WHO criteria) and found higher TNF-α levels in women with GDM
compared to controls. The authors calculated that TNF-α could predict GDM development
with an AUC of 0.82, but adding TNF-α levels to a multi-variable prediction model did not
improve any of the estimated variables. While this was a large study, the GDM diagnostic
method may have omitted milder cases of GDM that could have been included in the
NGT group. A recent study by Wang et al. [24] explored TNF-α levels at GDM diagnosis
in 110 Chinese pregnant women (GDM n = 60, OGTT, ADA 2017 criteria) and found
significantly higher TNF-α levels in GDM women compared to controls.

No correlation between TNF-α levels (samples were taken in both first-trimester and
at GDM diagnosis) and GDM development was found by Georgiou et al. [30] in 250 women
(GDM n = 14, OGTT, ADIPS criteria).

A systematic review and meta-analysis by Xu et al. [70] on the association between
GDM and TNF-α levels comprised 10 studies, and despite the increased heterogeneity of
the studies and missing confounders from the analysis, the authors found overall significant
high levels of TNF-α in GDM pregnancies compared to controls independent of BMI.

The discrepancy in study results most likely lies in the different sample sizes, eth-
nicities, diagnostic methods and criteria and concentration limits employed. In addition,
fasting, exercise and stress influence TNF-α levels [180–184], and this needs to be taken
into account when considering new diagnostic tests. While there is no doubt that TNF-α
plays a role in the pathogenesis of GDM and insulin resistance, the actual predictability
value of this biomarker is yet to be established.

4.2. Glycoproteins

4.2.1. Afamin

Afamin is a glycoprotein present in plasma, cerebrospinal fluid, ovarian and seminal
fluid [185,186], primarily expressed in the liver, but also expressed in the brain and kidneys
and its main role to bind and transport vitamin E [185,187] to peripheral tissues and organs.
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Studies examining afamin levels in polycystic ovary syndrome (PCOS) cohorts, despite
a relatively small sample size, have found an association between afamin and insulin
resistance and metabolic syndrome [188,189]. In a large multicenter study (n = 20,136),
Kollerits et al. [190] found that afamin was a strong predictor for the development of T2DM
and strongly correlated with insulin levels, HOMA-IR and insulin resistance, suggesting
that afamin has the potential to be a biomarker for early prediction for future development
of T2DM.

In pregnancy, afamin levels raise progressively with each-trimester of pregnancy, de-
creasing back to baseline post-partum with even higher levels in pregnancies complicated
by preeclampsia or hypertension [191]. Based on the previous findings, which linked
afamin with the development of insulin resistance and diabetes, it has been hypothesized
that afamin may serve as a predictor for GDM. In two studies, Tramontana et al. [38,192]
explored the relationship between first-trimester afamin and pregnancy complications in
4948 pregnant women and found significantly higher levels of afamin in women who sub-
sequently developed GDM (n = 207, IADPSG criteria) compared to NGT women. Afamin
(cutoff value > 65 mg/L) was shown to be an independent predictor for developing GDM
with a risk ratio of 2.07 (95% CI 1.33–3.22) and an AUC of 0.66. Koninger et al. [39] looked at
prepregnancy afamin levels in predicting GDM in a PCOS population (n = 63, GDM n = 29)
and found higher afamin levels and HOMA-IR in women who developed GDM compared
to controls with a strong positive correlation between afamin and HOMA-IR. The team
showed that an afamin level of 88.6 mg/L identified GDM patients with a sensitivity of
79.3%, specificity of 79.4% and an AUC of 0.78 (95% CI 0.65–0.90). Ravnsborg et al. [40]
studied potential GDM biomarkers in 270 first-trimester samples with shotgun proteomics
(GDM n = 135), diagnosed according to the Danish guidelines [193] and found higher
afamin levels in GDM women compared with controls and that afamin could predict GDM
diagnosis with an AUC of 0.67 (95% CI 0.53–0.81).

Koninger et al. [194] studied the predictive power of afamin in diagnosing GDM in
both the first-trimester (n = 110, of which 59 developed GDM) and the second-trimester
of pregnancy (n = 105, of which 29 developed GDM). GDM was diagnosed according to
the German Diabetes Association (DDG) and the German Association for Gynecology and
Obstetrics (DGGG) [195]. They found that both first and second-trimester afamin levels
were higher in GDM women compared to NGT. Because this study comprised two different
cohorts for first and second-trimester samples, the samples were not taken longitudinally.
Therefore, the team was not able to determine-trimester-specific cutoff values for afamin
levels. Another limitation of the study is the heterogeneity of the GDM diagnosis method
and criteria used as not all women were screened with 75 g 2 h OGTT, and milder cases of
GDM might have been missed.

Afamin is a very novel biomarker for GDM. It is not fully clear what is the exact
mechanism through which afamin is linked to insulin resistance, metabolic syndrome, and
glucose intolerance. In previous studies [186,196], there has been observed no variation in
afamin levels between fasting and non-fasting state, no circadian variation, no variation
with the menstrual cycle or gender variation, suggesting that afamin is a stable biomarker
for longitudinal measurements. There is not enough evidence to clearly state the true
potential of afamin in predicting GDM, but the results to date are promising.

4.2.2. CD59

CD59 is an 18–20 kDa glycoprotein, which is also known as membrane attack complex
(MAC) inhibitory protein (MAC-IP) [197,198]. Its main role is to restrict MAC formation in
the cell membrane, thus preventing cell lysis and cell death. While CD59 is a protein bound
to the cell membrane, soluble forms are present in the blood, urine, and saliva [199–201].

The link between diabetes complications and increased MAC deposits has been well
documented [202–207]. The first paper linking the increased MAC deposits in diabetes
with CD59 inactivation was by Acosta et al. [208]. They showed that in vitro CD59 ex-
posure to glucose reduced its protection role leading to cell lysis. Building on this work,
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Qin et al. [207] measured CD59 levels in the red blood cells (RBC) of subjects with and
without T2DM and found that there are significantly lower levels of CD59 in diabetic RBC
compared to subjects without T2DM.

In 2013, Ghosh et al. [209] hypothesized that glycated CD59 (gCD59) levels might
mirror glucose control in human subjects and developed a sandwich ELISA assay to
identify plasma gCD59, which they tested initially in 24 participants with and without
T2DM (T2DM n = 14 HbA1c > 48 mmol/mol) and then validated it in 190 subjects (T2DM
n = 100). gCD59 levels were significantly higher in the 14 individuals with T2DM from the
initial testing set compared to controls and were strongly associated with HbA1c levels.
gCD59 was able to identify T2DM with a sensitivity of 93%, specificity of 100% and AUC
of 0.98. In the follow-up testing set, gCD59 levels were indeed higher in the T2DM group
and positively associated with HbA1c levels, with the test generating an AUC of 0.88.
Continuing this work, Ghosh et al. [210] explored the link between gCD59 and glycemic
variables, such as HbA1c (in 400 subjects (T2DM n = 226) and glucose levels during the
OGTT (n = 109). The results supported previous findings, with gCD59 levels higher in
diabetic vs. participants without diabetes and independently associated with HbA1c and
with the 2 h glucose level on the OGTT. More so, the team also showed an acute response
of gCD59 levels to insulin therapy in 21 poorly controlled subjects, with changes in levels
in 2 weeks of treatment, while HbA1c and fructosamine took 6–8 weeks to respond. This
rapid turnover of values would have particular importance in pregnancy and GDM where
time is limited and in utero exposure to hyperglycemia not without consequences.

Ma et al. [27] studied gCD59′s capacity to predict GDM earlier in pregnancy (sample
collected and OGTT performed <20 week’s gestation) and the association with adverse preg-
nancy outcomes using 770 frozen samples collected as part of the vitamin D and lifestyle
intervention (DALI) study (Simmons D 2017). All the participants in the DALI study had a
BMI ≥ 29 kg/m2 and underwent 3 OGTT s (<20 weeks GDM n = 207, 24–28 weeks GDM
n= 77 and 35 weeks of gestation) and were diagnosed according to the IADPSG criteria.
gCD59 levels were higher in GDM women diagnosed <20 weeks of gestation independent
of age, BMI or ethnicity and predicted the OGTT results <20 weeks with an adjusted AUC
of 0.86 (95% CI, 0.83–0.90). Restricting the analysis to the OGTT performed between 14 and
20 weeks of gestation, the AUC was calculated at 0.90 (95% CI 0.86–0.93). Early gCD59
predicted GDM at 24–28 weeks with an AUC of 0.68 (95% CI 0.64–0.73). The team also
found that higher gCD59 levels were associated with the risk of delivering an LGA baby.
Some limitations of the study include the retrospective nature of the study, the inclusion of
only high-risk women with a BMI ≥ of 29 kg/m2 and low ethnic diversity.

In 2017, Ghosh et al. [26] explored the association between gCD59 and the results of the
GCT, the results of the OGTT and the prevalence of large for gestational age (LGA) babies
in 1000 pregnant women at 26 weeks of gestation (500 women passed the GCT and were
controls and 500 women failed the GCT and underwent a 3 h OGTT). gCD59 was 8.5 times
higher in women who failed the GCT compared to those who passed it and 10 times higher
in women who were diagnosed with GDM (n = 127) on the 3 h OGTT (Carpenter and
Coustan criteria). gCD59 predicted GCT failure with a sensitivity of 90%, specificity of
88% and adjusted AUC of 0.92 (95% CI 0.88–0.93) and predicted the development of GDM
compared to controls with a sensitivity of 85%, specificity of 92% and adjusted AUC of 0.92
(95% CI 0.77–0.91), independent of age, BMI, ethnicity of history of diabetes. More so, the
team also identified significantly higher gCD59 levels in women who gave birth to an LGA
baby. There are some limitations to this study, including its observational nature, the use
of GCT (which may not be done in the morning), the 3 h-OGTT and the Carpenter and
Coustan criteria for GDM diagnosis arguably missing milder cases of GDM.

gCD59 is a very promising biomarker that has shown much potential in the diag-
nosis and early diagnosis of GDM and the prediction of LGA-born infants. The rapid
turnover of values and the lack of need for fasting certainly is a significant advantage for a
pregnancy biomarker. However, there are still unanswered questions, such as: what are
the-trimester-specific cutoff values? Are there any discrepancies in cutoff values among
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different ethnicities? Could early pregnancy gCD59 predict the 24–28 OGTT results in a
BMI diverse population? Larger prospective studies are required to answer these questions,
and one such study is currently underway [211].

4.2.3. Human Chorionic Gonadotropin (hCG)

HCG is a glycoprotein hormone, mainly secreted by the placenta, whose main role is in
embryo implantation and control of embryogenesis [212]. Recently, however, Ma et al. [213]
have shown that hCG influences insulin sensitivity and induces adipocyte-mediated in-
flammation and consequently may contribute to GDM pathogenesis. The beta isoform of
hCG (β-hCG) is part of the first-trimester screening for fetal aneuploidy.

Sirikunalai et al. [214] retrospectively studied the link between β-hCG levels and
adverse pregnancy outcomes, including GDM in 13,620 pregnant Thai women and found
that high first-trimester β-hCG levels were associated with a decreased risk of developing
GDM. This finding was not sustained in the second-trimester. While this study had a large
sample size, a high number of women had incomplete data, and due to the retrospective
nature of the study, adequate adjustments and multivariate analysis could not be done
due to the lack of absent confounders. Ong et al. [215] measured β-hCG levels between
10 and 14 weeks of gestation in 5584 pregnant women. Women were diagnosed with GDM
with a 2 h OGTT and diagnosed according to the 1980 WHO criteria [216]. The team found
significantly lower β-hCG levels in women that developed GDM (n = 49) compared to
NGT, suggesting that first-trimester β-hCG could predict second-trimester GDM diagnosis.
A limitation of this study and an explanation for the small number of GDM cases detected
is the GDM diagnosis criteria used, which would only identify severe cases of GDM, with
milder cases not being included in the study. The use of IADPSG criteria in this cohort
would have led to a more representative sample of the general population and ease the
generalizability of results. Xiong et al. [217] retrospectively analyzed β-hCG levels in
1596 cases, 11 days after single blastocyst transfers (assisted reproduction) with 370 live
births and found significantly higher rates of GDM (GDM total n = 61) in women with low
levels of β-hCG compared to women with high levels of β-hCG. Beyond the retrospective
nature of the study, no information is provided on the GDM diagnosis and criteria used;
the number of GDM women in the low-level β-hCG subgroup is quite small (n = 5) and
insufficient for a robust comparison. Controversially, Yue et al. [218] measured β-hCG
levels between 14 and 20 weeks of gestation in 8333 pregnant Asian women, 1336, of which
developed GDM (ADA criteria) and found high β-hCG levels are an independent risk
factor for the development of GDM. A possible explanation for this discrepancy may be
the more advanced week of gestation when the sample was collected with reactive β-hCG
levels secreted by a hypoxic placenta as a response to hyperglycemia; also, the overall BMI
of the cohort was very low compared to previous studies.

In a retrospective study, Tul et al. [219] measured first-trimester β-hCG levels in 1136
Caucasian women (GDM n = 27) and found lower yet not statistically significant levels
in women who developed GDM. In this cohort, GDM was diagnosed with the 3 h OGTT
and given the number diagnosed, and it would equate to a GDM prevalence of 2.37%,
which is extremely low compared with the overall European GDM prevalence. It is unclear
from the paper whether this low prevalence is due to missing data. However, these results
are supported by Savvidou et al. [220], who retrospectively assessed β-hCG levels at
11–13 weeks of gestation in 42,102 pregnant women. GDM (n = 779) was diagnosed with
a 2-step approach, the women undergoing an OGTT only if the random plasma glucose
at 24–28 weeks of gestation was higher than 6.7 mmol/L. The team found no difference
in β-hCG levels between women who developed GDM and NGT. No correlation in first-
trimester β-hCG levels and GDM development was also found in Beneventi et al. [221]
(GDM n = 228, GCT/ 100 g 3 h OGTT, Carpenter and Coustan criteria) or Sweeting
et al. [222] (GDM n=248, OGTT, Australian Diabetes in Pregnancy Society criteria [133]).

There is quite a high degree of heterogeneity in design, populations and GDM diagno-
sis methods leading to inconsistent results. None of the studies looked at the longitudinal
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trend of β-hCG levels in the first and second-trimester and GDM diagnosis, which would
have clarified the cause of variable levels—low levels in the first-trimester secondary to
compromised placentation or reduced placental mass; high levels in the second-trimester
of pregnancy secondary to hyperglycemia-induced placental hypoperfusion. It seems,
however, that studies, which involved a higher-risk population for the development of
GDM (assisted reproduction, GDM diagnosis criteria that identifies more severe cases
of GDM, etc.) were more likely to find an association between β-hCG levels and GDM.
Perhaps single β-hCG levels could be used to identify a possible at-risk GDM population
that should be adequately followed up and screened. However, current evidence does not
support this, and future more consistent studies are required.

4.2.4. Sex-Hormone Binding Protein (SHBG)

SHBG is a glycoprotein produced by the liver, brain, uterus, testes and placenta [223],
and its main role is to bind and transport biologically active androgens and estrogens [224].
SHBG is linked to adipose tissue with lower levels in obese subjects [225], which in-
creases when weight loss is achieved [226,227]. SHBG also has been linked to insulin
resistance [228,229], metabolic syndrome [230–232] and the development of non-alcoholic
fatty liver disease (NAFLD) independent of BMI and T2DM [233–235]. Potential mecha-
nisms suggested for this are either a direct effect of insulin on SHBG production [236,237]
or fat accumulation in the liver and/or increased hepatic triglycerides levels leading to
decreased SHBG gene expression [238–240]. The role of SHBG in GDM diagnosis has
been explored in numerous studies at different time points during pregnancy, including
prepregnancy, with overall promising results.

Veltman-Verhulst et al. [43], in a prospective study, measured SHBG in 50 women
with PCOS prior to pregnancy (median 35 weeks) following fertility treatment. GDM
diagnosis was made based on a 3 h OGTT at 24–28 weeks of gestation (GDM n=21). SHBG
levels were significantly lower in the GDM group compared to NGT and, with a cutoff
level of 58.5 nmol/L, SHBG could predict GDM with a sensitivity of 81.%, specificity of
82.8% and AUC of 0.86 (95% CI 0.75–0.97). Hedderson et al. [241] studied the link between
prepregnancy (median 6.2 years) levels of SHBG and the subsequent development of GDM
in a case–control study (GDM n = 267, 3 h OGTT, Carpenter and Coustan criteria) and
found a significantly lower level of SHBG in women, who developed GDM independent
of GDM risk-factors. This study showed that SHBG levels measured years (min. 6 years)
prior to pregnancy could predict the development of GDM even in very low-risk women,
and this is of high clinical importance. Study limitations include the lack of longitudinal
anthropomorphic data, additional SHBG measurements during pregnancy and the lack
of markers of visceral adiposity. Badon et al. [44] measured SHBG in a case–control study
within a cohort of 4098 pregnant women (GDM n = 267) at a median 7 years prior to
pregnancy and similar to previous studies found significantly lower SHBG levels in women
who subsequently developed GDM compared to controls with a predictive value of 0.71.

In a longitudinal study, Li et al. [242] measured SHBG levels in 321 women (GDM
n = 107) in all 3-trimesters of pregnancy. SHBG levels increased progressively with the-
trimester of pregnancy in both GDM and NGT groups, with significantly lower levels in
GDM compared to controls in the first-trimester. This significance disappeared in late
pregnancy, suggesting that perhaps the best time to measure SHBG is early in pregnancy as
lifestyle changes or treatment for GDM in late pregnancy may influence SHBG levels. They
also found SHBG levels to be negatively associated with markers of insulin resistance. This
study confirmed the results of a previous study by Smirnakis et al. [243], who measured
SHBG levels in 145 women (GDM n = 37, GCT, ACOG criteria [244]) at 11 and 17 weeks of
gestation and found lower levels in women, who subsequently developed GDM compared
to controls, with the stronger association at 11 weeks of gestation. Caglar et al. [41] found
that an SHBG cutoff level of 97.47 nmol/L (at 13–16 weeks of gestation) could predict
GDM with a sensitivity of 46.7%, specificity 84.1% and AUC 0.67 (95% CI 0.55–0.79), while
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Maged et al. [42] using a first-trimester SHBG cutoff value of 211.5 nmol/L calculated a
sensitivity of 85.2%, specificity 37% and AUC of 0.69.

Tawfeek et al. [28], in a case control study, measured SHBG levels at the time of the
OGTT at 24–28 weeks of gestation (GDM n = 45, 75 g 2 h OGTT, IADPSG criteria) and
found significant lower SHBG levels in the GDM group compared to NGT. At a cutoff value
of 50 nmol/L, SHBG could identify GDM with a sensitivity of 96%, specificity of 95% and
AUC of 0.91 (95% CI 0.82–1.) A similar study in the same population by Siddiqui et al. [245]
(GDM n = 53, OGTT, ADA criteria) also found lower levels of SHBG in GDM women
compared to controls, but only in nulliparous women with a positive correlation with
gestational age. Limitations of both studies include the small sample size with a relatively
high BMI and ethnically confined to Asian participants, which tend to have a higher
prevalence of metabolic syndrome [246].

McElduff et al. [247], however, found no difference in SHBG levels between GDM and
NGT groups in their cross-sectional study, which included 220 pregnant women (GDM
n = 642, GCT/OGTT, Carpenter and Coustan criteria). Despite a robust study methodology
similar to previous studies, the main reason for these discordant results lies in the difference
in population characteristics and diagnostic method.

SHBG is a straightforward, low-cost test that does not require fasting [248] and has no
diurnal variation [249]. This test has shown some promise as a predictor of GDM when
used prior to or in the first-trimester of pregnancy, and this might be because the difference
in insulin resistance markers reduces as the pregnancy progresses. Catalano et al. [250]
found higher levels of insulin resistance in the first-trimester of pregnancy in women with
NGT in the first-trimester, who eventually developed GDM compared to women with
NGT all throughout. In most studies, the link between SHBG and GDM was independent
of subcutaneous adiposity, suggesting, perhaps, that liver adiposity would be a better
marker for SHBG production [251]. However, further studies are required to measure
SHBG levels, markers of insulin resistance, glycemic control and hepatic steatosis for a
better understanding of the role of SHBG in GDM. Beyond that, however, we cannot ignore
the positive results in studies assessing prepregnancy and first-trimester predictability of
GDM development, which would allow for early interventions on the modifiable factors
involved in GDM development. Standardization of prepregnancy and-trimester-specific
cut-offs, GDM diagnosis cutoff value, exploration of the variability of levels in different
populations and standardizations of assays would make SHBG a very promising marker
for the early diagnosis of GDM.

4.3. Other Proteins

4.3.1. C-Reactive Protein (CRP)

CRP is an acute-phase protein secreted and released by numerous cells in the context
of inflammation [252,253]. Obesity, which is a proinflammatory state, is a known risk factor
of GDM. CRP is a nonspecific marker, which may be elevated in settings, such as infection
or obesity, in the absence of GDM [254–256]. High levels of CRP have been described in the
association with insulin resistance and metabolic syndrome [257–260]. Numerous studies
have found an association between obesity and high CRP levels independent of insulin
resistance [261–263]. Therefore, it is biologically plausible that inflammatory markers, such
as C-reactive protein (CRP), could be a promising biomarker of GDM.

Alamolhoda et al. [264] prospectively studied the relationship between first-trimester
CRP levels and the risk of developing GDM in 120 pregnant women (GDM n = 11, OGTT)
and found a significant difference between GDM women and controls independent of BMI.
The sample size, however, was small, and the cutoff value for fasting glucose at diagnosis
was 7 mmol/L (126 mg/dL), which selected only the more severe cases, fasting glucose of
7 mmol/L being the cutoff diagnostic value for T2DM. In a case–control study involving
372 women (GDM n = 124, OGTT, WHO criteria), Savvidou et al. [265] also found higher
first-trimester CRP levels in women who subsequently developed GDM compared to
controls. While the sample size was larger, similar to the previous study, the fasting glucose
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cutoff was 7 mmol/L (126 mg/dL). Kansu-Celik et al. [34] investigated first-trimester
high-sensitivity CRP (hsCRP) as a biomarker for GDM diagnosis in 88 pregnant women
(GDM n = 29, GCT/OGTT, Carpenter and Coustan criteria) and found that hsCRP was
significantly higher in women, who subsequently developed GDM independent of BMI
with a sensitivity of 86.2%, specificity of 50.8% and AUC of 0.70 (95% CI 0.59–0.81) at a
cutoff value for hsCRP of 4.65 ng/mL. Wolf et al. [266] measured first-trimester CRP levels
in 131 women (GDM n = 43, GCT/OGTT, ADA criteria) and found that women diagnosed
with GDM had higher CRP levels in the first-trimester of pregnancy with a strong positive
correlation between CRP levels and 1 h post glucose load levels and systolic blood pressure.
The team also found that the addition of BMI in a multivariate model attenuated the
correlation between CRP and GDM diagnosis suggesting the influence of adipose tissue on
CRP levels. Some of the limitations of this study include the small sample size, the single
time point measurement of CRP and the lack of additional adiposity markers beyond BMI
(such as waist circumference, visceral fat).

Alyas et al. [267] measured high-sensitivity CRP (hsCRP) levels at 14–18 weeks of
gestation and 24–28 weeks of gestation in 158 women (GDM n = 58, OGTT, IADPSG criteria)
and found significantly higher CRP levels at both time points in women diagnosed with
GDM compared to controls. No analysis on BMI category was done in this study.

Conflicting results are found in a cross-sectional study by Korkmazer et al. [268],
who measured hsCRP at GDM screening time point in 116 women, who underwent a
GCT followed by an OGTT and were classified in GDM (n = 39, failed GCT and OGTT,
Carpenter and Coustan criteria) and glucose intolerant (n = 37, abnormal GCT, normal
OGTT) and controls. The team found no differences in hsCRP levels between the three
groups. The sample size was small, which may explain these findings, and no analysis
was done between the GDM and glucose intolerance groups together and the controls.
Corcoran et al. [269] evaluated hsCRP in 225 pregnant women with one or more risk factors
for GDM in the first-trimester (46, of which developed GDM, OGTT, IADPSG criteria) and
found no difference in hsCRP levels between the GDM and the control group findings also
supported by Adam et al. [270]. Retnakaran et al. [255] measured CRP levels at the time
of the OGTT in 180 women (GDM n =39, impaired glucose tolerance n = 48, GCT/OGTT,
National Diabetes Data Group (NDDG) criteria [271]) and found no association between
CRP levels and glycemic pregnancy status, but did describe a strong association between
CRP levels and prepregnancy BMI and fasting glucose.

A systematic review by Amirian et al. [272] investigated the association between
CRP and GDM diagnosis and included 31 articles. Even though no meta-analysis was
done in this study due to the lack of clinical data, the authors found a positive association
between high CRP levels and GDM development in 20 studies (CRP n = 8 articles, hsCRP
n = 12 articles), while 11 studies (CRP n = 6 articles, hsCRP n = 5 articles) did not identify
any correlation. The main reasons for these discrepancies are the variations in diagnostic
methods and criteria, the difference in sample size and population characteristics, different
methods to quantify CRP levels or the lack of adjustment for BMI and other confounders.

While CRP/hsCRP shows some potential, the literature shows inconsistent and contra-
dictory data, with most studies having small sample size cohorts. This arises from the wide
arrays of methodology and study population features. A big disadvantage of using CRP
as a diagnostic biomarker is its nonspecificity as a high result will possibly lead to a wide
range of investigations, some unnecessary, increasing costs and the pregnant woman’s
stress levels. Further research is required to clarify the correlation between adiposity
(subcutaneous or visceral) and CRP levels and the reflection of this association in glycemic
status. CRP may play a more meaningful role as a risk assessment tool for GDM screening
rather than GDM diagnosis.

4.3.2. Nesfatin-1

Nesfatin-1, initially described in 2006, is a neuropeptide produced primarily by the
hypothalamus and brain stem, and its main role is in food and water intake regulation,
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control of appetite with anorexigenic properties [273]. Research on animal models [274,275]
found that intravenous nesfatin-1 regulated fatty acid metabolism, reduced insulin levels,
improved insulin sensitivity and reduced blood glucose levels in mice. Li et al. [276]
measured nesfatin-1 levels in healthy adults and adults with T1DM and T2DM and found
significantly lower nesfatin-1 levels in individuals with T2DM compared to controls (not
valid for T1DM) independent of BMI and no significant change in levels during the OGTT.
A systematic review and meta-analysis by Zhai et al. [277] studied the association between
T2DM and nesfatin-1 and comprised 7 studies and 627 participants (T2DM n = 328), with
6 out of 7 studies being carried out in China. The authors found significantly higher
nesfatin-1 levels in newly diagnosed T2DM compared to controls; however, overall, when
all participants were included, there was no significant association between T2DM and
nesfatin-1. All the studies included had small size numbers of participants, and there was
no subanalysis on the duration of diabetes, BMI subcategory, insulin resistance markers or
glycemic control (HbA1c) on or off treatment.

Given the anorexigenic, the antihyperglycemic effect of nesfatin-1 and moderate
evidence of the association with T2DM, studies have also assessed a possible implication of
nesfatin-1 in GDM. A prospective study by Kucukler et al. [278] measured nesfatin-1 levels
at 24–28 weeks of gestation in 79 pregnant women (GDM n = 38, GCT/OGTT, ADA criteria)
and found significantly lower nesfatin-1 levels in the GDM group compared to NGT at
diagnosis. Nesfatin-1 was negatively associated with BMI, fasting glucose, and HOMA-
IR. Measurements at 24–28 weeks of gestation were also taken by Ademoglu et al. [279]
in 70 pregnant women (GDM n = 30, GCT/OGTT, Carpenter and Coustan criteria) and
similar to previous studies found lower nesfatin-1 levels in women with GDM compared
to NGT women independent of age, BMI, fasting glucose and HOMA-IR at diagnosis.
No correlation was found between nesfatin-1 and fasting glucose, BMI, or markers of
insulin resistance. In a larger study, Mierzynski et al. [280] measured nesfatin-1 levels
at 24–28 weeks of gestation in 237 women (GDM n = 153, OGTT, WHO criteria) and
found lower nesfatin-1 levels in GDM subjects compared to controls. There was a positive
association between nesfatin-1 levels and BMI, glucose levels and gestational age.

Nesfatin-1 is a recent biomarker with only a few small size studies exploring its role
in GDM pathogenesis. It is a possibility that nesfatin-1 could act as an antidiabetic agent
by enhancing insulin action/ secretion, reducing glucose levels, and reducing food intake,
and a decrease in nesfatin-1 levels in pregnant women may lead to insulin resistance and
GDM. Another theory is that insulin resistance and hyperinsulinemia may inhibit the
secretion of nesfatin-1. There are no studies assessing nesfatin-1 levels dynamically in
a normal pregnancy or any studies measuring first-trimester levels in women who will
develop GDM. Nesfatin-1 has been shown to be an important component of the glucose
dysregulation pathway in both GDM and T2DM, but the exact mechanisms and the exact
cutoff values required for accurate interpretation require substantial future studies.

4.3.3. Pregnancy-Associated Plasma Protein A (PAPP-A)

PAPP-A is a zinc-binding matrix metalloproteinase secreted by the trophoblast and can
be measured as early as 28 days of pregnancy [281]. PAPP-a has been used as a screening
test in the first-trimester of pregnancy for aneuploidy and for identifying certain adverse
pregnancy outcomes [282,283]. Through its properties, PAPP-A increases insulin-like
growth factor 1 (IGF-1) bioavailability through its cleavage from the IGF binding protein-4,
suggesting a possible link between PAPP-A and insulin sensitivity. Pellitero et al. [284]
found lower PAPP-A levels in diabetic patients compared to controls with a negative associ-
ation between PAPP-A levels and HbA1c. In addition, it has been documented that TNF-α
(an inflammatory cytokine with a role in insulin resistance) strongly stimulates PAPP-A
secretion [285]. Therefore, it has been hypothesized that low PAPP-A levels are linked to
insulin resistance in pregnancy through low levels of IGF-1 that led to hyperinsulinemia.

Lovati et al. [45], in a case–control study, explored the association of first-trimester
levels of PAPP-A and GDM development in 673 Caucasian pregnant women (GDM n = 307,
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100 g 3 h OGTT/ 75 g 2 g OGTT) and found significantly lower levels in women, who were
diagnosed with GDM and even lower levels in women that required insulin therapy. PAPP-
A (in addition to clinical risk factors) could predict GDM development with a sensitivity
of 81.4%, specificity of 50.5% and an AUC of 0.70 (95% CI 0.66–0.73). Similar results are
found by Ramezani et al. [46], who prospectively measured first-trimester PAPP-A in
286 Middle Eastern women (GDM n = 45, OGTT, IADPSG criteria) and found significantly
lower PAPP-A levels in women who developed GDM. PAPP-A could identify the future
development of GDM with a sensitivity of 73.3%, specificity of 57.3% and AUC of 0.61.
This study, however, did not record certain variables, and adequate adjustments in the
analysis have not been made. A similar design study [47] in a comparative size Asian
cohort (GDM n = 45, OGTT, IADPSG criteria) found that PAPP-A could predict GDM with
a sensitivity of 72.5%, specificity of 82.3% and AUC of 0.86.

In a large retrospective study, Snyder et al. [48] studied clinical and biomarker models
for early GDM diagnosis in 66,687 (GDM n = 4874) in ethnically and racially diverse preg-
nant women. Samples were collected in both the first and second-trimesters of pregnancy.
The team found significantly lower levels of PAPP-A in women who subsequently devel-
oped GDM compared to controls with no difference between groups in second-trimester
samples. The addition of PAPP-A to the clinical risk prediction model only slightly im-
proved the prediction accuracy of the model. These findings are supported by other
studies [49,50], who did not find a significant change to AUC by the addition of PAPP-A to
the clinical prediction model. While this was a large study, it only included nulliparous
women, there was no information on the GDM diagnostic method or criteria used, and
there was no BMI category sub-analysis. These findings suggest that PAPP-A could be
useful as the first-trimester of pregnancy predictor for GDM development with limited
utility as in GDM diagnosis in the second-trimester of pregnancy.

A systematic review and meta-analysis by Donovan et al. [286] included 13 studies and
83,921 subjects (GDM n = 3786). While the study identified a high degree of heterogeneity
mostly due to the analysis method, the GDM diagnostic criteria and the ethnicity of subjects
involved, the overall analysis and sub-analysis identified significantly lower first-trimester
PAPP-A levels in women who developed GDM compared with controls with even lower
levels in GDM women diagnosed prior to 24 weeks of gestation. This correlation was not
as strong in women of Asian origin. The correlation between PAPP-A levels and the degree
of glucose intolerance in GDM was also highlighted by Wells et al. [287], who found lower
levels of PAPP-A in women with early GDM diagnosis compared to late diagnosis and the
lowest levels of PAPP-A in women diagnosed with T2DM.

Research to date has not clarified if low levels of PAPP-A promote or are rather the
result of impaired glucose metabolism and insulin resistance. The reduced observed levels
of PAPP-A in GDM pregnancies may reflect a defect in placentation or placental insuf-
ficiency encountered in GDM pathology. The studies, however, have consistent results
with overall lower PAPP-A first-trimester levels in GDM pregnancies. Moreover, these
findings are also supported by studies exploring exosomes profiles as a biomarker for
GDM diagnosis [288]. Despite the variable reported predictive value across the literature,
which is mostly due to patients’ characteristics, sample size and GDM diagnostic criteria
variability, PAPP-A is routinely assessed in first-trimester abnormalities screening, and it
may identify women at high risk for early development of GDM. Further prospective stud-
ies are required to elucidate the clinical utility of this biomarker on its own or incorporated
in risk identification models.

4.3.4. Retinol-Binding Protein 4 (RBP4)

RBP4 is secreted mainly by the liver and adipose tissue. Its main role is to transport
retinol (vitamin A) from the liver to the peripheral tissues [289]. RBP4 also has a role in
inflammation and adipose tissue dysfunction [290], in increasing hepatic glucose output,
in reducing insulin signaling in the muscle and in increasing insulin resistance [291].
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Jin et al. [292] measured RBP4 levels in the first and second-trimester of pregnancy
in 270 women (GDM n = 135, IADPSG criteria) and found that GDM women had higher
first-trimester levels of RBP4 compared to NGT women, that higher levels of RBP4 were
associated with a higher risk of developing GDM and that RBP4 levels in both-trimesters
were positively independently associated with markers of insulin resistance. Yuan et al. [51]
measured a panel of biomarkers with the potential to diagnose GDM in 359 pregnant
women (GDM n = 86, IADPSG criteria) at 16–18 weeks of gestation. RBP4 was significantly
higher in women that developed GDM compared to NGT. The study also found that RPB4
(cutoff value >30.45 μg/mL) could predict the development of GDM with a sensitivity
of 63.6%, specificity of 75% and AUC 0.72 (95% CI 0.64–0.79) and that RPB4/adiponectin
ratio (cutoff >0.37) could predict GDM with a sensitivity of 81.8%, specificity of 75.6% and
AUC of 0.80 (95% CI 0.73–0.87). A retrospective study by Du et al. [29] found that second-
trimester RBP4 levels were significantly higher in the GDM group (n = 194, OGTT, IADPSG
criteria) compared to NGT women with a strong association between RBP4 levels, insulin
levels and HOMA-IR. The authors found that RBP4 (cutoff levels 34.84 μg/mL) can predict
GDM with a sensitivity of 79.4%, specificity of 79.1% and AUC of 0.87 (85% CI 0.83–0.92).

Discordant results are found in a study by Khovidhunkit et al. [293], who measured
RBP4 in 532 women (GDM n = 171, GCT/OGTT, Carpenter and Coustan criteria) between
24 and 28 weeks of gestation and found no difference in RBP4 levels between GDM and
NGT women and no correlation with insulin levels and HOMA-IR. They did find a positive
independent association with fasting triglycerides and weight gain in pregnancy. All the
women in this study were of Thai ethnicity with a low/normal BMI, which may account
for the discordant result with previous studies along with different diagnosis methods
(OGTT/GCT) and different sampling gestational weeks.

Two meta-analyses [294,295] studied the link between RBP4 and GDM. Huang et al. [294]
included 14 studies (GDM n = 884) and found that RBP4 levels were significantly higher in
women with GDM compared to NGT women, independent of age or BMI. On subgroup
analysis, however, this significant difference was only maintained for Asian populations
with no difference in levels in non-Asian populations. This study had a low probability of
bias but a high degree of heterogeneity; the link between RBP4 levels and GDM varied with
GDM diagnostic criteria (WHO criteria—higher levels of RBP4 in GDM patients compared
to controls; ADA criteria—no difference in levels between groups) and varied with different
assays used for RBP4 determination. These findings are supported by a meta-analysis by
Jia et al. [296], who found higher levels of RBP4 in patients of Asian ethnicity compared to
controls, but not in patients of European ethnicity compared to controls. A meta-analysis
by Hu et al. [295] pooled results from 14 studies (case–control) (GDM n = 647) and found
that RBP4 levels taken between 24 and 28 weeks of gestation were associated with the
risk of developing GDM. Similar to the previous meta-analysis, there was no difference
between groups in studies that used the ADA criteria for GDM diagnosis, suggesting that
higher glucose levels on the OGTT are associated with higher RBP4 levels.

There are contradictory findings in the literature, with some studies finding a positive
link between RBP4 and GDM [293,297–300] (Asian population), while other studies could
not determine an association [301–304] (non-Asian population), and there is scarce evidence
on the first-trimester of pregnancy RBP4 and the risk of GDM. If ethnicity plays such an
important role in RBP4 levels, this requires further evaluation in much larger studies with
multi-ethnic participation.

It is unclear if the free or bound RBP4 (or total) serves as a better predictor for GDM.
Some studies [302,305] suggest that, in fact, the RBP4/transthyretin (RBP s binding protein)
ratio may be a better marker for insulin resistance and GDM compared to RBP4 alone.

A possible cause for discordant results is the different assays used in the measurement
of RBP4. Graham et al. [306] measured RBP4 levels in subjects with insulin resistance and
glucose intolerance and insulin-sensitive subjects with NGT using three commercial assays
and a quantitative Western blotting assay and found substantial inconsistency among the
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results with enzyme immunoassays underestimating RBP4 levels concluding that Western
blotting is the most reliable method for measuring RBP4.

5. Discussion

This scoping review highlighted the large number of biomarkers described in the
literature investigated for their potential to identify GDM and described 15 protein biomark-
ers selected based on the higher number of citations in very recent publications in our
literature search.

5.1. The Current Screening Methods for GDM Pose Several Issues

5.1.1. Universal vs. Selective Screening

Numerous studies [307–310] have shown that universal screening offers a significant
advantage over selective screening by identifying all GDM cases, enabling timely lifestyle
interventions and treatment, leading to a reduction in GDM associated adverse events.
Proponents of selective screening invoke reduced complications associated with milder
cases of GDM that would be diagnosed through universal screening as the argument in
addition to the increased healthcare costs of screening. It is well known that GDM poses a
long-term threat to the health of the mother and child through chronic metabolic diseases
in a young population that will considerably increase the lifetime overall healthcare costs.
Identifying GDM and intervening to prevent long-term issues has been shown to be cost-
effective. A systematic review by Mo et al. [311] included 10 economic evaluations on
different GDM screening strategies and found that universal screening is more likely
to be cost-effective compared to selective screening. This finding is supported by other
studies [312,313].

Beyond the costs, the focus should be on the accurate identification of causes and
the prevention of adverse outcomes. In a Malaysian population, Idris et al. [307] found
that when universal screening was employed, the OGTT yielded a sensitivity of 83.5%
and specificity of 82.6%. When the selective screening was employed, the sensitivity and
specificity of the OGTT were lower, 76.1% and 60.9%, respectively, leading to 23.8% of
women with GDM being missed. In a European cohort, Miaihle et al. [314] showed that
selective screening would have missed one-sixth of GDM cases. Similar results were found
by Cosson et al. [315] in a retrospective study, which included 18,775 pregnancies. The
authors found that applying selective screening criteria would lead to 34.7% of GDM cases
being missed.

It was suggested that low-risk women with GDM would have a good prognosis, and
not being diagnosed with GDM would not lead to adverse pregnancy outcomes. The
literature has conflicting data, with some studies finding no benefit on adverse pregnancy
outcomes when universal screening was applied [314,316], while others have shown
significant benefits [317–319].

As selective screening would miss a significant number of women with GDM, and as
universal screening has been shown to be cost-effective compared to selective screening,
most international bodies now recommend universal screening. One of the barriers to the
implementation of universal screening is the logistics of performing OGTT in the entire
pregnant population. Accurate biomarkers as an alternative to the OGTT would allow
universal screening to become a reality.

5.1.2. Time of Screening

Standard GDM screening occurs between 24 and 28 weeks of gestation. This arguably
leaves a very narrow window for intervention. Some studies suggest that women that
develop GDM early in pregnancy (<12 weeks of gestation) have outcomes comparable
to women with prepregnancy diabetes despite treatment [320,321], while others found
that early diagnosis and treatment may lead to a reduction in LGA [322]. Research has
focused on the differences in pregnancy outcomes between women with GDM diagnosed
in the first and late second-trimester, but we also need to consider the possible long-term
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impact of the fetal intrauterine exposure to hyperglycemia between onset and diagnosis
and, while this may not be obvious at birth, the hyperglycemia-triggered fetal metabolic
programming can lead to metabolic syndrome, insulin resistance and obesity in young
adults [323]. One of the concerns with early screening is that while some women with
more severe forms of GDM will be diagnosed early in pregnancy, others will only develop
glucose abnormalities later in pregnancy and will require another test at 24–28. A single
non-fasting biomarker would allow repetitive testing through pregnancy to facilitate rapid
identification of hyperglycemia.

5.1.3. Diagnostic Criteria

As illustrated, it is difficult to make a meaningful comparison between studies when
different criteria are employed to diagnose GDM. Studies that use a two-step approach with
higher glucose cutoff thresholds will select a population with more severe forms of GDM,
and the results cannot be extrapolated to the general population. Using a common new
diagnostic biomarker will lead to harmonization of GDM diagnosis and all data synthesis
to be performed

5.1.4. OGTT

Women are currently diagnosed with GDM using an OGTT. This test is unreliable
with poor reproducibility and high vulnerability to external and internal factors [14]. More
so, the OGTT does not identify the continuous correlation between hyperglycemia in the
mother and pregnancy complications and possibly omits milder forms of glucose abnor-
malities that may identify pregnancy risks. Studies to date evaluating novel biomarkers
as diagnostic tests/tools in GDM use the OGTT as the gold standard for comparison.
However, how valid are the results if the comparator test is flawed? It may be more
accurate to assess the predictive power of the biomarker to identify adverse pregnancy
outcomes. Hyperglycemia is not the only contributor to adverse pregnancy outcomes,
and other metabolic factors, such as adiposity, dyslipidemia, inflammation, should be
considered when considering a test (or panel of tests) with the highest potential to identify
pregnant women at risk. Changing the focus from the glucose value to the outcomes we
need to prevent—and the factors contributing to them—will bring the research community
closer to identifying the next screening test. This would start with a consensus on what
are the outcomes we are aiming to prevent (macrosomia, LGA, hypertensive disorders of
pregnancy, polyhydramnios, etc.), a reflection on the pathophysiology of the outcome and
a reassessment of novel biomarkers not in their capacity to identify an out-of-range glucose
value but in their capacity to capture the cumulus of mechanisms that lead to adverse
pregnancy outcomes.

The COVID-19 pandemic has highlighted the difficulties in performing the OGTT
in such a challenging environment, leading to OGTT screening being terminated and a
high number of women being undiagnosed. This further emphasizes the urgent need for
a single non-fasting sample biomarker test that could be performed in a family practice
setting (GP) rather than a hospital setting.

Identifying a biomarker for the accurate diagnosis of GDM would have numerous
practical benefits. A single blood test would reduce the appointment length, would enable a
greater number of women to be screened (aiming for universal screening) and would enable
the test to be performed in a non-hospital setting. A test that does not require fasting would
not only considerably reduce the discomfort a pregnant woman experiences but would
also enable appointments for sample collection throughout the day, thus increasing the
number of women being screened. A test that does not require glucose loading, reducing
adverse experiences, such as nausea, vomiting, pre-syncopal episodes, would considerably
increase compliance with testing. Studies assessing the robustness of novel biomarkers
to pre-analytical and analytical variables, time-to-result analysis and cost-effectiveness
analysis will be required in the future.
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Biomarker research has grown exponentially in recent years out of a need for more
accurate, more direct measurement of disease and has proven to be a powerful tool in the
understanding of physiology and pathophysiology. However, while biomarkers have many
advantages, much like other tests, several things need to be considered and assessed when
conducting biomarker research: (1) interindividual variability; (2) intraindividual variabil-
ity; (3) sample collection/transportation/storage; (4) biomarker validity; (5) predictive
power; (6) confounding variables; (7) normal ranges and (8) cost [324].

The main limitation of this study lies in the nature of its design. Scoping reviews do
not formally evaluate the quality of evidence, and the evidence is collected from studies
of different designs and methodology. Therefore, the data collected cannot be presented
in a systematic way; but instead, it gives an overall view of the existent literature. The
scope of this review was to offer the reader an insight into the vast number of molecules
studied in relation to GDM diagnosis and the potential diagnostic value of the selected
novel protein biomarkers. This approach, however, led to a certain degree of selection bias.
Another limitation of the study is the time lapse between the systematic review search and
the publication of the manuscript leading to very recent research not being included in
our study.

5.2. Perspectives

Given the limitation mentioned above, several protein biomarkers did not fulfill our
inclusion criteria and were not included in the discussion. Therefore, we want to give a
short overview of promising protein biomarkers evaluated for GDM prognosis/diagnosis
in articles published between January 2020 and March 2021 that should be considered in
the future.

Secreted frizzled-related protein 4 (sFRP4) has been shown to play a role in glu-
cose metabolism, reflecting islet inflammation and impaired insulin secretion [325].
Schuitemaker et al. [326] found significantly higher first-trimester levels of sFRP4 in women,
who subsequently developed GDM (n = 50, diagnostic criteria fasting glucose ≥ 7.0 mmol/L,
2 h glucose ≥ 7.8 mmol/L) compared to controls and a predictive capacity expressed as
AUC of 0.60 (95% CI 0.50–0.70). The correlation between sFRP4 and GDM is supported by
other studies [327,328]

Amini et al. [329] studied alfa-fetoprotein (AFP) as a predictor for GDM in the early
second-trimester (14–17 weeks of gestation) in 523 pregnant women. The authors found
that AFP alone could predict GDM diagnosis with a sensitivity of 70%, specificity of 93%
and AUC of 0.58 (95% CI 0.51–0.62) and AFP combined with unconjugated estriol and
β-hCG levels can predict GDM with a sensitivity of 95%, specificity of 86% and AUC of
0.91 (95% CI 0.87–0.98).

Wnt1-inducible signaling pathway protein-1 (WISP1) was studied by Liu et al. [330]
in 313 pregnant women (GDM n = 61, 2 h 75 g OGTT, IADPSG criteria). The samples
were taken at the time of the OGTT. The authors found that WISP1 levels were signifi-
cantly higher in GDM patients with prepregnancy overweight or obesity compared to
normoglycemic and normal-weight subjects, suggesting a possible role of this protein in
the mechanisms involved in obesity-induced insulin resistance in GDM. This hypothesis
was also suggested by Sahin Esroy et al. [331].

Irisin levels were measured by AL-Ghazali et al. [332] in 90 pregnant women (GDM
n = 60, 2 h 75 g OGTT, IADPSG criteria) at the time of the OGTT and found significantly
lower levels of irisin in women with GDM compared to controls. Diagnostic capacity (i.e.,
AUC) was not calculated. These findings are supported by other studies [333,334]

Asprosin levels [335] were found to be significantly higher in women with GDM
compared with controls at the time of OGTT, but also as early as 18–20 weeks of gestation,
suggesting a potential role as an early biomarker. Similarly, spexin and subfatin levels [336]
and fibrinogen-like protein 1 (FGL-1) [337] were found to be higher in women with GDM
compared with controls (samples taken at the time of the OGTT).
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Finally, coiled-coil domain-containing 80 (CCDC80) levels [338] and complement C1q
tumor necrosis factor-related protein 1 (CTRP1) levels [339] taken at the time of the OGTT
(2 h 75 g OGTT, IADPSG criteria) were significantly lower in women with GDM compared
with controls. Additionally, CCDC80 could identify GDM cases with an AUC of 0.61 (95%
CI 0.53–0.68), which increased to 0.74 when additional variables were included in the
model (maternal age, gestational age, BMI, blood pressure).

6. Conclusions

This review has identified and described 15 promising biomarkers that could poten-
tially replace the OGTT and be used to both predict and diagnose GDM. Steps required to
move the biomarker agenda forward should include large multicenter, multi-ethnic prospec-
tive studies using uniform screening and diagnostic criteria for GDM, with longitudinal
sampling in all three trimesters and with well-recorded patient characteristics. One such
study would answer many questions and help identify the best candidate marker. Recently,
the Lames Lindt Alliance (Priority Setting Partnerships) has identified the top 10 research
priorities for GDM, one of which is identifying the best test to diagnose GDM [340]. The
scientific community agrees that the OGTT is a dated, cumbersome, imperfect test and
needs to be replaced, and this review highlights some very promising contenders.
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Abstract: The incidence of gestational diabetes mellitus (GDM) is increasing worldwide. This has a
significant effect on the health of the mother and offspring. There is no doubt that screening for GDM
between 24 and 28 weeks is important to reduce the risk of adverse pregnancy outcomes. However,
there is no consensus about diagnosis and treatment of GDM in early pregnancy. In this narrative
review on the current evidence on screening for GDM in early pregnancy, we included 37 cohort
studies and eight randomized controlled trials (RCTs). Observational studies have shown that a high
proportion (15–70%) of women with GDM can be detected early in pregnancy depending on the
setting, criteria used and screening strategy. Data from observational studies on the potential benefit
of screening and treatment of GDM in early pregnancy show conflicting results. In addition, there
is substantial heterogeneity in age and BMI across the different study populations. Smaller RCTs
could not show benefit but several large RCTs are ongoing. RCTs are also necessary to determine
the appropriate cut-off for HbA1c in pregnancy as there is limited evidence showing that an HbA1c
≥6.5% has a low sensitivity to detect overt diabetes in early pregnancy.

Keywords: pregnancy; gestational diabetes mellitus; early screening; diabetes

1. Introduction

Worldwide, the incidence of gestational diabetes mellitus (GDM) is increasing. This
has a significant effect on the health of the mother and offspring. GDM is defined as
diabetes diagnosed in the second or third trimester of pregnancy provided that overt
diabetes early in pregnancy has been excluded [1]. There is no doubt that screening for
GDM between 24 and 28 weeks is important to reduce the risk for adverse pregnancy
outcomes such as large-for-gestational age infants (LGA) and preeclampsia [2,3]. There is a
large variation in recommendations concerning screening for GDM in early pregnancy. The
“American Diabetes Association” (ADA) recommends screening for overt diabetes at first
prenatal visit, especially in women with risk factors. However, the ADA does not provide
any specific recommendations concerning screening for GDM in early pregnancy [4]. “The
International Association of the Diabetes and Pregnancy Study Groups” (IADPSG) initially
recommended classification of GDM in early pregnancy when a fasting plasma glucose
(FPG) ≥ 5.1 mmol/L occurs. However, the IADPSG criteria have not been validated for use
in early pregnancy. Other associations such as the “International Federation of Gynecology
and Obstetrics” (FIGO) recommend to screen universally in early pregnancy for diabetes
and GDM [5]. In contrast, the “National Institute for Health and Care Excellence” recom-
mends screening for early GDM if there are risk factors present, such as obesity, previous
history of GDM, family history of diabetes (first-degree relative), previous macrocosmic
baby or an ethnicity with a high prevalence of diabetes [6]. Early testing for overt diabetes
will lead to the identification of hyperglycemia under the threshold of overt diabetes. These
women could be labeled as early GDM based on IADPSG criteria, but there is a lack of
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evidence from randomized controlled trials (RCTs) on the potential benefits and harms of
diagnosing and treating GDM in early pregnancy compared to treatment later in pregnancy.
The ongoing controversy reflects in a lack of international consensus on screening for GDM
in early pregnancy. The aim of this narrative review was therefore to evaluate the current
evidence on screening and treatment for GDM in early pregnancy. In addition, we also
reviewed pragmatic approaches to screening for glucose intolerance in pregnancy in a
pandemic setting.

2. Materials and Methods

2.1. Data Sources and Search Strategies

Between November 2020 and December 2020, a literature search was conducted on
PubMed. Cross-sectional studies, case–control studies, cohort studies, and RCTs were
considered for this review. This is a narrative review. We did not perform a systematic
review due to heterogeneity of studies and could therefore not perform a meta-analysis.

We used the following inclusion criteria:

1. The study population were pregnant women with early-onset GDM.
2. The control group could either be mothers with early GDM who were not treated or

mothers with GDM diagnosed at 24–28 weeks of pregnancy (late-onset GDM).
3. The following comparisons were made: women with early GDM were compared

to women with GDM diagnosed at 24–28 weeks or women with early GDM who
received treatment before 24 weeks were compared to women with early GDM who
did not receive treatment before 24 weeks.

4. The pregnancy outcomes studied were the development of GDM at 24–28 weeks,
gestational weight gain, cesarean section, shoulder dystocia, preeclampsia, need for
insulin treatment, LGA, neonatal intensive care unit (NICU) admission, neonatal
hypoglycemia, preterm delivery and gestation age at delivery.

We excluded animal studies, descriptive designs (case series and case reports), studies
with a low quality (no method section, no p-values mentioned), and articles written in a
language other than English, French or Dutch. We did not limit our search to a specific
population or ethnicity, or to a specific age category.

We used the following search strategies:
(“diabetes, gestational”(MeSH Terms) OR “Gestational diabetes”(Title/Abstract) OR

“diabetes mellitus”(MeSH Terms) OR “diabetes mellitus” (Title/Abstract)) AND (“Blood
Glucose” (MeSH Terms) OR “Blood Glucose” (Title/Abstract) OR “Insulin Resistance” (MeSH
Terms) OR “hyperglycemia/blood” (MeSH Terms) OR “hyperglycemia” (Title/Abstract) OR
“Glucose Intolerance” (MeSH Terms) OR “Glucose Tolerance Test” (MeSH Terms) OR
“Glucose Tolerance Test” (Title/Abstract) OR “early screening” (Title/Abstract)) AND
(“pregnancy trimester, first” (MeSH Terms) OR “First trimester pregnancy”(Title/Abstract))

In addition, we searched the reference lists of the selected articles and relevant reviews
by hand. We also did a manual search for articles on screening for GDM during the COVID-
19 Pandemic. We focused on articles that proposed a pragmatic approach on screening for
diabetes and GDM in early pregnancy during the COVID-19 pandemic and compared the
rate of missed cases of GDM between different screening tests and strategies.

2.2. Data Synthesis and Analysis

The extracted data included the study design, country, number of study participants,
the diagnostic criteria used for GDM, adjustments that were made and pregnancy outcomes.
We reported our results in a descriptive manner. A p-value <0.05 was considered significant.

3. Results

3.1. Search Results

We identified 356 articles of which 137 articles were selected as possibly relevant.
After examination of the full text, 46 studies were included in the current review (Figure 1).
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Figure 1. The literature search and selection process.

3.2. Study Characteristics

The study characteristics are shown in Tables 1–3. In total, there were seven prospec-
tive cohort studies (15.6%), 29 retrospective cohort studies (63.0%), eight RCTs (17.8%),
one post-hoc analysis (2.2%) and one population-based cohort study (2.2%). Six studies
were performed in Asia (13.3%), 18 in Europe (39.1%), seven in America (15.6%), three
in the Middle East (6.7%), four in Australia (8.9%), two in New Zealand (4.5%) and six
multi-national studies (13.3%). All but one study was performed from 2000 onwards.
Forty-one studies (89.9%) were performed from 2010 onwards. Twelve studies used the
IADPSG criteria (26.7%). In total, 16 studies (34.9%) performed selective screening based
on risk factors, while 30 studies (77.7%) used universal screening. Appendix A gives an
overview of the diagnostic criteria used in the different studies.

Table 1. Observational studies.

Author,
Year/Country

(Ref.)
Design

Subjects
(N)

Study
Population

Timeframe
Testing (Weeks)

GDM Criteria Comparison Main Results

De Muylder,
1984/Belgium [7]

Prospective
cohort study 139 Hi risk <24 weeks

3 h OGTT/
O’Sullivan

criteria

GDM diagnosis
<24 weeks vs.

GDM diagnosis
24–32 weeks vs.
GDM diagnosis

>32 weeks

Early GDM treated
group had less

complications such as
preterm labor,

preeclampsia and
cesarean section

Bartha,
2000/Spain [8]

Prospective
cohort study 3986 All pregnant

women
First antenatal

visit
50 g GCT and 3 h

100 g OGTT

Early-onset (most
during 1st trimester)
vs. late-onset GDM

Early GDM diagnosis
represented a

high-risk subgroup
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Table 1. Cont.

Author,
Year/Country

(Ref.)
Design

Subjects
(N)

Study
Population

Timeframe
Testing (Weeks)

GDM Criteria Comparison Main Results

Barahona,
2005/Spain [9]

Retrospective
study

1708
offspring

Women with
GDM <24 weeks

50 g GCT and 3 h
OGTT/2nd and
3rd Workshop

Conference
Criteria on GDM

GDM diagnosis
<24 weeks vs.

24–30 weeks vs.
>31 weeks

Early GDM diagnosis
was a predictor of

adverse maternal and
neonatal outcome

Hawkins,
2008/US [10]

Retrospective
cohort study 3334 All pregnant

women
<24 weeks
(Hi risk)

50 g GCT and 3 h
100 g OGTT/

NDDG criteria

Diet-treated GDM
<24 weeks (early

diagnosis in hi risk
population) vs.
≥24 weeks

(routine diagnosis)

Twofold increased
risk of preeclampsia
in women with early

diagnosis of diet
treated GDM

Riskin,
2009/Israel [11]

Retrospective
study 6129

Singleton
pregnancies
>24 weeks in

mothers
without ODIP
or 1st FTFPG
≥5.8 mmol/L

<13 weeks FTFPG/C&C
criteria

FPG categories
(<4.2 mmol/L,

4.2–4.4 mmol/L,
4.5–4.7 mmol/L,
4.8–5.0 mmol/L,
5.1–5.2 mmol/L,

5.3–5.5 mmol/L and
5.6–5.8 mmol/L)

Higher FTFPG in
early pregnancy

increased the risk of
adverse pregnancy

outcomes

Plasencia,
2011/Spain [12]

Retrospective
study 1716 Singleton

pregnancies 6–14 weeks
50 g GCT and 3 h

100 g OGTT/
C&C criteria

GDM vs. non-GDM
and GCT and OGTT

results at 6–14 vs.
20–30 weeks

Effective diagnosis of
GDM in the first

trimester could be
achieved by lowering
the GCT and OGTT

plasma glucose
cut-offs

Corrado,
2012/Italy [13]

Retrospective
study 738 Singleton

pregnancies <13 weeks FTFPG/IADPSG
criteria

FTFPG vs. 2 h 75 g
OGTT early in the

third trimester

FPG ≥5.1 mmol/L
may be considered a
highly predictive risk

factor for GDM

Zhu W.W.,
2013/China [14]

Retrospective
cohort study 14,039

All pregnant
women

without ODIP

First antenatal
visit (<24 weeks)

FPG/China
GDM diagnosis

criteria

6 FPG groups (<4.1,
4.1–4.59, 4.60–5.09,
5.10–5.59, 5.6–6.09,
6.10–6.99 mmol/L)

Only 30.3% of women
who had an FPG of
≥5.1 mmol/L still

had an FPG of
≥5.1 mmol/L at

24–28 weeks

Alunni, 2015/
US [15]

Retrospective
cohort study 2652

Singleton
pregnancies in

women
without ODIP

≤24 weeks

HbA1c and
FPG/HbA1c
≥5.7% or FPG
≥5.1 mmol/L at
≤24 weeks or
C&C criteria

Early screening vs.
standard two-step

ACOG approach (1 h
50 g GCT followed by

a 3 h 100 g OGTT/
C&C Criteria)

Implementing early
screening for GDM
gave no significant

difference in
neonatal outcomes

Amylidi, 2015/
Switzerland [16]

Retrospective
cohort study 208 Hi risk <13 weeks

HbA1c/ADA
and HAPO

study guidelines

GDM vs. non-GDM
(diagnosis based on

one-step
standardized 2 h 75 g

OGTT between 24
and 28 weeks) and

HbA1c ≥6% vs. <6%

Values HbA1c ≥6.0%
in early pregnancy

were predictive
of GDM

Harreiter, 2016/
International [17]

Retrospective
study 1035

Pregnant
women with

BMI ≥
29.0 kg/m2

Early pregnancy
2 h 75 g OGTT/

WHO 2013
criteria

NGT vs. early GDM
vs. DIP

Pre-pregnancy BMI
was a significant
predictor of early

GDM and the only
predictor among

nulliparous women

Mañé, 2016/
Spain [18]

Prospective
multi-ethnic
cohort study

1228

Singleton
pregnancies in

women
without ODIP

<13 weeks HbA1c/≥5.9% HbA1c ≥5.9% vs.
HbA1c <5.9%

Early HbA1c ≥5.9%
measurement

identified women at
high risk for poorer

pregnancy outcomes

Osmundson,
2016/US [19]

Retrospective
cohort study 2812

Singleton
pregnancy
>20 weeks

≤136/7 weeks
HbA1c

(prediabetes:
5.7–6.4%)

Prediabetic women
(HbA1c of 5.7–6.4%)
vs. women with a

normal first
trimester HbA1c

(<5.7%)

HbA1c early in
pregnancy was a poor

test to identify
women who will

develop GDM
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Table 1. Cont.

Author,
Year/Country

(Ref.)
Design

Subjects
(N)

Study
Population

Timeframe
Testing (Weeks)

GDM Criteria Comparison Main Results

Sweeting, 2016/
Australia [20]

Retrospective
cohort study 4873 Hi risk <24 weeks

2 h 75 g
OGTT/ADIPS

diagnostic
criteria

T2DM vs. GDM
<12 weeks vs. GDM

12–23 weeks vs.
GDM ≥24 weeks

Early GDM in
high-risk women

remains associated
with poorer

pregnancy outcomes

Sweeting, 2017/
Australia [21]

Retrospective
cohort study 3098 Hi risk <24 weeks

HbA1c
measurement at

time of GDM
diagnosis

Early GDM
(<24 weeks) vs.
standard GDM

(≥24 weeks)

HbA1c >5.9% early in
pregnancy identified
an increased risk of
LGA, macrosomia,

C-section, and
hypertensive
disorders in

standard GDM

Hosseini,
2018/Iran [22]

Prospective
population-

based cohort
study

929 Singleton
pregnancies 6–14 weeks FPG/IADPSG

Normal pregnancy vs.
early-onset GDM
(6–14 weeks) vs.
late-onset GDM
(24–28 weeks)

Early-onset GDM
was associated

with poorer
pregnancy outcomes

Ryan, 2018/UK
[23]

Retrospective
clinical audit
of prospec-

tively
maintained

database

576
Hi risk

singleton
pregnancies

11–13 weeks FPG/SIGN 2010
thresholds

Routine vs.
early screening

Early screening
improved the

pregnancy outcomes,
such as emergency

cesarean section,
neonatal hypo-
glycemia and
macrosomia.

Salman,
2018/Israel [24]

Retrospective
cohort study 5030

Singleton
pregnancies of

women
without ODIP

<13 weeks FTFPG cut-off
5.3 mmol/L

Women with FTFPG
< 5.3 mmol/L and

FTFPG ≥ 5.3 mmol/L

FTFPG ≥5.3 mmol/L
was an independent

risk factor for adverse
perinatal outcome

Bianchi,
2019/Italy [25]

Retrospective
study 290 Hi risk 16–18 weeks

2 h 75 g OGTT
(and FPG)/

IADPSG criteria

Early (16–18 weeks)
vs. standard

(24–28 weeks)
screening

Similar short-term
maternal-fetal
outcomes in
both groups

Del Val López,
2019/ Spain [26]

Retrospective
study 1425

All pregnant
women

without ODIP
<13 weeks FTFPG/O’Sullivan

criteria

FTFPG <5.1 and
≥5.1 mmol/L

(FTFPG vs. classical
2-step OGTT)

FTFPG was not a
good substitute for

conventional
diagnosis of GDM in
the second trimester

Mañé, 2019/Spain
[27]

Retrospective
analysis of a
prospective

observational
cohort study

1228

Women with
singleton

pregnancy
without ODIP

<13 weeks
FPG and

HbA1c/Criteria
unknown

FPG vs. HbA1c
cut-off values

FTFPG levels were
not a better predictor

of pregnancy
complications
than HbA1c

Benhalima,
2020/Belgium

[28]

Multi-centric
prospective
cohort study

2006 All pregnant
women 6–14 weeks FPG/IADPSG

criteria

FPG
≥5.1–5.5 mmol/L in
early pregnancy vs.

FPG <5.1 mmol/L in
early pregnancy

Group with increased
FPG in early

pregnancy had
significantly more
NICU admissions

Boriboonhirunsarn/
Thailand, 2020

[29]

Retrospective
cohort study 1200 All pregnant

women <24 weeks

50 g GCT and
100 g OGTT/

ADA and ACOG
recommendation

No GDM vs.
early-onset GDM vs.

late-onset GDM

Significant lower
gestational weight

gain and higher rates
of preeclampsia, LGA

infants, and NICU
admission despite

treatment for
early-onset GDM

Clarke, 2020/
Australia [30]

Retrospective
cohort study 769

Hi risk with
singleton

pregnancy and
without ODIP

<24 weeks

75 g 2 h
OGTT/IADPSG
criteria, as per

the ADIPS
guidelines

Early GDM (hi risk
women diagnosed
<24 weeks) vs. late

GDM (women
diagnosed
≥24 weeks)

Early pregnancy
GDM was not

associated with an
adverse outcome

Cosson,
2020/France [31]

Retrospective
study 523

Women with
singleton

pregnancy and
without ODIP

<22 weeks FPG/IADPSG
criteria

Immediate care vs.
no immediate care for

early fasting
hyperglycemia

Treating women with
early fasting

hyperglycemia,
especially when FPG
is ≥5.5 mmol/L, may
improve pregnancy

outcomes
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Table 1. Cont.

Author,
Year/Country

(Ref.)
Design

Subjects
(N)

Study
Population

Timeframe
Testing (Weeks)

GDM Criteria Comparison Main Results

Immanuel, 2020/
International [32]

Post-hoc
analysis of

DALI study
869

Women with
BMI ≥29 kg/m2

with singleton
pregnancy and
without ODIP

<20 weeks
HbA1c and 2 h

75 g OGTT/
IADPSG criteria

HbA1c ≥5.7% vs.
<5.7% group
(prediabetes
threshold)

Limited use of early
pregnancy HbA1c for

predicting GDM or
adverse outcomes in
overweight/obese
European women

Jokelainen,
2020/Finland [33]

Population-
based cohort

study
1401

All singleton
pregnancies

without ODIP
12–16 weeks 2 h 75 g

OGTT/FCCG
Early- vs. late-GDM

vs. no GDM

Of the women who
had early GDM based

on the IADPSG/
WHO criteria, 39.1%

received the
diagnosis of late

GDM at the
second OGTT

Liu, 2020/ China
[34]

Prospective
cohort study 522 Singleton

pregnancies 18–20 weeks
2 h 75 g OGTT/
IADPSG-2015

guidelines

4 groups: NGT (no
GDM diagnosis),

EGDM (GDM
diagnosis in only

early OGTT), LGDM
(GDM diagnosis in

only standard OGTT)
and GDM (GDM

diagnosis in
both OGTTs)

Early GDM diagnosis
at 18–20 weeks is
associated with

adverse outcomes

Nakanishi,
2020/Japan [35]

Multicenter
prospective
cohort study

146 Hi risk
without ODIP <20 weeks

2 h 75 g
OGTT/IADPSG

criteria 2010

False-positive early
GDM (early+/late-)

vs. true GDM
(early+/late+)

(late = standard)

Of the 146 women
diagnosed with

early-onset
GDM, 69 (47%) had
normal 75 g OGTT

values at 24–28 weeks
of gestation.

Sesmilo,
2020/Spain [36]

Retrospective
cohort study 6845

Singleton
pregnancies in
women with-
out ODIP and
available data

<13 weeks FPG/NDDG
criteria

FPG: ≤4.3, 4.4–4.6,
4.7–4.8 and

≥4.9 mmol/L

FTFPG is an early
marker of GDM

and LGA.

GDM: gestational diabetes mellitus; OGTT: oral glucose tolerance test; hi risk: high risk; GCT: glucose challenge test; NDDG: National
Diabetes Data Group; ODIP: overt diabetes in pregnancy; FTFPG: first trimester fasting plasma glucose; HAPO: Hyperglycemia and
Adverse Pregnancy Outcomes; C&C: Carpenter and Coustan; IADPSG: International Association of the Diabetes and Pregnancy Study
Groups; FPG: fasting plasma glucose; HbA1c: hemoglobin A1C; ACOG: American Congress of Obstetricians and Gynecologists; ADA:
American Diabetes Association; BMI: body mass index; WHO: World Health Organization; NGT: normal glucose tolerance; DIP: diabetes in
pregnancy; ADIPS: Australian diabetes in pregnancy society; LGA: large-for-gestational age; C-section: cesarian section; SIGN: Scottish
Intercollegiate Guidelines Network; NICU: neonatal intensive care unit; T2DM: type 2 diabetes mellitus; FCCG: Finnish Current Care
Guideline; EGDM: early-onset gestational diabetes; LGDM: late-onset gestational diabetes; DALI: Diabetes and Pregnancy Vitamin D And
Lifestyle Intervention for Gestational Diabetes Mellitus Prevention.

Table 2. Randomized controlled trials.

Author,
Year/Country (Ref.)

Subjects
(N)

Study Population
Timeframe Testing

(Weeks)
GDM Criteria Comparison Main Results

Osmundson,
2016/US [37] 83

Women with
singleton pregnancy
and without ODIP

<14.0 weeks HbA1c/between 5.7
and 6.4%

Usual care vs. early
treatment for GDM with
diet, BG monitoring, and

insulin as needed

Early treatment did
not significantly

reduce the risk of
GDM except in

non-obese women

Hughes, 2018
(PINTO feasibility

study)/New
Zealand [38]

47
Women with

singleton pregnancy
and without ODIP

<14.0 weeks

HbA1c/between
≥5.9 and 6.4%/2 h

75 h OGTT New
Zealand criteria

Standard care vs. early
intervention in

pregnancies complicated
by prediabetes

First results expected
in 2021

Simmons, 2018
(ToBOGM

pilot study)/
Australia [39]

79 Hi risk women with
singleton pregnancy

<20.0 weeks
(4–19.6 weeks)

2 h 75 g OGTT/
IADPSG criteria

Women with booking
GDM receiving immediate
(clinical referral or ongoing
treatment) vs. deferred (no)

treatment vs. women
without booking
GDM (“decoys”)

More NICU admission
in the early GDM

group with a tendency
for more SGA but

less LGA
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Table 2. Cont.

Author,
Year/Country (Ref.)

Subjects
(N)

Study Population
Timeframe Testing

(Weeks)
GDM Criteria Comparison Main Results

Simmons, 2018
(ToBOGM study

protocol)/
International [40]

4000 Hi risk women with
singleton pregnancy

<20.0 weeks
(4–19.6 weeks)

2 h 75 g OGTT/2014
Australasian
Diabetes-in-

Pregnancy Society
criteria for pregnant

women with GA
24–28 weeks

Intervention (immediate
treatment) vs. control (no

treatment) vs. decoys
(NGT but undergo all

procedures) vs. non-active
(NGT and records

reviewed postnatally)

First results expected
mid-2021

Vinter, 2018
(LiP study)/

Denmark [41]
90

Obese pregnant
women (BMI

30–45 kg/m2) with
singleton pregnancy

12–15 weeks 2 h 75 g OGTT/
IADPSG Criteria

Lifestyle intervention
vs. SoC

Lifestyle intervention
was not effective in

improving obstetric or
metabolic outcomes

Roeder, 2019 (RCT)/
US [42] 157

Women with
hyperglycemia and
singleton pregnancy

without ODIP

≤15.0 weeks

HbA1c and/or FPG,
respectively,

5.7–6.4% and/or
5.1–6.9 mmol/L

Early pregnancy vs. 3rd
trimester treatment of

hyperglycemia

Treatment in early
pregnancy did not

improve maternal or
neonatal outcomes

significantly

Harper, 2020
(EGGO study)/

US [43]
922

Obese women (BMI
≥30 kg/m2)

without ODIP and
history of

bariatric surgery

14–20 weeks

2-step method: 1 h
50 g GCT followed

by a 3 h 100 g
OGTT/C&C criteria

Early GDM screening
(14–20 weeks) vs. routine
screening (24–28 weeks)

Early GDM screening
in obese women did

not reduce the
composite perinatal
outcomes, such as

macrosomia, C-section
and shoulder dystocia

Hung-Yuan Li
(TESGO study)/

Taiwan
(NCT03523143)

2068
Singleton
pregnancy

without ODIP
18–20 weeks 75 g 2 h OGTT/

IADPSG criteria

Early screening group
(18–20 weeks) vs. standard

screening group
(24–28 weeks)

Results expected
beginning of 2021

ODIP: overt diabetes in pregnancy; HbA1c: hemoglobin A1c; GDM: gestational diabetes mellitus; BG: blood glucose; PINTO: Pre diabetes
in pregnancy, can early intervention improve outcomes; OGTT: oral glucose tolerance test; Hi risk: high risk; ToBOGM: Treatment of
Booking Gestational diabetes Mellitus; IADPSG: International Association of the Diabetes and Pregnancy Study Groups; NICU: neonatal
intensive care unit; SGA: small-for-gestational age; LGA: large-for-gestational age; GA: gestational age; NGT: normal glucose tolerance;
LIP: Lifestyle in Pregnancy; BMI: body mass index; SoC: standard of care; FPG: fasting plasma glucose; GCT: glucose challenge test; C&C:
Carpenter and Coustan; C-section: cesarean section; EGGO: Early Gestational Diabetes Screening in the Gravid Obese Woman; TESGO: The
Effect of Early Screening and Intervention for Gestational Diabetes Mellitus on Pregnancy Outcomes.

3.3. Screening for Overt Diabetes in Early Pregnancy

The prevalence of type 2 diabetes (T2DM) in women of childbearing age is increasing.
Since T2DM is often asymptomatic at the beginning and women with severe hyperglycemia
early in pregnancy are at high risk for adverse pregnancy outcomes, timely detection and
treatment of diabetes is needed. Most international associations such as the IADPSG, the
ADA and the World Health Organization (WHO) recommend therefore to screen for overt
diabetes at the first antenatal visit using an FPG, HbA1c or 75 g oral glucose tolerance
test (OGTT) with the same cut-offs as for non-pregnant populations. The measurements
of FPG and HbA1c should ideally be repeated twice to confirm the diagnosis of overt
diabetes. HbA1c can be used to screen for diabetes but not to screen for GDM due to the
very low sensitivity [44]. Measurement of fasting glycemia has a higher sensitivity than
HbA1c to screen for diabetes. On the other hand, HbA1c has the advantage that it can
be performed in the non-fasting state. An observational study from New Zealand [45]
showed that an HbA1c ≥5.9% identified all women with diabetes who completed an OGTT
before 20 weeks of pregnancy and this also identified a group at significantly increased
risk for adverse pregnancy outcomes, such as preeclampsia and shoulder dystocia. In
addition, the study demonstrated that an HbA1c ≥6.5% would have missed almost half of
these women. These data suggest therefore that the currently recommended HbA1c is too
high for screening purposes in pregnancy. However, large RCTs are required to confirm
these results.

3.4. Screening for GDM in Early Pregnancy

As shown in Table 1, numerous observational studies were performed over the years.
These studies show conflicting results. In general, most studies show that women with
early GDM are at high risk for adverse pregnancy outcomes but treatment of GDM early in
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pregnancy compared to later in pregnancy does not always translate into improved out-
comes. Seven studies reported an improved pregnancy outcome by treatment of early-onset
GDM [7,9,10,29–31,34]. Barahona et al. [9] showed that diagnosing GDM early in pregnancy
is a predictor of adverse maternal and neonatal outcomes, such as pregnancy-induced
hypertension, insulin treatment during pregnancy, preterm birth, hyperbilirubinemia and
perinatal mortality. More recently, Cosson et al. [31] reported that women who received
initial care vs. those who did not, were more likely to be insulin-treated during pregnancy
(58.0% vs. 20.9%, respectively; p < 0.00001), gained less gestational weight (8.6 ± 5.4 kg vs.
10.8 ± 6.1 kg, respectively; p < 0.00001), had a lower rate of preeclampsia (1.2% vs. 2.6%,
respectively; adjusted odds ratio (aOR): 0.247 (0.082–0.759), p = 0.01), and similar rates
of LGA infants and shoulder dystocia. A very recent study from Thailand showed that
early GDM women had a high risk for adverse pregnancy outcomes with higher rates of
preeclampsia, LGA infants, and NICU admission [29].

However, five studies described no beneficial effect of early diagnosing or treatment
of GDM on maternal or neonatal outcomes [15,20,22,25,30]. Both Alluni et al. [15] and
Bianchi et al. [25] showed that patients diagnosed and treated for early-onset GDM were
more prone to be insulin-treated during pregnancy but showed no differences in neonatal
outcomes such as small-for-gestational age (SGA) infants, cesarean sections, macrosomia,
and LGA. An Australian study demonstrated also that early diagnosis and intervention
had no effect on pregnancy outcomes [21]. This was confirmed by a recent Australian study
showing no differences in pregnancy outcomes between early-onset GDM and late-onset
GDM [30].

RCTs are needed to determine whether treating early-onset GDM improves pregnancy
outcomes compared to standard treatment of GDM at 24–28 weeks of pregnancy. Table 2
gives an overview of the (ongoing) RCTs. The largest RCTs such as the “Prediabetes in
pregnancy, can early intervention improve outcomes” PINTO study, the “Treatment of
Booking Gestational diabetes Mellitus” (ToBOGM) study and the “Effect of Early Screening
and Intervention for Gestational Diabetes Mellitus on Pregnancy Outcomes” (TESGO)
study are still ongoing. Results are expected at the earliest in 2021. The ToBOGM study, the
“Early Gestational Diabetes Screening in the Gravid Obese Woman” (EGGO) study and
“Lifestyle in Pregnancy” (LiP) study focused on high-risk populations and obese women.
In contrast, the TESGO and PINTO studies included also lower risk women.

A small RCT showed that early treatment of mild hyperglycemia (women with an
HbA1c of 5.7–6.4%) did not reduce the risk of GDM, except for non-obese women [37]. The
pilot study of ToBOGM [39] demonstrated that early treatment may have both benefits
and harms for mother and offspring. NICU admission was highest in the treated early
GDM group (36% vs. 0% p = 0.043), driven by a higher rate of SGA infants. Women who
received no treatment for early-onset GDM had more LGA infants (0% vs. 33% p = 0.030).
The LiP study [41] focused on the effect of lifestyle intervention vs. standard care for obese
women with early GDM. They found that lifestyle intervention in early pregnancy did not
improve obstetric or metabolic outcomes. In addition, the EGGO study [43] showed no
effect on the composite perinatal outcomes in obese women who had early screening for
GDM. Similarly, Roeder et al. [42] did not find any improvement in maternal and neonatal
outcomes after treatment in early pregnancy.

3.5. Criteria to Define GDM in Early Pregnancy

Of all observational studies (Table 1), 15 studies discussed the diagnostic criteria for
GDM early in pregnancy [11–14,16,18,21,24,26–28,31,32,35,36]. Riskin et al. showed that
first trimester fasting glucose levels (FTFPG) in the non-diabetic range resulted in a higher
risk for adverse pregnancy outcomes, such as more cesarian sections, LGA and macrosomia.
These findings were confirmed by a recent Belgium study [28] demonstrating more NICU
admissions in the high FTFPG group (FPG ≥ 5.1–5.5 mmol/L). A large Chinese study
showed that an FTFPG of 6.1–7.0 mmol/L in early pregnancy is a strong predictor for GDM
later in pregnancy [14]. In contrast, an FTFPG ≥ 5.1 mmol/L (GDM according to IADPSG
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criteria) was not a good predictor for GDM in their population. Several other studies (in-
cluding studies in European populations) confirmed that ≥ 5.1 mmol/L is a poor predictor
for GDM early in pregnancy [26,28]. A Belgium study [28] for instance demonstrated that
only 37% of all women with an FTFPG ≥ 5.1–5.5 mmol/L, developed GDM based on the
OGTT later in pregnancy. A French study proposed to use an FTFPG ≥ 5.5 mmol/L to
start treatment for GDM in early pregnancy, as they demonstrated improved pregnancy
outcomes in their population [31].

Few studies evaluated HbA1c in early pregnancy to diagnose GDM. These studies
showed that an HbA1c ≥ 5.9% identifies women at high risk for adverse pregnancy
outcomes independently of GDM diagnosis later in pregnancy [21,27].

A small RCT showed that early treatment of women with a first trimester HbA1c of
5.7–6.4% did not significantly reduce the risk of GDM, except in non-obese women [37].
Roeder et al. [42] used HbA1c ≥ 5.7% and/or an FTFPG ≥ 5.1 mmol/L to identify women
with hyperglycemia early in pregnancy. Treatment in early pregnancy did not improve
maternal or neonatal outcomes. Only 19% of this cohort developed GDM later in preg-
nancy [42]. In contrast, the ToBOGM pilot trial reported that 89% of untreated women
(with an FPG ≥ 5.1 mmol/L early in pregnancy) had GDM at 24–28 weeks [39].

3.6. Screening for Diabetes and GDM in Early Pregnancy in COVID Times

Due to the COVID-19 pandemic, screening for GDM using OGTT’s might lead to
an increased risk for exposure to the virus. Six large observational studies describe how
screening for GDM could be organized in a pragmatic way using blood tests, and risk
calculators applied to underlying risk factors (Table 3).

Table 3. Screening for diabetes and GDM (early) in pregnancy in COVID times.

Article Pragmatic Approach Main Results

Thangaratinam, 2020 [49]

Test strategy:

- Early GDM screening: additional tests at booking
(HbA1c and RPG) to detect overt diabetes and identify
those at highest risk for GDM

Suggested thresholds and actions:

- HbA1c ≥ 6.5% or RPG ≥ 11.1mmol/L: treat as
preexisting diabetes.

- HbA1c 5.9–6.5% or RPG 9–11 mmol/L: consider
managing using the GDM pathway.

- Avoid OGTT at 24–28 weeks and instead offer HbA1c
along with FPG or RPG if fasting values are not
availableSuggested thresholds and actions:

Suggested thresholds and actions:
HbA1c ≥ 5.7% or FPG ≥ 5.6 mmol/L or RPG ≥ 9 mmol/L:
treat as GDM.

Using FPG alone will only pick up about half
of all women with GDM, based on NICE or
IADPSG criteria. Combining FPG with HbA1c
may improve the detection rate. Maintaining
existing FPG thresholds may be preferable,
and services may consider lower thresholds
consistent with the IADPSG diagnostic criteria
(FPG ≥ 5.1), if resources allow.

Torlone, 2020 [50]

Screening for overt diabetes:

- FPG ≥6.9 mmol/L
- RPG ≥11.1 mmol/L
- HbA1c ≥6.5%

A single value can be considered valid during
COVID-19 emergency
Screening for GDM: risk factors assessment

- Women at high risk for GDM: FPG ≥5.1 mmol/L at
16–18 weeks → GDM

- Women at high risk for GDM: FPG ≤5.1 mmol/L at
16–18 weeks → FPG at 24–28 weeks ≥5.1 mmol/L
→ GDM

- Women at medium risk for GDM: FPG ≥5.1 mmol/L
at 24–28 weeks → GDM

A fasting glucose value can be considered
diagnostic for GDM only when it is obtained at
the gestational age when the OGTT should
have been carried out, i.e., between 16 and
18 weeks in high-risk pregnant women or
between 24 and 28 weeks in
medium-risk women.
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Table 3. Cont.

Article Pragmatic Approach Main Results

McIntyre, 2020 (Diagnosis
and management GDM
during COVID-19) [47]

Early in pregnancy: all guidelines: HbA1c ≥ 5.9%
Standard screening (24–28 weeks):
UK: at risk; GDM if HbA1c ≥ 5.7% and/or FVPG ≥ 5.6 mmol/L
and/or Random VPG (not preferred) ≥ 9.0 mmol/L
CAN: GDM if HbA1c ≥ 5.7% and/or Random
VPG ≥ 11.1 mmol/L
AUS: fasting VPG:
Fasting VPG < 4.7 mmol/L = normal
Fasting VPG 4.7–5.0 mmol/L = OGTT, WHO 2013 criteria
Fasting VPG ≥ 5.1 mmol/L = GDM

Detecting only those with
marked hyperglycemia

McIntyre, 2020 (Testing for
GDM during COVID-19) [46]

UK: Risk factor based; no OGTT; GDM if HbA1c ≥ 5.7% and/or
FVPG ≥ 5.6 mmol/L and/or Random VPG (not
preferred) ≥ 9.0 mmol/L
CAN: universal testing; no OGTT; GDM if HbA1c ≥ 5.7%
and/or Random VPG ≥ 11.1 mmol/L
AUS: fasting VPG:
Fasting VPG < 4.7 mmol/L = normal
Fasting VPG 4.7–5.0 mmol/L = OGTT, WHO 2013 criteria
Fasting VPG ≥ 5.1 mmol/L = GDM

All post COVID-19 modified pathways
reduced GDM frequency. Missed GDM’s in
Canadian women gave similar rates of
pregnancy outcomes. Using UK modifications,
missed GDM group was at slightly lower risk.
Using the Australian modifications, missed
GDM group was at substantially lower risk.

Meek, 2020 [48]

To evaluate the diagnostic and prognostic performance of
alternative diagnostic strategies to 2 h 75 g OGTTs: HbA1c,
RPG and FPG
GDM diagnosis: criteria of the UK National Institute for Health
and Care
Excellence and IADPSG criteria

RPG at 12 weeks, and FPG or HbA1c at
28 weeks identify women with hyperglycemia
at risk of suboptimal pregnancy outcomes.

Seshiah, 2020 [51]

The “single test procedure” for diagnosing GDM: 2 h
PG ≥ 7.8 mmol/L with 75 g oral glucose administered to a
pregnant woman in the fasting or non-fasting state, without
regard to the time of the last meal (glucose load can also be
taken at home and the pregnant woman can visit the hospital
2 h after the glucose ingestion to give a single sample for
plasma glucose estimation)

The economical and evidence based “single
test procedure” of DIPSI is most appropriate
for screening during the COVID pandemic as
performing OGTTs is resource intensive, the
fasting state is impractical with very high
dropout rate.

GDM: gestational diabetes mellitus; HbA1c: hemoglobin A1c; RPG: random plasma glucose; OGTT: oral glucose tolerance test; FPG: fasting
plasma glucose; NICE: National Institute for Health and Care Excellence; IADPSG: International Association of the Diabetes and Pregnancy
Study Groups; VPG: venous plasma glucose; UK: United Kingdom; CAN: Canada; AUS: Australia; WHO: World Health Organization; PG:
plasma glucose; DIPSI: Diabetes in Pregnancy Study Group India.

McIntyre et al. [46,47] described the diagnosis and management of GDM during
COVID-19 in Australia, Canada and the United Kingdom (UK). For early screening, the
guidelines were similar in the different countries, with an HbA1c ≥ 5.9% considered as
hyperglycemia. For diagnosing GDM at 24–28 weeks, each country had a slightly different
approach. The UK invited only women at high risk. GDM was diagnosed if HbA1c ≥ 5.7%
and/or fasting venous plasma glucose (FVPG) ≥ 5.6 mmol/L and/or random venous
plasma glucose (VPG) (not preferred) ≥ 9.0 mmol/L. Canada recommended universal
screening. GDM was diagnosed if HbA1c ≥ 5.7% and/or random VPG ≥ 11.1 mmol/L.
Australia used universal testing with an initial FVPG. If FVPG was between 4.7 and
5.0 mmol/L, an OGTT was performed. If FVPG ≥ 5.1 mmol/L, then GDM was diag-
nosed immediately.

Meek et al. [48] reported that random plasma glucose (RPG) at 12 weeks, and FPG or
HbA1c at 28 weeks identifies women with hyperglycemia at risk of suboptimal pregnancy
outcomes. When an OGTT is not possible, as an alternative RPG, FPG and HbA1c are rec-
ommended. Thangaratinam et al. [49] suggested additional tests at booking to detect overt
diabetes and identify those at highest risk for GDM. HbA1c ≥ 6.5% or RPG ≥ 11.1 mmol/L
is considered as pre-existing diabetes. As the recommended antenatal routine booking
blood tests are often not performed in the fasting state, a pragmatic approach was suggested
with the use of RPG. GDM can be diagnosed by HbA1c 5.9–6.4% or RPG 9–11 mmol/L
to diagnose diabetes. The following thresholds for diagnosing GDM were suggested:
HbA1c ≥ 5.7%, FPG ≥ 5.6 mmol/L or RPG ≥ 9 mmol/L.
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To conclude, Italian recommendations [50] propose that if an OGTT cannot be safely
performed, screening for GDM should be based on risk factors and the FPG value. Women
with high risk factors should be tested at 16–18 weeks and an FPG ≥5.1 mmol/L is
diagnosed as GDM. Women with high risk factors and an FPG ≤5.1 mmol/L or women
with medium risk factors should be tested at 24–28 weeks. If FPG ≥5.1 mmol/L at
24–28 weeks, the woman will be diagnosed with GDM.

4. Discussion

4.1. Summary of Findings

In this narrative review, we demonstrate that there is need for clear guidelines and
criteria concerning overt diabetes and early screening for GDM. The HbA1c threshold of
diabetes as currently recommended is probably too high to detect all women with overt
diabetes in early pregnancy. Furthermore, observational studies show conflicting results
on the effects of screening and treatment of GDM in early pregnancy. It is also not clear
which diagnostic criteria should be used to define GDM in early pregnancy. Evidence from
large RCTs is needed to evaluate whether treatment has a beneficial effect on maternal
and neonatal outcomes, without increased risk for harm (such as increased risk for SGA
infants). Large RCTs such as the TOBOGM study will also help to inform which diagnostic
criteria are appropriate to use for GDM in early pregnancy.

The COVID-19 pandemic has brought us additional challenges. OGTT’s could often
not be performed as they involve high exposure risks and health service burden. Different
guidelines have proposed pragmatic approached to screening with HbA1c, FPG or even
RPG as an alternative during the pandemic.

4.2. Results in Relation to What We Already Know

Screening for overt diabetes in early pregnancy is necessary. At the moment, the
threshold for diagnosing overt diabetes is an HbA1c ≥6.5%. However, there is limited data
suggesting that in pregnancy the cut-off of HbA1c should be lowered to ≥5.9% to identify
all women with diabetes as this identifies a population at high risk for adverse pregnancy
outcomes. A threshold of ≥6.5% would have missed half of these women [45].

Screening and treatment of GDM between 24 and 28 weeks of pregnancy is widely
accepted. This is beneficial to reduce adverse pregnancy outcomes. More women are
identified with mild hyperglycemia in early pregnancy due to increased screening for
overt diabetes. Observational studies show conflicting results as to whether screening
and treatment of GDM in early pregnancy is beneficial compared to screening later in
pregnancy. Some studies have shown that despite treatment, early-onset GDM women
have more adverse pregnancy complications than late-onset GDM women, while other
studies demonstrated similar short-term obstetrical outcomes in both groups and improved
outcomes in the early screening group. At this moment, we can only speculate whether the
fact that early treatment of GDM often only leads to similar pregnancy outcomes might
represent success rather than failure. We cannot exclude that treatment of this group later
in pregnancy might lead to more adverse pregnancy outcomes. In addition, studies had
substantial heterogeneity in maternal age in pregnancy and BMI. In developed countries,
increasing maternal age in pregnancy disposes to higher insulin resistance, whereas most
pregnant women are younger in developing countries. Data are needed from well-designed
RCTs. In the meantime, treatment of mild hyperglycemia in early pregnancy remains
controversial due to lack of evidence from large RCTs supporting any benefit of treatment
of GDM before 24 weeks of pregnancy. Moreover, a diagnosis of GDM could also be
associated with increased medicalization of pregnancy (with more inductions and cesarean
sections) and an increased risk for SGA infants due to overtreatment. Furthermore, it
remains unclear which diagnostic criteria should be used to define GDM in early pregnancy,
and whether universal or selective screening should be used to detect GDM before 24 weeks.
Many studies evaluated high risk populations and there was also a high heterogeneity
in the risk factors used across the different studies to screen for GDM in early pregnancy.
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Several studies have shown that FPG in early pregnancy is a poor predictor for GDM
later in pregnancy. The IADPSG criteria might therefore not be appropriate to use in
early pregnancy.

4.3. Practical Implications

As for maternal and neonatal outcomes, smaller RCTs did not show benefits of early
screening and treatment of GDM. The EGGO and LIP studies were performed in obese
populations and showed no improvement in pregnancy outcomes in the group who
received treatment early in pregnancy compared to treatment later in pregnancy. These
data suggest that future studies should focus on interventions starting pre-pregnancy in
obese women. The pilot study of the TOBOGM study showed both benefits and harms of
early treatment of GDM in a high-risk population. The treated group had a lower LGA rate
but more NICU admissions, mainly due to a higher SGA rate. SGA can be a consequence of
overtreatment [52], or insufficient gestational weight gain [53]. This highlights the need for
data from large RCTs. The results of several large ongoing RCTs are expected for mid-2021
at the earliest. Many studies were conducted in a high-risk population. It is therefore also
important to have evidence on the potential benefit or harm of screening for early GDM in
low-risk populations and when using a universal screening strategy.

As we are waiting for stronger evidence from RCT’s, we do currently not recommend
screening and treatment of GDM before 24–28 weeks of gestation in our center [54]. In
line with the Flemish consensus of 2019 on screening for GDM [54], we recommend
to universally screen for overt diabetes in early pregnancy. In addition, we propose
a pragmatic approach for women who are diagnosed with mild hyperglycemia (FPG
5.5–6.9 mmol/L) in early pregnancy. We do not label these women as early GDM but advise
follow-up with a dietician early in pregnancy (since these women are often overweight)
and provide screening for GDM with an OGTT at 24 weeks of pregnancy [54].

The first results of the RCTs also show that treatment of women with HbA1c ≥ 5.7%
and/or an FTFPG ≥ 5.1 mmol/L in early pregnancy, does not improve pregnancy out-
comes [42]. HbA1c alone was not a good predictor for GDM early in pregnancy, because of
the low sensitivity. It should always be used with other standard diagnostic tests for GDM,
as was also demonstrated by the systematic review of Renz et al. [44]. FPG level generally
further decreases by the end of the first trimester. Using FPG early in pregnancy, can lead
to false positive results. Several studies have shown that an FPG level is a poor predictor
for GDM with a sensitivity and specificity of 33–66% to predict GDM later in pregnancy. In
contrast, the ToBOGM pilot study reported that 89% of the untreated women with early
GDM in their study developed GDM at 24–28 weeks of gestation [39]. However, an OGTT
was used in early pregnancy to screen for GDM (not only FTFPG) and this study evaluated
a high-risk population.

Studies did not always report the pre-analytical method of collecting blood for FPG.
Correct pre-analytic sampling of plasma glucose is important to prevent glycolysis and to
prevent false negative results. A recent study of O’Malley showed that fluoride tubes must
be stored on ice or must be centrifuged within 30 min to prevent glycolysis [55].

Since 2020, we have been faced with the impact of the COVID-19 pandemic on health
care delivery. This might also impact screening for GDM and diabetes in pregnancy. There
is a need to balance the sometimes-competing requirement of lowering the risk of direct
viral transmission against the potential adverse impact of service changes. A pragmatic
approach to screening for GDM is advised if an OGTT is not feasible. As an alternative,
FPG, RPG and HbA1c, can be used. Women with a high-risk profile or with a history of
GDM need to be closely monitored. It is important that usual guidelines and care will be
re-evaluated as soon as possible [46–49,51].

4.4. Strengths and Limitations

A strength of this overview is that we performed an extensive narrative review in-
cluding 45 studies evaluating the evidence on screening for GDM from both observational
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studies and RCTs. We provided an updated and detailed overview of the different observa-
tional and (ongoing) RCT’s, including data on timing of screening, the diagnostic criteria
used for GDM, the screening strategy and comparator used. In addition, we highlighted
the heterogeneity in risk factors used for selective screening in early pregnancy. However,
our review also has several limitations. We did not perform a systematic review and could
therefore not perform a meta-analysis. We could therefore also not assess the risk of bias of
individual studies and did not contact the authors for obtaining missing and unpublished
data. In addition, we did not assess the pre-analytical method of collecting blood for
FPG determination.

5. Conclusions

Observational studies show conflicting results as to whether screening and treatment
of GDM in early pregnancy is beneficial. However, most studies show that women with
early GDM are at high risk of adverse pregnancy outcomes. A slight majority of relevant
observational studies report an improved pregnancy outcome by treatment of early-onset
GDM. However, so far, RCTs have not provided conclusive evidence of the beneficial
effects of early treatment. Evidence from large RCTs is urgently needed, also evaluating
lower risk populations to determine appropriate early-pregnancy OGTT thresholds for the
diagnosis of GDM, and to assess the impact of early treatment on obstetrical outcomes and
long-term offspring health. RCTs are also necessary to determine the appropriate cut-off
of HbA1c in early pregnancy to identify women at risk for adverse pregnancy outcomes.
Therefore, we currently recommend a pragmatic approach for women diagnosed with
mild hyperglycemia in early pregnancy. A pragmatic approach to screen for GDM can
be implemented during the COVID-19 pandemic, using FPG, RPG or HbA1c. However,
routine guidelines and care must be re-evaluated as soon as possible.
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Appendix A

Table 1. This table gives an overview of the gestational diabetes mellitus diagnosis criteria used in this review.

Criteria OGTT FPG 1 h 2 h 3 h
Number of

Abnormal Values

C&C 100 g ≥5.3 mmol/L ≥10 mmol/L ≥8.6 mmol/L ≥7.8 mmol/L ≥2

NDDG 100 g ≥5.8 mmol/L ≥10.5 mmol/L ≥9 mmol/L ≥8 mmol/L ≥2

IADPSG, WHO 2013 75 g ≥5.1 mmol/L ≥10 mmol/L ≥8.5 mmol/L ≥1

ADA 100 g ≥5.3 mmol/L ≥10 mmol/L ≥8.6 mmol/L 7.8 mmol/L ≥2

WHO 1999 75 g ≥6 mmol/L ≥7.8 mmol/L ≥1

Finnish Diabetes
Association 75 g >5.3 mmol/L >10 mmol/L >8.6 mmol/L ≥1

New-Zealand criteria 75 g ≥5.5 mmol/L ≥9 mmol/L ≥1

O’Sullivan criteria 100 g ≥5 mmol/L ≥9 mmol/L ≥7.8 mmol/L ≥6.9 mmol/L ≥2

Chinese GDM
criteria 75 g ≥5.1 mmol/L ≥10 mmol/L ≥8.5 mmol/L ≥1

ADIPS 75 g ≥5.1 mmol/L ≥10 mmol/L ≥8.5 mmol/L ≥1
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Table 1. Cont.

Criteria OGTT FPG 1 h 2 h 3 h
Number of

Abnormal Values

Scottish
Intercollegiate

Guidelines Network
75 g ≥5.1 mmol/L ≥10 mmol/L ≥8.5 mmol/L ≥1

DIPSI 75 g ≥7.8 mmol/L ≥1

OGTT: oral glucose tolerance test; FPG: fasting plasma glucose; C&C: Carpenter and Coustan; NDDG: National Diabetes Data Group;
IADPSG: International Association of the Diabetes and Pregnancy Study Groups; WHO: World Health Organization; ADA: American
Diabetes Association; ADIPS: Australian Diabetes in Pregnancy society; DIPSI: Diabetes in Pregnancy Study Group India.
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Abstract: Background: Pregnancies in women with a history of bariatric surgery are becoming
increasingly prevalent. Surgically induced metabolic changes benefit mother and child, but can
also lead to some adverse pregnancy outcomes. Knowledge about glucose homeostasis in these
pregnancies could elucidate some of the mechanisms behind these outcomes. This review focusses
on glucose homeostasis and birth weight. Methods: We considered papers dealing with glucose
homeostasis, gestational diabetes mellitus (GDM) and/or small-for-gestational age infants (SGA) in
pregnancies with a history of sleeve gastrectomy (SG) or Roux-en-y gastric bypass (RYGB). Results:
Since an OGTT is unreliable to diagnose GDM in a pregnancy after bariatric surgery, the true incidence
of GDM is unknown. Alternative screening strategies are needed. Furthermore, these pregnancies
are marked by frequent hypoglycemic events as well as wide and rapid glycemic excursions, an issue
that is very likely underreported. There is a lack of uniformity in reporting key outcomes and a large
variation in study design and control population. Conclusion: Alteration of glucose homeostasis in
a pregnancy after bariatric surgery should be further studied using unequivocal definition of key
concepts. Glycemic control may prove to be a modifiable risk factor for adverse pregnancy outcomes
such as the delivery of an SGA baby.

Keywords: bariatric surgery; pregnancy outcome; glucose homeostasis; gestational diabetes mellitus;
gastric bypass; sleeve gastrectomy; small-for-gestational age; self-monitoring of blood glucose;
continuous glucose monitoring

1. Introduction

The prevalence of obesity continues to rise worldwide: in 2015 it was estimated to be 5% among
children and 12% among adults. In every age group, women are more affected than men [1]. In a Belgian
survey from 2018, 15.9% of the general population had obesity (body mass index (BMI) ≥30 kg/m2),
in comparison to 10.8% in 1997 [2]. Maternal obesity is also rising, with the Euro-Peristat (perinatal
health information in Europe) survey indicating a median prevalence of maternal obesity of 13.2% [3].
Maternal obesity during pregnancy is associated with increased risk of miscarriage, congenital
anomalies, gestational diabetes mellitus (GDM), macrosomia, caesarian section, hypertensive disorders
and admission to neonatal intensive care unit (NICU) [4,5]. For women with a BMI of ≥40 kg/m2 or a
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BMI of ≥35 kg/m2 with comorbidities, bariatric surgery is the most effective long-term treatment [6].
The International Federation for Surgery of Obesity and Metabolic Disorders (IFSO) global registry
report showed that between the period 2014 and 2018, 73.7% of all patients undergoing bariatric
surgery was female. Median age at the time of operation was 42 years [7]. This confirms other reports
that show that more than 50% of bariatric surgeries are performed in women of childbearing age [8].

The most commonly performed bariatric surgeries are currently Roux-en-Y gastric bypass
(RYGB) and sleeve gastrectomy (SG). Laparoscopic adjustable gastric banding (LAGB) has been
largely abandoned because of high long-term failure and removal rate [9,10]. Bariatric surgery
has historically been divided into malabsorptive and restrictive procedures. However, based on
vast scientific evidence from both animal and human research, this labeling does not reflect the
mechanisms of action [11]. Both RYGB and SG are associated with distinct glycemic patterns
marked by postprandial hyperinsulinemic hypoglycemia, nightly hypoglycemia and wide glycemic
variability [12,13]. Improvement in insulin sensitivity as marked by improvement in HOMA-IR
index (homeostatic model assessment for insulin resistance index) contributes largely to an improved
glucose homeostasis [14]. On the other hand, β-cell function does not seem to recover after RYGB [15].
The Swedish Obese Subjects (SOS) trial showed a 75% decrease in new onset type 2 diabetes mellitus 2
and 10 years after bariatric surgery [16]. Moreover, the improvement in glucose homeostasis occurs
before significant weight loss. A prospective randomized trial from Switzerland in non-pregnant
patients showed that HOMA-IR index was significantly reduced a week after surgery. The effect at
one week postoperative was more pronounced after RYGB, however after three months most SG
and RYGB subjects had similar insulin resistance to lean controls [17]. This improvement has been
attributed to an improved glucose-mediated incretin release [18]. However, this comes with a price,
since both RYGB and SG are marked by enhanced glycemic variability and frequent occurrence of
hypoglycemia [13,19,20].

Pregnancy after maternal bariatric surgery is a specific entity; it holds benefits as well as
possible harms for both mother and child. Four recent meta-analyses examined the specific risks
and benefits of a pregnancy after bariatric surgery (Table 1). Pregnancies after bariatric surgery,
as compared with non-surgical controls, were associated with lower risk of GDM (OR 0.20–0.47) [21–23];
lower risk of macrosomia/large-for-gestational age (LGA) infants (OR 0.31–0.46) [8,21–23] and
lower risk of hypertensive disorders of pregnancy (HDP) (OR 0.38–0.45) [21–23]. However other
outcomes were worse; all four meta-analyses reported a higher risk for small-for-gestational age
(SGA) (OR 1.93–2.23) [8,21–23]. Three meta-analyses also reported a higher risk for preterm birth (PB)
(OR 1,31–1,35) [8,21,22], and two reported a higher risk for perinatal death (PD) (OR 1.05–1.38) [8,21].

Table 1. Maternal and neonatal outcomes in a pregnancy after bariatric surgery.

Study Characteristics Cases/Controls * Control Outcome •

LGA GDM HDP SGA PB PD

Galazis et al., UK,
2014 [21] 5.361/160.773

obese o or
BMI

matched
0.46 † 0.47 † 0.45 ‡ 1.93 † 1.31 ‡ 1.05~

Akhter et al., UK and
Belgium, 2019 [8] 14.880/3.979.978 population 0.42 † NR NR 2.13 † 1.35 † 1.38 ‡

Kwong et al., Canada,
2018 [22] 8.364/2.780.717

population 0.31 ◦ 0.21 ◦ 0.38 ◦ 2.18 ◦ 1.33 ◦ ND

pre-S 0.20 ◦ 2.16 ◦

pre-P 1.04 ◦ 2.23 ◦

Yi et al., China, 2015 [23] 4.178/16.016 obese o 0.40 ◦ 0.31 ◦ 0.42 ◦ 2.16 ◦ 1.33 ◦ NR

BMI: body mass index, LGA: large for gestational age, GDM: gestational diabetes mellitus, HDP: hypertensive
disorders of pregnancy, SGA: small for gestational age, PB: premature birth, PD: perinatal death, NR: not reported,
ND: no difference * Cases represent number of pregnancies in women with a history of bariatric surgery/Controls
are pregnancies in women without history of bariatric surgery, • odds ratios are reported for cases versus controls †
p-value <0.001, ‡ p-value <0.05, ~no statistically significant difference, ◦ p-value not reported, o BMI ≥ 30 kg/m2,
Pre-S: pre-surgery BMI matched, Pre-P: pre-pregnancy BMI matched.
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In pregnancy, the effect of low glucose levels on unfavorable pregnancy outcomes are poorly
studied. A different intrauterine environment may be responsible for an infant to be SGA [24,25].
In the 1970s and 1980s, several authors report on the association between maternal hypoglycemia
during oral glucose tolerance test (OGTT) and intra uterine growth restriction [26–28]. A recent paper
in a non-bariatric surgery population confirmed a significant association between low fasting plasma
glucose and hypoglycemia during standard 2 h 75 gr OGTT and low birth weight [29].

Consequently, changes in glucose homeostasis after bariatric surgery may play an important role in
observed outcomes. In a normal pregnancy, insulin sensitivity shifts during gestation. Early gestation is
marked by an increased insulin sensitivity. When gestation progresses, a combination of maternal and
placental hormones induce a state of insulin resistance [30]. As such, the fetus receives more glucose
which, in turn, drives fetal production of insulin, an important growth factor in fetal live [31]. Since
bariatric surgery improves insulin resistance, this may explain the improvement in GDM diagnosis.
However, it could also be linked to the increased risk for SGA, since the level of insulin resistance in
the later stages of gestation could be insufficient to provide enough glucose flux to the fetus.

About 80% of GDM cases in normal pregnancy are related to β-cell dysfunction on a background
of chronic insulin resistance. The rate of GDM in the general population worldwide is about
16.5% [30]. However, there is a great variation in the diagnostic criteria for GDM worldwide [32,33].
In 2010, the ‘International Association of Diabetes and Pregnancy Study Groups’ (IADPSG) published
recommendations for GDM screening during pregnancy. A 2 h 75 g OGTT between 24 and 28 weeks
is recommended.

The purpose of this scoping review is to explore the existing evidence on the specific changes
in glucose homeostasis as a result of the combined impact of pregnancy and altered gastro-intestinal
physiology after RYGB and SG. In addition, data on the influence of altered glucose handling on fetal
growth and diagnosis of GDM are analyzed.

2. Methods

2.1. Data Search

We applied the PRISMA guidelines for Scoping Reviews [34]. Between 15th January 2020
and 17th February 2020, a PubMed search was performed. The search was limited to research on
humans, published after 2010. Studies on both singleton and multiple pregnancies were included.
Since RYGB and SG are the most commonly performed bariatric surgery procedures, these search
terms were used. However, data on other types of bariatric surgery were also included since it was
often impossible to extract data specifically for SG and RYGB. The following search terms were
used: (“Pregnancy”(Mesh) AND “Glucose”(Mesh) AND “Bariatric Surgery”(Mesh) OR “Gastric
Bypass”(Mesh) OR “Gastrectomy”(Mesh) AND “Hypoglycemia”(Mesh) OR “Glucose”(Mesh));
(“Infant, Small for Gestational Age”(Mesh) AND “Bariatric Surgery (Mesh) OR “Gastric Bypass”(Mesh)
OR “Gastrectomy”(Mesh) AND “Nutrient”(Mesh)); (“Bariatric Surgery”(Mesh) OR “Gastric
Bypass”(Mesh) OR “Gastrectomy”(Mesh) AND “Diabetes, Gestational”(Mesh)). In addition,
we hand-searched the reference lists of all selected articles and reviews. Exclusion criteria included no
full text, full text not in English or Dutch, opinion, editorial, case report, not relevant or animal studies.
Duplicates were removed. Certain clinical practice guidelines and narrative reviews were only used to
underline arguments and were therefore not mentioned in the flow chart of included articles.

2.2. Data Analysis

We included original and review articles. Since this is not a systematic review, no quality analysis of
the selected studies was done. We did not use a review protocol, data charting was done independently.
We performed a descriptive analysis of all original articles using the following data: year, type of study,
size of patient group, type of bariatric surgery performed, type of control group and outcome variables.
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Numbers reported in tables represent total number of pregnancies after bariatric surgery. Glycemic
values are reported in mg/dL.

All four systematic reviews with meta-analysis are summarized in Table 1 with odds ratios
regarding: macrosomia/LGA, GDM, hypertensive disorders of pregnancy, SGA, preterm birth and
perinatal death.

3. Literature Search and Overview of Selection

Initially, a total of 243 articles was found. After screening of titles and abstracts on relevance
for the topic, we included 101 articles. We excluded 14 articles because of duplicate or publication
before 2010. After applying exclusion criteria we retained 57 papers: 53 original articles and four
meta-analyses (Figure 1).

Figure 1. Literature search and selection process.

4. Results

4.1. Characteristics of Glucose Homeostasis in Pregnancy After Bariatric Surgery

We identified nine observational studies that report on glycemic levels during a pregnancy after
bariatric surgery (Table 2). Seven studies had a study population of less than 50 participants.

The most common technique to evaluate maternal glucose homeostasis in a pregnancy after
bariatric surgery was a 75 or 100 g OGTT [35,37–43]. Consistently, a high prevalence of hypoglycemic
events during the OGTT was reported, ranging from 5.26% to 90% of all patients. A retrospective
cohort study from 2016 described glucose levels during an OGTT in pregnant RYGB women and
BMI-matched, lean and obese controls. Mean fasting glucose was significantly lower in pregnant
women after RYGB (74.95 mg/dL). Pregnant women after RYGB had a glycemic rise at 60 min, followed
by hypoglycemia (<60 mg/dL) at 120 min, occurring in 54.8% of cases. When considering glycemic
levels at 120 min (and not at 60 min) only 1.6% met the IADPSG criteria for GDM. When considering
glycemic levels at 60 min, 43.5% of the post-RYGB women met the IADPSG criteria for GDM, however
39.3% of these women developed hypoglycemia at 120 min. The control group of obese women had no
hypoglycemic episodes [37]. The highest rates of hypoglycemic events were reported in a population
of RYGB patients that underwent an extended and frequently sampled 3 h 75 g OGTT after at least
8 h of fasting. Ninety percent of these women developed hypoglycemia (<50 mg/dL). The mean
plasma glucose nadir in the RYGB group was 42.5 mg/dL [39]. After a 3 h 100 g OGTT, another group
confirmed that the nadir was reached in 2 h in 42.4% and only after 3 h in 57.6%. Hypoglycemia was
most commonly seen after RYGB (83.3%) and SG (54.5%), and less after LAGB (11.8%) [43].

144



J.
C

li
n

.
M

ed
.2

0
2
0
,9

,2
73

2

T
a

b
le

2
.

G
lu

co
se

pr
ofi

le
in

a
pr

eg
na

nc
y

af
te

r
ba

ri
at

ri
c

su
rg

er
y.

A
u

th
o

r,
Y

e
a
r

D
e
si

g
n

C
a
se

s
*

T
y

p
e

o
f

B
S

C
o

n
tr

o
l

G
ro

u
p

T
e
st
†

H
y

p
o

g
ly

ce
m

ia
S

y
m

p
to

m
s

C
o

n
cl

u
si

o
n
‡

A
nd

ra
de

,2
01

6
[3

5]
C

as
e

se
ri

es
38

N
R

N
ot

-p
re

gn
an

tp
os

t-
BS

O
G

TT
5.

26
%

(≤
50

m
g/

dL
)

26
.3

1%
Lo

w
er

ri
sk

of
hy

po
gl

yc
em

ia
du

ri
ng

pr
eg

na
nc

y
ve

rs
us

no
n-

pr
eg

na
nt

po
st

BS
co

nt
ro

l.

Bo
ni

s,
20

16
[3

6]
C

as
e

se
ri

es
35

R
Y

G
B

no
C

G
M

N
R

N
R

H
ig

h
m

ea
n

m
ax

im
um

IG
,l

ow
m

ea
n

m
in

im
um

IG
.

Fe
ic

ht
in

ge
r,

20
17

[3
7]

R
et

ro
sp

ec
ti

ve
co

ho
rt

76
R

Y
G

B

BM
Im

at
ch

ed
∞

O
G

TT
54

.8
%

(≤
60

m
g/

dL
)

N
R

Lo
w

er
fa

st
in

g
gl

uc
os

e,
gl

yc
em

ic
ri

se
at

60
m

in
,

fo
llo

w
ed

by
hy

po
gl

yc
em

ia
.T

re
nd

to
po

si
ti

ve
as

so
ci

at
io

n
be

tw
ee

n
FG

an
d

BW
.

le
an
∞

ob
es

e
∞

Fr
ei

ta
s,

20
14

[3
8]

C
as

e
se

ri
es

30
R

Y
G

B
no

O
G

TT
25

%
(≤

50
m

g/
dL

)
57

.9
%

N
ew

di
ag

no
st

ic
cr

it
er

ia
fo

r
G

D
M

in
cr

ea
se

di
ag

no
si

s
of

G
D

M
af

te
r

R
Y

G
B

w
it

h
50

%
,b

ut
no

ch
an

ge
in

pr
eg

na
nc

y
ou

tc
om

e.

G
öb

l,
20

17
[3

9]
R

et
ro

sp
ec

ti
ve

co
ho

rt
25

R
Y

G
B

m
or

bi
dl

y
ob

es
e
∞

O
G

TT
(3

h)
90

%
(≤

50
m

g/
dL

)
N

R
Po

si
ti

ve
as

so
ci

at
io

n
be

tw
ee

n
FG

an
d

m
at

er
na

l
gl

uc
os

e
na

di
r

le
ve

l.
IS

du
ri

ng
O

G
TT

re
m

ai
ne

d
im

pr
ov

ed
in

R
Y

G
B

ve
rs

us
BM

Im
at

ch
ed

co
nt

ro
l.

le
an
∞

IV
G

TT

Le
ut

ne
r,

20
19

[4
0]

Pr
os

pe
ct

iv
e

co
ho

rt
25

R
Y

G
B

ob
es

e
∞

O
G

TT
76

%
(<

54
m

g/
dL

,
A

D
A

gu
id

el
in

es
)

N
R

H
ig

h
ri

sk
of

ni
gh

tl
y

hy
po

gl
yc

em
ia

.

IV
G

TT
Po

st
pr

an
di

al
hy

po
gl

yc
em

ia
is

G
LP

-1
re

gu
la

te
d.

le
an
∞

C
G

M

M
ar

ic
,2

01
9

[4
1]

Pr
os

pe
ct

iv
e

co
ho

rt
41

LA
G

B,
SG

,

pr
e-

P
∞

O
G

TT
H

O
M

A
-I

R
43

.9
0%

(<
60

m
g/

dL
)

N
R

Lo
w

er
H

O
M

A
-I

R
,b

ir
th

w
ei

gh
ta

nd
bo

dy
fa

t,
sa

m
e

co
rd

H
O

M
A

-I
R

.

R
Y

G
B

Po
si

ti
ve

as
so

ci
at

io
n

be
tw

ee
n

po
st

pr
an

di
al

gl
uc

os
e

le
ve

la
nd

BW

M
ar

ic
,2

02
0

[4
2]

Pr
os

pe
ct

iv
e

co
ho

rt
47

20
SG

an
d

pr
e-

P
∞

O
G

TT
48

.7
8%

(<
60

m
g/

dL
)

N
R

M
at

er
na

lg
lu

co
se

le
ve

la
tO

G
TT

is
po

si
ti

ve
ly

as
so

ci
at

ed
w

it
h

EF
W

an
d

BW
LA

G
B

27
R

Y
G

B

R
ot

te
ns

tr
ei

ch
,2

01
8

[4
3]

R
et

ro
sp

ec
ti

ve
co

ho
rt

11
9

55
SG

no
O

G
TT

(3
h,

10
0

gr
)

49
.6

%
(≤

55
m

g/
dL

)
N

R

H
yp

og
ly

ce
m

ia
gr

ou
p:

sh
or

te
r

su
rg

er
y

to
co

nc
ep

ti
on

in
te

rv
al

,l
es

s
G

D
M

,m
or

e
SG

A
.

34
LA

G
B

30
R

Y
G

B
H

yp
og

ly
ce

m
ia

m
os

tp
re

va
le

nt
af

te
r

R
Y

G
B

BS
:b

ar
ia

tr
ic

su
rg

er
y,

N
R

:n
ot

re
po

rt
ed

,O
G

TT
:o

ra
lg

lu
co

se
to

le
ra

nc
e

te
st

,R
Y

G
B:

R
ou

x-
en

-y
ga

st
ri

c
by

pa
ss

,C
G

M
:c

on
tin

uo
us

gl
uc

os
e

m
on

ito
ri

ng
,I

G
:i

nt
er

st
iti

al
gl

uc
os

e,
BM

I:
bo

dy
m

as
s

in
d

ex
,F

G
:f

et
al

gr
ow

th
,B

W
:b

ir
th

w
ei

gh
t,

G
D

M
:g

es
ta

ti
on

al
d

ia
be

te
s

m
el

lit
u

s,
IV

G
T

T:
in

tr
av

en
ou

s
gl

u
co

se
to

le
ra

nc
e

te
st

,I
S:

in
su

lin
se

ns
it

iv
it

y,
A

D
A

:A
m

er
ic

an
d

ia
be

te
s

as
so

ci
at

io
n,

G
L

P-
1:

gl
uc

ag
on

-l
ik

e
pe

pt
id

e
1,

L
A

G
B

:l
ap

ar
os

co
pi

c
ad

ju
st

ab
le

ga
st

ri
c

ba
nd

,S
G

:s
le

ev
e

ga
st

re
ct

om
y,

Pr
e-

P:
pr

e-
pr

eg
na

nc
y

B
M

Im
at

ch
ed

,H
O

M
A

-I
R

:h
om

eo
st

as
is

m
od

el
as

se
ss

m
en

to
f

in
su

lin
re

si
st

an
ce

,E
FW

:e
st

im
at

ed
fe

ta
lw

ei
gh

t,
SG

A
:s

m
al

lf
or

ge
st

at
io

na
la

ge
,*

nu
m

be
r

of
pr

eg
na

nt
w

om
en

w
ith

a
hi

st
or

y
of

ba
ri

at
ri

c
su

rg
er

y,
∞

co
nt

ro
lg

ro
up

w
ith

ou
th

is
to

ry
of

ba
ri

at
ri

c
su

rg
er

y,
†

st
an

da
rd

O
G

T
T

is
2

h
75

gr
,n

on
-s

ta
nd

ar
d

m
et

ho
d

is
de

sc
ri

be
d

be
tw

ee
n

br
ac

ke
ts

,p
er

ce
nt

ag
e

of
pr

eg
na

nt
w

om
en

w
it

h
a

hi
st

or
y

of
ba

ri
at

ri
c

su
rg

er
y

di
sp

la
yi

ng
hy

po
gl

yc
em

ia
an

d/
or

sy
m

pt
om

s.
C

ut
-o
ff

va
lu

es
fo

r
hy

po
gl

yc
em

ia
ar

e
m

en
ti

on
ed

be
tw

ee
n

br
ac

ke
ts

,‡
m

ai
n

co
nc

lu
si

on
re

ga
rd

in
g

pr
eg

na
nc

ie
s

w
it

h
m

at
er

na
lh

is
to

ry
of

ba
ri

at
ri

c
su

rg
er

y.

145



J. Clin. Med. 2020, 9, 2732

A prospective observational study from the UK compared maternal insulin resistance in pregnant
women after bariatric surgery versus pregnant women with similar BMI. A reduced insulin resistance,
as assessed by HOMA-IR index, was found in pregnancies after bariatric surgery. The authors conclude
that the positive effect of bariatric surgery on insulin resistance cannot solely be explained by weight
reduction [41].

Two studies performed an intravenous glucose tolerance test (IVGTT) [39,40]. In 2017, Göbl et al.
showed that IVGTT-derived insulin response was comparable between post RYGB pregnant women
and normal weight pregnant women. They concluded that reactive hypoglycemia noticed after OGTT
must be attributed to the specific anatomical alterations after gastric bypass surgery. An IVGTT
reflects only the effect of plasma glucose on insulin release by the β-cell, whereas an OGTT reflects
the additional effect of the altered gastro-intestinal tract on insulin release [39]. Leutner et al. also
described an exaggerated expression of GLP-1 just before the occurrence of a hypoglycemic event in
pregnant women after RYGB. This suggests that GLP-1 might be the main driver of this postprandial
hyperinsulinemic hypoglycemia [40].

There are only two observational studies available with data on continuous glucose monitoring
(CGM) during pregnancy after bariatric surgery [36,40]. In addition, there is one case report on the
subject [44]. All three studies reported on CGM during pregnancy after RYGB. Bonis et al. described
CGM in 35 RYGB pregnant women at 26.2 ± 5 weeks and reported wide and rapid changes in
postprandial interstitial glucose (IG), as well as frequent hypoglycemia. The authors compared there
results with CGM data from other studies in non-operated pregnant women and found these profiles to
be very different. They showed that pregnant women after bariatric surgery have a lower mean fasting
IG, similar 1 h postprandial IG and significantly lower 2 h postprandial IG. The postprandial IG peak
occurred earlier, and the value was higher compared to non-operated women. The authors suggest
therefore that a 75 g OGTT is probably a poor diagnostic tool for GDM, since baseline and 2 h value will
be lower, and 1 h value will not be representative of the highest value [36]. In a study by Leutner et al.,
it was shown that pregnant women with previous RYGB had both the highest and the lowest mean IG
values when comparing with non-operated normal-weight and obese pregnant women on a week-long
CGM. The CGM (iPro2, Medtronic MiniMed, Northridge, CA, USA) was blinded to the participants
and only retrospectively analyzed by the investigators. Glucose profile in a pregnancy after RYGB was
characterized by frequent hypoglycemic events overnight. Daytime was characterized by glycemic
variations with large amplitude, postprandial hyperglycemic spikes and hypoglycemic events [40].

A 2019 prospective observational study investigated cord blood glucose and insulin levels in a
pregnancy after bariatric surgery (41 women), compared to levels in a pregnancy without maternal
bariatric surgery (82 women). The control group was matched according to early pregnancy BMI.
Investigators found no difference in cord blood glucose or insulin levels between both groups. Moreover,
no association between maternal and neonatal insulin resistance was found [41]. This is in contrast to a
2009 report from Cleveland, (Ohio, USA) demonstrating an association between maternal obesity and
fetal insulin resistance in normal pregnancy [45].

There is no evidence that treatment of GDM diagnosed by an OGTT in this population leads to
improved pregnancy outcomes. This is highlighted by the study of Freitas et al. When applying the
IADPSG criteria instead of the Carpenter and Coustan criteria in 30 post-RYGB pregnant women they,
found a 50% increase in diagnosis of GDM, however, there was no difference in outcomes [38].

4.2. Is Abnormal Glucose Homeostasis a Main Culprit for Fetal Growth Retardation in A Pregnancy After
Bariatric Surgery?

We identified 28 studies on the prevalence of SGA in a pregnancy after bariatric surgery (Table 3).
These studies included smaller cohorts or case series, and larger population-based cohort studies.
There were three nationwide studies from Denmark [46–48], three from Sweden [49–51] and four from
the USA [52–55].
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Table 3. Prevalence of small-for-gestational-age infants (SGA) in a pregnancy after bariatric surgery.

Author, Year Design Cases * Type of BS Control Group∞ SGA Definition • SGA Prevalence

Adams, 2015 [52] Cohort, population 764 RYGB obese ≤ 10th percentile OR: 2.16

Balestrin, 2019 [56] Cohort, single center 93 Uncertain obese < 10th percentile 19.4% vs. 11.6%

Basbug, 2019 [57] Case series, single center 23 SG no < 10th percentile 8.69%

Belogolovkin, 2012 [53] Cohort, population 293 Uncertain obese < 10th percentile 2.69

Chevrot, 2016 [58] Case control, single center 139 RYGB, SG, LAGB
pre-P

< 10th percentile
29% vs. 6% ~

pre-S 17% vs. 9% ~

Costa, 2018 [59] Case series, single center 39 RYGB, SG, LAGB no < 10th percentile 17.9%

Dolin, 2019 [60] Cohort, single center 76 RYGB, SG, LAGB no < 10th percentile 0%

Ducarme, 2013 [61] Cohort, multicenter 94 RYGB, LAGB no < 10th percentile
RYGB: 32.3%

LAGB: 17.5%

Feichtinger, 2018 [62] Case control, single center 43 RYGB BMI matched NR 26.2% vs. 4.7% ‡

Gascoin, 2017 [63] Case control, single center 56 RYGB lean < 10th percentile 23% vs. 3.6%~

Gonzalez, 2015 [64] Case series, multicenter 168 RYBG, SG, VBG,
LAGB, BPD no < 3rd percentile 19.6%

Grandfils, 2019 [65] Case series, multicenter 337 RYGB, SG, LAGB no < 10th percentile 25.81%

Hammeken, 2017 [66] Cohort, single center 151 RYGB pre-P 22% below average 2.67 OR

Hazart, 2017 [67] Case series, single center 57 RYGB, LAGB, SG no < 10th percentile 36%

Johansson, 2015 [49] Cohort, population 670 RYGB (98%),
LAGB, other pre-S < 10th percentile 15.6% vs. 7.6% †,

OR 2.20

Josefsson, 2011 [50] Cohort, population 126 RYGB, VBG, LAGB population ≥ 2 SD below mean 3.38% vs. 2.1% ~

Karadag, 2019 [68] Cohort, single center 90 SG obese < 10th percentile 17.7% vs. 7.4%

Kjaer, feb 2013 [47] Cohort, population 339 RYGB, LAGB pre-P ≥ 2 SD below mean OR: 2.29, RYGB:
2.78

Kjaer, mar 2013 [48] Case series, population 286 RYGB no ≥ 2 SD below mean 7.69%

Lesko, 2012 [69] Cohort, single center 70 RYGB, LAGB
pre-P

NR
17.4% vs. 5.0% ~

pre-S (OR 3.94)

Norgaard, 2014 [46] Cohort, population 387 RYGB population < 10th percentile 18.8%

Parent, 2017 [54] Cohort, population 1859 RYGB, SG, LAGB,
VBG population < 10th percentile 13.0% vs. 8.9%

(RR 1.93 adjusted)

Parker, 2016 [55] Cohort, population 1585 NR obese population < 10th percentile •• 5.7% vs. 2.2% †

Roos, 2013 [51] Cohort, population 2562 RYGB, VBG, LAGB,
other BMI > 35 ≥ 2SD below mean 5.2% vs. 3%†, OR 2

Rottenstreich, ma 2018 [70] Case control, multicenter 119 SG pre-S < 10th percentile 14.3% vs. 4.2% ~

Rottenstreich, sep 2018 [71] Case series, single center 154 SG no < 10th percentile 13.64%

Sancak, 2019 [72] Case series, single center 44 SG no < 10th percentile 25%

Stentebjerg, 2017 [73] Case series, single center 71 RYGB no ≥ 2SD below mean 1.4%

BS: bariatric surgery, OR: odds ratio, RYGB: Roux-en-y gastric bypass, NR: not reported, LAGB: laparoscopic
adjustable gastric band, VBG: vertical banded gastroplasty, SG: sleeve gastrectomy, Pre-P: pre-pregnancy BMI
matched, Pre-S: pre-surgery BMI matched, BMI: body mass index, BPD: biliopancreatic diversion, SD: standard
deviation, RR: relative risk, * number of pregnant women with a history of bariatric surgery,∞ control group without
history of bariatric surgery, † p-value < 0.001, ‡ p-value < 0.05, ~ no statistically significant difference, p-value not
reported, • of mean birth weight, unless otherwise mentioned •• of mean weight during pregnancy.

There are several findings that point to an association between SGA and abnormal glycemic
levels after bariatric surgery. An Austrian paper investigated differences in frequently sampled 3 h
75 g OGTT and IVGTT in RYGB patients compared to obese and normal-weight control pregnant
women. The results were correlated with pregnancy outcomes. A positive association was found
between fetal growth and maternal glucose nadir during the OGTT [39]. A 2019 observational study
investigated glucose levels during 75 g OGTT, as well as cord blood analyses, neonatal weight and
body composition. In this report, a positive correlation was found between birthweight and post OGTT
glucose level [41]. In an Israeli study, evaluating pregnancy outcomes after bariatric surgery between a
group with hypoglycemic events compared to a group without hypoglycemic events, the hypoglycemic
group presented with less GDM, but more SGA [43].

The timing of growth retardation in these fetuses is a topic of debate. A 2017 Austrian study
found more pronounced hypoglycemia during an OGTT to be associated with reduced fetal abdominal
circumference during the second trimester of pregnancy [62]. A 2020 prospective longitudinal study
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from the UK showed reduced fetal growth velocity starting in the third trimester, when compared
to non-operated women with similar pre-pregnancy BMI [42]. A Danish national cohort study
investigating 387 women after RYGB found an overall SGA proportion of 18.8%. In contrast to other
studies, they found that early fetal growth was significantly impaired when compared to a historical
cohort of 9450 singleton pregnancies in Denmark [46].

A large cohort study from Sweden with 670 pregnancies after bariatric surgery of which 98% were
RYGB, noted more SGA when there was a longer surgery to conception interval [49]. On the other
hand, a Turkish retrospective study investigating outcome after SG, found more SGA with a shorter
surgery to conception interval [68]. A Danish national cohort study found no significant difference in
SGA depending on a short or long surgery to conception interval (before or after 18 months: 19.7%
versus 18%), there was a trend to lower SGA rates with increasing maternal BMI [46].

4.3. Prevalence of GDM in a Pregnancy After Bariatric Surgery

We identified 35 studies on the prevalence of GDM in a pregnancy after bariatric surgery (Table 4).
These studies include smaller cohorts or case series, and larger population-based cohort studies.
There are three population studies from Denmark [47,48,74], three from the USA [52,53,55], two from
Sweden [49,50] and one from Australia [75]. Only 15 studies reported on the method of diagnosis of
GDM: oral glucose tolerance test (OGTT), capillary blood glucose monitoring (CBGM) or measurement
of glycosylated hemoglobin (HbA1c) (Table 4).

Table 4. Prevalence of GDM in a pregnancy after bariatric surgery.

Author, Year Design Cases * Type of BS Control Group∞ GDM Test • GDM Prevalence

Adams, 2015 [52] Cohort, population 764 RYGB obese NR OR: 0.33 †

Amsalem, 2014 [76] Retrospective cohort 109 LAGB, VBG pregnancy before BS NR 6.1% vs. 19% ~

Balestrin, 2019 [56] Cohort, single center 93 Uncertain obese OGTT 12.9% vs. 26.5% ~

Basbug, 2019 [57] Case series, single center 23 SG no OGTT 0%

Belogolovkin, 2012 [53] Cohort, population 293 Uncertain obese NR OR: 0.44

Berlac, 2014 [74] Cohort, population 415 RYGB
pre-P

NR
9.2% vs. 8.1%

lean 9.2% vs. 1.3% †

Burke, 2010 [77] Retrospective cohort 354 87% RYGB pregnancy before BS NR
8% vs. 27%

OR 0.23◦

Chevrot, 2016 [58] Case control, single center 139 RYGB, SG, LAGB
pre-P

NR
12 vs. 10% ~

pre-S 12 vs. 23 % ~

Costa, 2018 [59] Case series, single center 39 RYGB, SG, LAGB no NR 7.7%

De Alencar Costa, 2016 [78] Retrospective case-control 63 RYGB obese NR 0% vs. 19.2% †

Dolin, 2019 [60] Cohort, single center 76 RYGB, SG, LAGB no OGTT or CBGM 2.63%

Ducarme, 2013 [61] Cohort, multicenter 94 RYGB, LAGB no OGTT (50 or 75 gr) 19.4%

Gascoin, 2017 [63] Case control, single center 56 RYGB lean NR 1.78% vs. 0% ~

Gonzalez, 2015 [64] Case series, multicenter 168 RYBG, SG, VBG,
LAGB, BPD no OGTT (50 or 100 gr) 3%

Grandfils, 2019 [65] Case series, multicenter 337 RYGB, SG, LAGB no NR 26.34%

Han, 2013 [79] Case series 12 SG no NR 0%

Hazart, 2017 [67] Case series, single center 57 RYGB, LAGB, SG no OGTT (50 gr) 18%

Ibiebele, 2019 [75] Retrospective cross sectional 1484 RYGB, LAGB, SG population NR 10.8% vs. 8.3% †

Ibiebele, 2019 [75] Retrospective cross sectional 1484 RYGB, LAGB, SG population NR 10.8% vs. 8.3% †

Johansson, 2015 [49] Cohort, population 670
RYGB (98%),
LAGB, other

pre-S OGTT or CBGM
1.9 vs. 6.8% †

OR 0.25

Josefsson, 2011 [50] Cohort, population 126 RYGB, VBG, LAGB population NR no difference

Karadag, 2019 [68] Cohort, single center 90 SG obese OGTT 6.6% vs. 29.6%

Kjaer, feb 2013 [47] Cohort, population 339 RYGB, LAGB pre-P NR 8.9% vs. 7.1% ~

Kjaer, mar 2013 [48] Case series, population 286 RYGB no NR 9.44%

Lesko, 2012 [69] Cohort, single center 70 RYGB, LAGB
pre-P

OGTT (3 h)
0% vs. 9.3%, OR 0.04 ~

pre-S 0% vs. 16.4%, OR 0.07 ~

Malakauskiene, 2019 [80] Retrospective cohort 130 RYGB, LAGB no OGTT 2.31%

Parker, 2016 [55] Cohort, population 1585 NR obese NR 7.3% vs. 4.4% ~

Rasteiro, 2018 [81] Case series 86 RYGB, LAGB no OGTT or CBGM 19.77%
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Table 4. Cont.

Author, Year Design Cases * Type of BS Control Group∞ GDM Test • GDM Prevalence

Rottenstreich, ma 2018 [70] Case control, multicenter 119 SG pre-S NR 3.4% vs. 17.6% †

Rottenstreich, sep 2018 [71] Case series, single center 154 SG no OGTT (100 gr, 3 h)
or CBGM 2.6%

Rottenstreich, 2019 [82] Retrospective case control 22 RYGB, LAGB, SG pre-S OGTT (100 gr, 3 h)
or CBGM 9.1% vs. 36.4% †

Shai, 2014 [83] Retrospective cohort 326 NR obese NR 10.1% vs. 14.7% ‡

Sheiner, 2011 [84] Case series 489 RYGB, LAGB, VBG no NR 7.98%

Stone, 2011 [85] Case series 102 NR no NR 11.76%

Watanabe, 2019 [86] Case series, single center 24 RYGB, SG, LAGB,
BPD-DS no HbA1c ≥ 6.5% 8.33%

Yau, 2017 [87] Case series 49 RYGB, LAGB, SG no OGTT 2.44%

BS: bariatric surgery, GDM: gestational diabetes mellitus, RYGB: Roux-en-y gastric bypass, NR: not reported, vs:
versus, OR: odds ratio, LAGB: laparoscopic adjustable gastric band, VBG: vertical banded gastroplasty, OGTT:
oral glucose tolerance test, SG: sleeve gastrectomy, Pre-P: pre-pregnancy BMI matched, Pre-S: pre-surgery BMI
matched, BMI: body mass index, BPD: biliopancreatic diversion, CBGM: capillary blood glucose monitoring,
BPD-DS: biliopancreatic diversion with duodenal switch, HbA1c: glycosylated hemoglobin, * number of pregnant
women with a history of bariatric surgery,∞ control group without history of bariatric surgery, • standard OGTT is
2 h 75 gr, non-standard method is described between brackets, † p-value < 0.001, ‡ p-value < 0.05, ~ no statistically
significant difference, p-value not reported.

In most observational studies where a non-operated control group was used, bariatric surgery
is associated with a lower prevalence of GDM (Table 4). Prevalence of GDM after bariatric surgery
in these studies ranged from 0 to 12.9% [49,52,53,56,68–70,76–78,82,83]. Other studies comparing the
GDM rate to a non-operated group showed a higher rate of GDM in women with a history of bariatric
surgery [47,55,63,74,75]. There is significant heterogeneity in both case and control groups (Table 4).

The highest rate of GDM (26.34%) after bariatric surgery was found in a 2019 paper investigating
the effect of gestational weight gain on pregnancy outcomes after bariatric surgery. A total of 337
pregnancies in women that underwent RYGB, SG and LAGB were studied. GDM diagnosis was based
on patient charts, no information was available on the diagnostic method. Surprisingly, GDM was
most prevalent in the group that had insufficient gestational weight gain (29.7%), whereas in the group
of patients with excessive weight gain, a percentage of 22.1% was noted [65].

4.4. Impact of the Interval Between Bariatric Surgery And Pregnancy on the Prevalence of GDM

A recent Eurasian consensus paper recommends that pregnancy should be postponed until
stable weight is achieved. In practice, this means 12 months after RYGB or SG [88]. The reason to
delay a pregnancy is to prevent adverse outcome, mainly SGA. Several studies reported no difference
in prevalence of GDM when comparing an interval shorter or longer than 1 year after bariatric
surgery [48,60,68,80,84]. Other studies investigated longer intervals, of up to 2 years, and also showed
no difference [49,57,71,81,87]. These effects were similar in different types of bariatric surgery including
SG and RYGB.

There is however some evidence that a shorter interval between surgery and pregnancy is
associated with a higher risk for hypoglycemia following a 100 g OGTT, as was shown by a study
from Israel with patients after RYGB, SG and LAGB. In the hypoglycemia group, time from surgery to
conception was significantly shorter (median 711 versus 1246 days, p = 0.002), risk of GDM tended to be
lower (0% versus 10.9%, p-value: 0.3) and risk of SGA was higher (11.9% versus 1.7%, p-value: 0.3) [43].
A study investigating the effect of a 75 g OGTT in pregnant women with previous SG, compared
women that became pregnant in the year after SG with women that conceived after twelve months.
The early conception group reported more early (58%) and late (16%) dumping symptoms than the
late conception group (14% and 9%, respectively) [68].

4.5. Impact of BMI After Bariatric Surgery on the Prevalence of GDM

In a case series of 102 post-bariatric-surgery pregnant women (type of surgery not reported),
there was no difference in GDM prevalence between BMI ≥ 30 versus < 30 kg/m2 [85]. A larger cohort
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study from Sweden confirmed this finding, showing that pre-pregnancy BMI and the amount of
weight loss from bariatric surgery to early pregnancy does not modify the effect of bariatric surgery
on the risk of developing GDM. In the bariatric surgery group with BMI < 42.1 versus ≥ 42.1 kg/m2,
GDM occurred in, respectively, 2.5% versus 1.5% of cases after bariatric surgery. In the bariatric surgery
group with a decrease in BMI of ≥ 12.9 versus <12.9 kg/m2, GDM occurred in 2.3% versus 1.6% of
cases [49]. A French case series studied the effect of the amount of gestational weight gain in 337
pregnancies after bariatric surgery (RYGB, SG, LAGB), according to the 2009 Institute of Medicine
(IOM) recommendations. Insufficient gestational weight gain (35%), as well as excessive gestational
weight gain (38%) were frequent. The amount of gestational weight gain, however, had no statistically
significant effect on the prevalence of GDM. GDM occurred in 29.7%, 28.1% and 22.1% of women with
insufficient, adapted and excessive gestational weight gain, respectively (p-value: 0.36). There was no
information on how GDM diagnosis was made. Insufficient gestational weight gain was positively
correlated with low birth weight and SGA. Surgery to conception interval had no influence on the
amount of gestational weight gain in this study [65].

4.6. Impact of Type of Bariatric Surgery on Prevalence of GDM

To our knowledge, there are no studies directly comparing the difference in GDM prevalence
between SG and RYGB. Few studies have looked specifically at the prevalence of GDM after SG and
report a percentage of 0–6.6% [57,68,71]. These studies used OGTT or CBGM. GDM prevalence in
these studies was low when compared to studies in RYGB patients. A prospective observational study
from the UK investigated pregnancy outcomes after restrictive versus malabsorptive bariatric surgery.
The malabsorptive group consisted solely of women with RYGB; the restrictive group consisted of
patients after SG or LAGB. GDM diagnosis was made with a 75 g OGTT. In the RYGB group, 0% of GDM
was recorded in the SG-LAGB group, 21.1%. However, maternal post-prandial hypoglycemia was
significantly more prevalent in the RYGB group (70%) compared with the SG-LAGB group (22%) [41].
The effect of SG on the development of postprandial hypoglycemia may be blunted by mixing LAGB
with SG in one combined group, as a cohort study with 30 RYGB, 55 SG and 34 LAGB pregnant women
showed postprandial hypoglycemia percentages of 83.3%, 54.5% and 11.8%, respectively [43].

5. Discussion

5.1. Summary of Findings

In this scoping review, we show that hypoglycemia as well as large and rapid glycemic excursions
are underreported in pregnancies after bariatric surgery. These changes in glucose homeostasis may be
responsible for adverse pregnancy outcomes such as SGA. The diagnosis of GDM in a pregnancy after
bariatric surgery is challenging. Most studies reporting on GDM prevalence are based on an OGTT,
although this test is considered unreliable.

5.2. Results in Relation to What We Already Know

Clinical practice recommendations on the diagnosis of GDM were published by the American
Diabetes Association (ADA) in 2020 [89]. Screening for overt diabetes should be done at first prenatal
contact using standard diagnostic criteria. In women without pre-existing diabetes mellitus, a test
for GDM is advised at 24–28 weeks of gestation. GDM diagnosis can be made with one of two
methods: a one-step 75 g OGTT (IADPSG criteria), or a two-step approach with a 50 glucose challenge
test (GCT) followed by a 100 g OGTT in case of positive screening (Carpenter-Coustan criteria) [89].
A one-step 2 h 75 g OGTT is the gold standard test [90]. There is no evidence that treatment of GDM
diagnosed by an OGTT in a population after bariatric surgery, leads to improved pregnancy outcomes.
Since an OGTT is an unreliable and poorly tolerated test in women with a history of bariatric surgery,
an alternative screening strategy for GDM is needed. Our research group recommended using CBGM
daily before and after meals during 3–7 days at 24–28 weeks of pregnancy. Glycemic targets were based

150



J. Clin. Med. 2020, 9, 2732

on American Diabetes Association (ADA) recommendations [91]. More research is needed to define
optimal glycemic targets in this population. Each type of bariatric surgery has a specific glycemic
footprint [17,20]. Both RYGB and SG are marked by postprandial hyperinsulinemic hypoglycemia,
nightly hypoglycemia and wide glycemic variability [12,13]. This is influenced by specific anatomical
alterations to the gastro-intestinal tract that alter glucose handling [19].

When examining SGA in a pregnancy after bariatric surgery, confounders such as smoking,
lower socio-economic status and paternal BMI must be taken into account. Several studies note
that patients after bariatric surgery are more likely to be smokers and have a lower socio-economic
status [46,50]. A recent systematic review and meta-analysis showed that high paternal BMI can lead
to distortion of fetal growth, leading to both SGA and LGA in normal pregnancies [92]. Levels of
micronutrients, lipids, amino-acids and leptin have been shown to influence fetal growth. Micronutrient
deficiencies are found to be more frequent after bariatric surgery, however, evidence linking these
deficiencies to adverse pregnancy outcomes is weak [93]. The most common deficiencies after bariatric
surgery are vitamin B12, vitamin D and other fat-soluble vitamins, folate, calcium, iron, proteins and
fat [94]. Cord blood micronutrient levels in infants after RYGB showed deficiencies in calcium, zinc,
iron and vitamin A when compared with neonates from lean, healthy mothers [63]. Maternal lipids and
amino-acid levels have been linked to disturbed fetal growth [95]. Metabolomic and lipidomic research
has shown a disturbed lipid profile in mothers and fetuses with intra-uterine growth restriction [96].
Low maternal leptin levels in mid pregnancy have been linked to SGA, a finding that persisted when
adjusting for pre-pregnancy BMI [97].

In pregnancies after bariatric surgery, the impact of pre-pregnancy BMI on pregnancy outcomes
is unclear. All three systematic reviews with meta-analysis report significant decrease in GDM
prevalence after bariatric surgery. Subgroup analysis with matching for pre-pregnancy BMI no longer
showed a significant improvement in GDM prevalence after bariatric surgery, concluding that the
improvement in GDM is mainly weight-loss-driven [21,22]. On the other hand, other studies reported
that pre-pregnancy BMI and the amount of weight loss from bariatric surgery to early pregnancy
does not modify the effect of bariatric surgery on GDM improvement [49,85]. A recent prospective
observational study from the UK compared maternal insulin resistance in pregnant women after RYGB
versus pregnant women with similar BMI. A reduced insulin resistance, as assessed by HOMA-IR,
was found in pregnancies after bariatric surgery [41]. In addition, a recent Austrian study found
a significant reduction in HOMA-IR and liver fat in post-pregnancy NMR-spectroscopy in a RYGB
group in comparison to an obese control group [40]. These results suggest that the positive effect of
bariatric surgery on glucose homeostasis cannot solely be explained by weight reduction, but also by
weight-independent improvement in insulin sensitivity [41]. Improved insulin sensitivity after SG and
RYGB is present well before significant weight loss occurs [17,98]. Bariatric surgery has been proven to
resolve or improve pre-existing type 2 diabetes mellitus during 3- to 5-year follow-up periods [99]
and preoperative fasting insulin levels are shown to drop by 45% and 50% in the first 3 months after
SG and RYGB, respectively [17]. These insights into the mechanisms of substantial insulin sensitivity
improvement after bariatric surgery question the high rate of GDM in a pregnancy after bariatric
surgery. On the other hand, we would expect insulin resistance during pregnancy to attenuate the
severity of reactive hypoglycemia.

The reported dramatic changes in glucose homeostasis after bariatric surgery are variable
depending on the timing after surgery [17]. In a pregnancy after bariatric surgery, the length of the
interval does not seem to have an effect on the incidence of GDM. However, a shorter interval is
related to more frequent occurrence of hypoglycemic events and symptoms consistent with dumping
syndrome [43].

5.3. Novelty and Practical Implications

Most research groups divide bariatric surgery in malabsorptive versus restrictive types. SG and
LAGB are therefore often considered as a similar operation. This is an archaic differentiation that
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does not take into account the current insights in the working mechanism of these complex metabolic
surgeries [11]. For most bariatric surgery experts, LAGB is no longer considered as one of the gold
standard bariatric interventions, since one out of three patients develops band erosions, and almost
50% of patients require band removal [10,100]. On the other hand, SG has proven to have metabolic
effects that go well beyond the effect of restriction [101,102]. Since the efficacy of procedures improves,
decision making on type of surgery is complex and is often still based on surgeons’ preference and
experience. An ongoing prospective cohort study comparing the two major types of bariatric surgery
will provide more accurate data [103].

Recent data suggest a correlation between hypoglycemia and reduced birthweight in a pregnancy
after bariatric surgery [39,41,43]. Wide glycemic excursions and repeated periods of hypoglycemia
could lead to the birth of an SGA baby. CGM could provide more detailed insight in glucose homeostasis
during a pregnancy after bariatric surgery [36,40]. CGM should be blinded when used as a diagnostic
tool, since misinterpretation can lead to aggravation of symptoms and glycemic excursions due to
intake of foods with a high glycemic index [44]. Poor glycemic control is a known modifiable risk factor
for GDM. In a pregnancy after bariatric surgery, optimizing glycemic time in range through targeted
diet recommendations could further prevent adverse outcomes such as fetal growth impairment.
Guidelines for adequate weight gain in a pregnancy after bariatric surgery should be reviewed [65].

5.4. Strengths and Limitations

We performed an extensive scoping review on the current knowledge of glucose homeostasis
in a pregnancy after bariatric surgery. We specifically addressed the possible association with the
development of SGA, as well as the positive impact on GDM prevalence. Because of the heterogeneity
and scarcity of existing data, we did not perform a systematic review.

Research on glucose homeostasis after bariatric surgery consists of case-control and cohort studies.
Larger, population-based studies have the disadvantage of using hospital or national register data,
which makes accurate reporting of key concepts difficult. Most reports use a historical database,
where often only ICD9 or ICD10 coding is available. Information on the type of bariatric surgery
is not always available. SG and LAGB are often merged into one group of restrictive procedures.
This is contrary to progresses made in the understanding of the working mechanism of these two very
different operations [11]. In addition, different definitions of SGA were used across different studies.
SGA is most commonly defined as a birthweight beneath the 10th percentile, however, some authors
define SGA as below the 3rd percentile or less than two standard deviations below mean. The most
commonly used diagnostic tool for GDM is a standard 2 h 75 g OGTT, however some studies used
different amounts of glucose load. Different hypoglycemic cut-off values are used (50–60 mg/dL) as
well as different timings of the glucose measurements. Furthermore, it is well established that an
OGTT is unreliable to make a GDM diagnosis in this patient population [91].

5.5. Future Research

In the last 10 years, research has focused on the prevalence of improved and adverse pregnancy
outcomes after bariatric surgery. There is now a growing interest and need to investigate the
pathophysiology behind these outcomes. There is strong evidence that bariatric surgery induces a
substantial shift in the intestinal microbiome [104]. In addition, these alterations have been linked
to improved glucose homeostasis in both animal and human research [104]. Indeed, the intestinal
microbiome has an important role in the pathophysiology of type 2 diabetes mellitus [105]. Evidence
from metabolomics research and intestinal bacterial profiling in a pregnant population that underwent
bariatric surgery is currently very limited. Very recently, a small study in pregnant women after
bariatric surgery (25 with RYBG and eight with SG), showed that the subgroup with RYBG had
significantly lower serum concentrations of branched-chain amino acids (leucine and isoleucine)
and branched-chain fatty acids (isobutyrate) in the third trimester of pregnancy [106]. Furthermore,
these changes were associated with a shift in the intestinal microbiome. Data from this research also
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suggest an association with reduced maternal insulin resistance, as well as the risk of delivery of an
SGA infant [106]

Another mechanism might be through epigenetic changes. In 2013, a group from Canada and
the US reported on differences in DNA methylation profile in offspring of women before versus after
biliopancreatic diversion. Improved insulin sensitivity in offspring after biliopancreatic diversion was
maintained through childhood [107].

6. Conclusions

Since an OGTT is unreliable to diagnose GDM in a pregnancy after bariatric surgery, the true
incidence of GDM is unknown and future research is needed. Data from CBGM and CGM can give
more accurate insights in glucose homeostasis in a pregnancy after bariatric surgery. More research is
needed to develop accurate guidelines on gestational weight gain, ideal pre-pregnancy BMI, screening
strategy and treatment of GDM in this specific population.
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Abstract: We aimed to evaluate each proposal of Australian–New Zealand Societies to limit the
number of oral glucose tolerance tests (OGTTs) to diagnose hyperglycemia in pregnancy (HIP)
during the coronavirus disease 2019 (COVID-19) pandemic. At our university hospital (2012–2016),
we retrospectively applied in 4245 women who had OGTT between 22 and 30 weeks of gestation
(reference standard: WHO criteria) the proposals in which OGTT is performed only in high-risk
women; in all (Option 1) or high-risk (Option 1-Sel) women with fasting plasma glucose (FPG)
4.7–5.0 mmol/L; in all (Option 2) or high-risk (Option 2-Sel) women without history of HIP and with
FPG 4.7–5.0 mmol/L. We also tested FPG measurement alone in all high-risk women. Measuring
FPG alone had a sensitivity of 49% (95% confidence interval 45–54) applying universal screening.
Option 2 appeared to have the best balance considering the needed OGTT (17.3%), sensitivity (72%
(67–76)) and rates of a composite outcome (true negative cases: 10.6%, false positive cases: 24.4%; true
positive cases: 19.5%; false negative cases: 10.2%). Consideration of a history of HIP and measuring
first FPG can avoid more than 80% of OGTTs and identify women with the highest risk of adverse
HIP-related events.

Keywords: Australian Diabetes in Pregnancy Society (ADIPS); Australian Diabetes Society (ADS);
COVID-19; gestational diabetes mellitus; oral glucose tolerance test; pandemic; hyperglycemia in
pregnancy; pregnancy outcomes; Royal Australian and New Zealand College of Obstetricians and
Gynaecologists (RANZOG)

1. Introduction

Hyperglycemia in pregnancy (HIP) refers to gestational diabetes mellitus (GDM) and
diabetes in pregnancy (DIP) [1–6]. DIP is considered as unknown pregravid diabetes and
is usually screened using fasting plasma glucose (FPG) or HbA1c measurement in early
pregnancy. DIP is associated with increased risk of stillbirth rate [7]. Early-diagnosed HIP
is usually immediately treated. If early screening is normal, a new screening is performed
in the late second trimester or early third trimester. Diagnosis is based on the oral glucose
tolerance test (OGTT, the reference standard), with measurements of FPG, and one-hour
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(1h-PG), two-hour (2h-PG) and sometimes three-hour plasma glucose [1–6]. Identifying
and treating HIP diagnosed at that time reduces maternal and neonatal events [8,9].

Considering the current coronavirus disease 2019 (COVID-19) pandemic, pregnant
women are advised to be stringent with public health measures such as social distancing
and self-isolation to lower their risk of exposure. However, OGTT measurements require
long times spent at OGTT testing centers. Therefore, temporary changes to the process of
diagnostic testing for HIP need to be considered [10]. As proposed in Australia and New
Zealand [11–13], such a perspective is to reduce the percentage of women who need to
undergo an OGTT, whereby OGTTs may be indicated only in women with intermediate
FPG values [11]. OGTTs may also be avoided in women with history of HIP who would
be considered to have current HIP [11]. HIP might also be based on FPG measurement
alone [12]. Finally, selective rather than universal screening could be applied. However,
a poor sensitivity of such strategies could be deleterious, because unidentified women
with HIP would not be managed. On the contrary, a poor specificity could lead to care for
women without HIP.

We had the opportunity in our large retrospective cohort of women [14,15] to evaluate
for seven options: (i) the percentage of women who would be selected to undergo OGTTs
if these proposals would have been applied; (ii) the percentage of HIP who would have
been diagnosed or not; and (iii) the occurrence of adverse outcomes if the women would
have been correctly diagnosed or not, with a special interest for false negative and false
positive cases of HIP.

2. Materials and Methods

2.1. Data Collection

This observational study was conducted in our university hospital in a suburban area
of Paris, France, and was based on routine electronic medical records of maternal and
neonatal events at birth between January 2012 and October 2016 [14,15]. In addition, we
have collected data on HIP screening in all women. Women were informed that their medi-
cal records could be used for research, unless they opposed [14,15]. The data were analyzed
anonymously. Our database was declared to the French Committee for computerized data
(CNIL: Commission Nationale de l’Informatique et des Libertés, number 1704392v0).

2.2. Screening for Hyperglycemia in Pregnancy

We follow the French recommendations in our center [3], except that our policy is
to universally screen women, both at the beginning of pregnancy and after 24 weeks
of gestation (WG) if prior screening was normal or not done. Early screening during
pregnancy is based on FPG measurement. Women with FPG levels ≥5.1 mmol/L are
diagnosed with HIP. Those without early-diagnosed HIP undergo a 75 g OGTT between 24
and 28 WG, with measurements of FPG, 1h-PG and 2h-PG [3]. The International Association
of Diabetes Pregnancy Study Group (IADPSG) [1] and World Health Organization (WHO)
recommendations [2] are considered for HIP diagnosis, because these guidelines have been
endorsed in France [3]. Accordingly, GDM was defined as FPG 5.1–6.9 mmol/L and/or
1h-PG ≥ 10.0 mmol/L and/or 2h-PG 8.5–11.0 mmol/L in the OGTT, whereas DIP was
defined as FPG ≥ 7.0 and/or 2h-PG ≥ 11.1 mmol/L.

2.3. Selection Criteria for Our Study

Inclusion criteria were woman who had an OGTT between 22 and 30 WG, were 18 to
50 years old, single fetus pregnancies, and had no personal history of either diabetes or
bariatric surgery. We considered OGTT results between 22 and 30 WG rather than between
24 and 28 WG because OGTTs were often used during this period of time [14]. We then
selected the women whose risk factor for HIP status was known, and applied Australian–
New Zealand risk factors [11]. They include any of the following factors: previous history
of HIP or neonatal death; previously elevated blood glucose level (not available in our data
set (NA)); maternal age ≥40 years; family history of diabetes; pre-pregnancy obesity (body
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mass index > 30 kg/m2); previous baby with macrosomia; polycystic ovarian syndrome
(NA); corticosteroids and antipsychotics medication (NA) and finally ethnicity. We have
previously shown that North African, Indian, Pakistani, Sri Lankan, and Asian ethnicities
were at high risk in our cohort [16]. We finally selected women who had no HIP in early
pregnancy, defined as FPG levels <5.1 mmol/L (Flow chart in Figure S1).

2.4. Description of Tested Algorithms

The reference standard testing was the results of OGTTs between 22 and 30 WG
according to IADPSG/WHO criteria applying universal screening. Figure 1 shows the
seven tested algorithms (termed as “Options”) in which:

• OGTTs would be performed only in women with risk factor for HIP, i.e., applying
selective screening (Option Sel);

• OGTTs would be performed in women with FPG 4.7–5.0 mmol/L between 22 and
30 WG, applying universal (Option 1) or selective screening (Option 1-Sel) [11];

• OGTTs would be performed in women without history of HIP (those with previous
HIP are considered to have GDM) and with FPG 4.7–5.0 mmol/L between 22 and
30 WG, applying universal (Option 2) or selective screening (Option 2-Sel) [11];

• FPG alone would be measured, applying universal (Option 3) or selective screening
(Option 3-Sel) [12].

Figure 1. Reference standard and options that were evaluated after 22 weeks of gestation. Reference standard refers to
universal screening with oral glucose tolerance test between 22 and 30 weeks of gestation (75 g oral glucose tolerance
test, IADPSG/WHO criteria). We evaluated seven options, applying universal (Options 1, 2 and 3) or selective screening
(Options Sel, 1-Sel, 2-Sel and 3-Sel). Women were considered at high risk according to Australian–New Zealand risk factors
(please see text). OGTT: oral glucose tolerance test; 1h-PG and 2h-PG: plasma glucose value 1 and 2 h after 75 g oral glucose
tolerance test, respectively; DIP: diabetes in pregnancy; FPG: fasting plasma glucose; GDM: gestational diabetes mellitus;
HIP: hyperglycemia in pregnancy.

If the new proposals were applied, the women would be classified as:

• True negative: women who have no HIP (IADPSG/WHO criteria, universal screening)
and would be correctly diagnosed as having no HIP with the tested proposal;

• False positive: women who have no HIP (IADPSG/WHO criteria, universal screening)
but would be diagnosed as having HIP with the tested proposal;

• True positive: women who have HIP (IADPSG/WHO criteria, universal screening)
and would be correctly diagnosed as having HIP with the tested proposal;
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• False negative: women who have HIP (IADPSG/WHO criteria, universal screening)
but would be misdiagnosed with the tested proposal.

2.5. Adverse Outcomes

The main predefined endpoint was the occurrence of a composite adverse outcome,
which included at least one of the following events: (i) preeclampsia (blood pressure ≥

140/90 mmHg on two recordings four hours apart and proteinuria of at least 300 mg/24 h or
3+ on dipstick testing in a random urine sample); (ii) an infant large for the gestational age
(LGA: birth weight greater than the 90th percentile for a standard French population [14,15]);
(iii) shoulder dystocia, defined as the use of obstetrical maneuvers (McRoberts maneuver,
episiotomy after delivery of the fetal head, suprapubic pressure, posterior arm rotation to an
oblique angle, rotation of the infant by 180 degrees, or delivery of the posterior arm); and
(iv) neonatal hypoglycemia, defined as at least one blood glucose value less than 36 mg/dL
during the first two days of life [14,15].

We also considered each of the previous events separately, and additionally infants
small for the gestational age (birth weight lower than the 10th percentile for a standard
French population [14,15]; selective and emergency (before or during delivery) caesarean
sections; preterm delivery (delivery before 37 completed weeks); admission to a neonatal
intensive care unit; respiratory distress syndrome (based on the clinical course, chest X-ray
findings, blood gas and acid–base values); and finally intrauterine fetal or neonatal death
(in the first 24 h of life). We also considered the need for insulin at the time of delivery [17].

To note, all women with HIP were referred to our multidisciplinary team including a
diabetologist, an obstetrician, a midwife, a dietician, and a nurse educator, and managed
according to French recommendations. They received individualized dietary advice,
instructions on how to perform self-monitoring of blood glucose levels six times a day,
and were seen by the diabetologist every 2–4 weeks. They received insulin therapy when
pre-prandial and 2 h post-prandial glucose levels were greater than 5.0 and 6.7 mmol/L
respectively, according to the French guidelines [3]. Obstetrical care also followed the
French recommendations [3]. Timing and mode of delivery was discussed with the patient
and obstetrical staff according to fetal weight estimation during ultrasound scans at 37 WG
and considering glucose control. At 39 WG, labor induction (using prostaglandin E2 or
oxytocin infusion) or even caesarean section was possibly decided according to obstetric
history, maternal condition, and estimated fetal weight. Continuous fetal cardiotocography
was routinely used during labor. Overall, it must be considered that, in our cohort, false
negative cases of HIP were cared for, whereas false positive cases were not.

2.6. Statistics

Baseline continuous variables were expressed as the mean ± standard deviation (SD).
Categorical variables were expressed as frequencies (percentages). First, we evaluated the
proportions of women selected to undergo OGTTs according to each screening option. We
then evaluated the performance of each option for screening for HIP after 22 WG. The
reference standard was the results of the OGTT between 22 and 30 WG, applying universal
screening. We considered sensitivity, specificity, positive (PPV), and negative predictive
value (NPV) of each option.

We therefore compared characteristics and adverse outcome rates of true negative,
false positive, true positive and false negative cases of HIP according to each option. To
compare continuous variables by the different groups of patients (True negative, False
positive, True positive and False negative), we used ANOVA. To compare categorical
variables, we used the Chi-squared (χ2) test or Fisher’s exact test. Values were considered
significant at a probability level of 0.05. For the difference between each group of patients
by each other, we performed a post-hoc analysis for multiplicity by Bonferroni method
and adjusted the p-value depending on the number of tests made in each option evaluated.
All tests were two-sided. Analyses were conducted using R 3.6.3 software (R Foundation,
Vienna, Austria, https://cran.r-project.org).
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3. Results

3.1. Population Characteristics

We included 4245 women (Flow chart in Figure S1). Their baseline characteristics are
shown in Table 1.

Table 1. Characteristics of the women by true/false positive/negative cases considering Option 2.

Total
True Negative

Cases
False Positive

Cases
True Positive

Cases
False Negative

Cases
p

n = 4245 n = 3678 n = 86 n = 344 n = 137

OGTT between 22 and
30 WG

Fasting plasma glucose
(mmol/L) 4.38 (0.45) 4.30 (0.36) a,b 4.46 (0.37) d,e 5.23 (0.47) f 4.29 (0.26) <0.001

1-h plasma glucose
(mmol/L) 6.76 (1.76) 6.42 (1.46) a,b,c 7.48 (1.42) d,e 9.17 (2.02) f 9.61 (1.24) <0.001

2-h plasma glucose
(mmol/L) 5.96 (1.43) 5.67 (1.10) a,b,c 6.34 (1.20) d,e 7.93 (1.93) f 8.58 (1.34) <0.001

Gestational age at time
of OGTT (WG) 26.22 (1.89) 26.21 (1.88) 26.19 (2.03) 26.29 (1.91) 26.40 (1.85) NS

Characteristics

Age (years) 30.25 (5.32) 29.93 (5.25) a,b,c 32.38 (4.74) 32.42 (5.28) 32.01 (5.60) <0.001

Preconception body
mass index (kg/m2) 24.36 (4.48) 24.15 (4.36) b 25.31 (4.55) 26.30 (5.14) f 24.57 (4.46) <0.001

Obesity 493 (11.7) 388 (10.6) b 14 (16.7) 76 (22.2) f 15 (10.9) <0.001

Preconception
hypertension 28 (0.7) 19 (0.5) b 1 (1.2) 7 (2.0) 1 (0.7) 0.01

Family history of
diabetes 824 (19.4) 671 (18.2) a,b 28 (32.6) 94 (27.3) 31 (22.6) <0.001

Employment 1883 (44.4) 1649 (44.9) 28 (32.6) 148 (43.1) 58 (42.3) NS

Smoking before
pregnancy 493 (11.6) 447 (12.2) 3 (3.5) 34 (9.9) 9 (6.6) 0.012

Parity 2.03 (1.18) 2.00 (1.17) 2.90 (1.05) 2.28 (1.23) 1.83 (1.12)

Previous
pregnancy(ies)

History of
hyperglycemia in

pregnancy
<0.001 *

First child 1769 (41.7) 1589 (43.2) 0 (0.0) 108 (31.4) 72 (52.6)

No 2324 (54.7) 2089 (56.8) 0 (0.0) 170 (49.4) 65 (47.4)

Yes 152 (3.6) 0 (0.0) ab 86 (100.0) d,e 66 (19.2) f 0 (0.0)

History of macrosomia <0.001 *

First child 1769 (41.7) 1589 (43.2) 0 (0.0) 108 (31.4) 72 (52.6)

No 2378 (56.0) 2022 (55.0) 77 (89.5) 218 (63.4) 61 (44.5)

Yes 98 (2.3) 67 (1.8) a,b 9 (10.5) 18 (5.2) 4 (2.9)
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Table 1. Cont.

Total
True Negative

Cases
False Positive

Cases
True Positive

Cases
False Negative

Cases
p

History of
hypertensive disorders NS *

First pregnancy 1226 (28.9) 1108 (30.1) 0 (0.0) 68 (19.8) 50 (36.5)

No 2941 (69.3) 2504 (68.1) 84 (97.7) 268 (77.9) 85 (62.0)

Yes 78 (1.8) 66 (1.8) 2 (2.3) 8 (2.3) 2 (1.5)

History of fetal death 0.04 *

First pregnancy 1226 (28.9) 1108 (30.1) 0 (0.0) 68 (19.8) 50 (36.5)

No 2964 (69.8) 2528 (68.7) 84 (97.7) 266 (77.3) 86 (62.8)

Yes 55 (1.3) 42 (1.1) b 2 (2.3) 10 (2.9) 1 (0.7)

Ethnicity <0.01

North African 866 (20.4) 694 (18.9) 29 (33.7) 108 (31.5) 35 (25.5)

European 1509 (35.6) 1353 (36.8) 16 (18.6) 93 (27.1) 47 (34.3)

Sub-Saharan African 888 (20.9) 793 (21.6) 15 (17.4) 69 (20.1) 11 (8.0)

Indian-Pakistan-Sri
Lankan 342 (8.1) 267 (7.3) 15 (17.4) 44 (12.8) 16 (11.7)

Caribbean 281 (6.6) 260 (7.1) 3 (3.5) 13 (3.8) 5 (3.6)

Asian 72 (1.7) 59 (1.6) 2 (2.3) 3 (0.9) 8 (5.8)

Other 285 (6.7) 251 (6.8) 6 (7.0) 13 (3.8) 15 (10.9)

High-risk women 2050 (48.3) 1649 (44.8) 86 (100.0) 229 (66.6) 86 (62.8)

Glycemic status
(reference standard:

IADPSG/WHO
criteria)

<0.001

Normal 3764 (88.7) 3678 (100.0) 86 (100.0) 0 (0.0) 0 (0.0)

Gestational diabetes
mellitus 459 (10.8) 0 (0.0) 0 (0.0) 326 (94.8) 133 (97.1)

Diabetes in pregnancy 22 (0.5) 0 (0.0) 0 (0.0) 18 (5.2) 4 (2.9)

Events during
pregnancy

Composite adverse
outcome 492 (11.6) 390 (10.6) a,b 21 (24.4) e 67 (19.5) 14 (10.2) <0.001

Preeclampsia 71 (1.7) 59 (1.6) 1 (1.2) 6 (1.7) 5 (3.6) 0.29

LGA age infant 400 (9.4) 318 (8.6) a,b 20 (23.3) e 54 (15.7) f 8 (5.8) <0.001

Shoulder dystocia 6 (0.1) 4 (0.1) 1 (1.2) 0 (0.0) 1 (0.7) 0.06

Neonatal
hypoglycemia 27 (0.6) 15 (0.4) b 0 (0.0) 11 (3.2) 1 (0.7) <0.001

Ceasarean section 862 (20.3) 721 (19.6) b 23 (26.7) 90 (26.2) 28 (20.4) 0.014

Preterm delivery (<37
weeks) 229 (5.4) 193 (5.2) 3 (3.5) 24 (7.0) 9 (6.6) 0.42

Offspring
hospitalization 812 (19.1) 677 (18.4) 21 (24.4) 81 (23.5) 33 (24.1) 0.026

Respiratory distress
syndrome 202 (4.8) 166 (4.5) 7 (8.1) 18 (5.2) 11 (8.0) 0.11

166



J. Clin. Med. 2021, 10, 397

Table 1. Cont.

Total
True Negative

Cases
False Positive

Cases
True Positive

Cases
False Negative

Cases
p

Intrauterine fetal or
neonatal death 13 (0.3) 11 (0.3) 1 (1.2) 1 (0.3) 0 (0.0) 0.39

SGA infant 417 (9.8) 366 (10.0) 2 (2.3) e 30 (8.7) 19 (13.9) 0.04

Insulin therapy during 172 (4.1) 0 (0.0) b,c 0 (0.0) d,e 140 (40.7) f 32 (23.4) <0.001

Date are n (%) or mean (standard deviation). HIP: hyperglycemia in pregnancy; IADPSG: International Association of Diabetes Pregnancy
Study Group; LGA: large for gestational age; OGTT: oral glucose tolerance test; SGA: small for gestational age; WG: weeks of gestation;
WHO: World Health Organization. Composite adverse outcome: preeclampsia or LGA infant or shoulder dystocia or neonatal hypoglycemia.
Symbols indicate whether values are significant (p < 0.05) after Bonferroni adjustment for multiplicity: a True negative versus False positive,
b True negative versus True positive, c True negative versus False negative, d False positive versus True positive, e False positive versus
False negative, f True positive versus False negative; * yes versus no comparison; NS: non-significant.

3.2. Limiting the Percentage of Women Who Undergo OGTTs

The percentage of women who would have had OGTTs in our series was the highest
for Option Sel (48.3%), then progressively decreased from Option 1 (18.5%), to Option 2
(17.3%), Option 1-Sel (9.7%) then Option 2-Sel (8.5%). There were no OGTTs performed for
Options 3 and 3-Sel (Table 2).

Table 2. Percentage of women who underwent oral glucose tolerance test and performance of to
diagnose hyperglycemia in pregnancy, by each option.

Number of
OGTTs

Sensitivity Specificity PPV NPV

Option Sel 2050 (48.3) 0.65
(0.61–0.70)

1.00
(1.00–1.00)

1.00
(0.99–1.00)

0.96
(0.95–0.96)

Option 1 786 (18.5) 0.69
(0.65–0.73)

1.00
(1.00–1.00)

1.00
(0.99–1.00)

0.96
(0.96–0.97)

Option 1-Sel 413 (9.7) 0.45
(0.41–0.50)

1.00
(1.00–1.00)

1.00
(0.98–1.00)

0.93
(0.93–0.94)

Option 2 735 (17.3) 0.72
(0.67–0.76)

0.98
(0.97–0.98)

0.80
(0.76–0.97)

0.96
(0.96–0.97)

Option 2-Sel 362 (8.5) 0.48
(0.43–0.52)

0.98
(0.97–0.98)

0.73
(0.67–0.78)

0.94
(0.93–0.97)

Option 3 0 0.49
(0.45–0.54)

1.00
(1.00–1.00)

1.00
(0.98–1.00)

0.94
(50.93–0.95)

Option 3-Sel 0 0.33
(0.28–0.37)

1.00
(1.00–1.00)

1.00
(0.98–1.00)

0.92
(0.91–0.93)

Data are n (%) or unit (95% confidence interval). NPV: negative predictive value; OGTT: oral glucose tolerance
test; PPV: positive predictive value.

3.3. Performance of Each Option to Diagnose HIP Cases

Table 2 shows the sensitivity, specificity, PPV and NPV of each option. Globally,
sensitivities were around 70% for Option Sel, Options 1 and 2; around 50% for Options
1-Sel, 2-Sel and 3; and 33% for Option 3-Sel. Specificities were 98–100% for all options. PPV
was 100% for all options (meaning there were no false positive cases), except for Option 2
and 2-Sel. In Option 2, the PPV was 80% (76–97%) and in Option 2-Sel, it was 73% (67–78%).
Finally, NPV was higher than 90% for all options.

3.4. Characteristics of True Negative, False Positive, True Positive of False Negative Cases of HIP,
and Their Prognosis

True/false negative/positive cases of HIP defined by each option are compared in
a specific table by option: Option Sel (Supplementary Table S1), Option 1 (Supplemen-
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tary Table S2), Option 1-Sel (Supplementary Table S3), Option 2 (Table 1), Option 2-Sel
(Supplementary Table S4), Option 3 (Supplementary Table S5), Option 3-Sel (Supplemen-
tary Table S6). We chose to especially show results for Option 2, because this option
appeared to have the best balance between the reduction in the percentage of OGTTs (by
82.7%) and identification of the women with the highest risk of adverse outcomes.

Globally, false negative cases as compared to true positive cases of HIP had a signif-
icantly lower preconception body mass index, with statistically different glucose values
during the OGTTs. Additionally, in the options where selective screening was applied,
false negative cases had fewer risk factors than true positive cases.

For Option 2 and 2-Sel, false positive cases had a personal history of HIP. As compared
to true negative cases, they had higher FPG, 1h-PG, and 2h-PG values during OGTTs, were
older, and were more prone to have, in addition to personal history of HIP, personal history
of macrosomic infants or a family history of diabetes.

3.5. Prognosis Associated with True Negative, False Positive, True Positive and False Negative
Cases of HIP

The same tables and Figure 2 show the rate of the composite adverse outcome in each
group. Especially, the false negative cases, as compared to the true positive cases of HIP,
had fewer adverse events during pregnancy—especially HIP-related events, LGA infants,
and neonatal hypoglycemia.

Figure 2. Rate of hyperglycemia in pregnancy-related events by true/false positive/negative cases by each option. Please
see description of each option in Figure 1. TN, FP, TP, FN: true negative, false positive, true positive, false negative of
hyperglycemia in pregnancy, respectively. HIP-related events: hyperglycemia in pregnancy-related events (composite:
preeclampsia or large for gestational age infant or shoulder dystocia or neonatal hypoglycemia). Note that TP and FN cases
had been treated for HIP in this observational cohort, whereas TN and FP cases had not.

Finally, the false positive cases as compared to the true negative cases (Option 2 and
Option 2-Sel only) had significantly more composite adverse outcomes. This was driven by
a higher rate of LGA infants.
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4. Discussion

In the current study, we compared the diagnostic performance of various screen-
ing strategies for HIP diagnosis and to identify the women more prone to experience
HIP-related events, with the aim to prevent a large proportion of pregnant women from
undergoing an OGTT. This is particularly crucial during the COVID-19 pandemic. One
option (Option 2) appears to offer a good compromise because it reduces the rate of women
undergoing OGTTs by more than 80%, while it identifies around 70% of the women with
HIP, especially those (both false positive and true positive cases) with the highest risk of
adverse outcomes.

The sensitivity of selective rather than universal screening to identify women with
HIP defined according to the IADPSG/WHO criteria has been shown to be between 60%
and 95% [15,18–21]. We show here that performing OGTTs only in high-risk women had a
sensitivity of 65%. In our series, 48.3% of women would have had an OGTT if selective
screening had been applied. This rate would depend on locally considered risk factors
and their prevalence. Whatever the options, a selective policy led to reduction by around
one-half of the rate of screening. Using alternative options would lead to preventing more
women from performing OGTTs.

In this perspective, several strategies have been suggested. Some include HbA1c mea-
surement [11,22]. However, the use of HbA1c for diagnosing HIP has been disappointing
because there is substantial overlap between women with normoglycemia and women with
HIP. This has particularly been shown for HIP defined according to IADPSG/WHO crite-
ria [23–29]. Some other strategies include a single random glucose measurement [30,31].
However this was considered to be inadequate to screen for HIP in a systematic review [32],
due to its low sensitivity [33].

As shown in our study, FPG measurement alone is also not highly sensitive [34–36].
For example, in the Hyperglycemia Adverse Outcomes in Pregnancy (HAPO) study, one-
half of GDM cases were detected through elevated 1h- and/or 2h-PG, whereas FPG levels
were normal [34]. However, studies using IADPSG/WHO criteria showed FPG to be
useful for simplifying the screening process and reducing the number of OGTTs [34–36].
Indeed, FPG thresholds of ≤4.4 mmol/L have been reported to rule out HIP in 50–65%
of women with a sensitivity of 80–95% [34–37]. As proposed by one guidance [11], we
used a FPG level <4.7 mmol/L to rule out women with HIP in this series. Sensitivities of
such options were around 70% applying universal screening and 45% applying selective
screening, which appears imperfect.

According to Australian–New Zealand guidance [11], women with a history of HIP
might be considered as presenting current GDM (Options 2 and 2-Sel). In fact, as previ-
ously reviewed [38], the HIP recurrence rate is around 50%, and therefore leads to false
positive cases of HIP. Over-management of these women might induce infants small for
the gestational age, and will result in more testing, monitoring and contact with hospital
services throughout their pregnancy. Similarly, not caring for women with HIP because
they are not diagnosed might also be associated with adverse outcomes [8,9]. We therefore
compared prognoses associated with false positive vs true negative cases of HIP and with
false negative vs true positive cases.

We report for the first time that false positive cases of HIP, i.e., women with a history
of HIP but a normal OGTT (Options 2 and 2-Sel), had a worse prognosis than true negative
cases. One explanation is that: (i) they had higher glucose levels during OGTTs which
correlates with more adverse outcomes [34]; and (ii) they had more risk factors for HIP,
including history of personal HIP, also associated with a poor prognosis [15]. On the one
hand, this suggests that management of these women with diet, exercise and possibly
insulin treatment might be useful to reduce the number of HIP-related events. On the other
hand, this implies more contact with hospital services throughout pregnancy.

Additionally, we have shown that the prognosis of false negative cases was better
than that for true positive cases, but this is only partly reassuring. Indeed, these cases were
actually managed for HIP, as observed in this study. Moreover, around one-quarter of false

169



J. Clin. Med. 2021, 10, 397

negative cases of HIP were insulin-treated in our series. One retrospective study based on
the HAPO data suggested that missed diagnosed GDM with the COVID-19 proposal could
present fewer events than those who are not missed, even when they are not treated [39].
This especially completes our data because the women included in the HAPO study were
not treated. Overall, we do not know what the loss of treatment benefit would be if these
women had not been managed, and randomized studies would be necessary to draw
definitive conclusions. Indeed, not caring for HIP in low-risk women might lead to a
doubling of the rate of adverse events during pregnancy [8,9].

The strengths of our study include the large numbers of subjects and a multiethnic
cohort likely to be translatable to different populations, and a pragmatic guidance-based
approach. The prospectively collected standardized data provide for a robust investiga-
tional data set and we could investigate several options in the same series of women. We
excluded women who had no FPG measurements or had FPG levels ≥5.1 mmol/L in early
pregnancy, whereas some guidance proposes to screen for HIP in early pregnancy with
random plasma glucose and/or HbA1c measurement [11]. We limited our evaluation for
women who underwent OGTTs in the late second and early third trimesters (22–30 WG).
We could not consider preanalytical issues for FPG measurement: the time interval between
sampling and spinning fasting glucose measurements can double or half the diagnoses of
GDM [40]. Finally, an additional strength was the evaluation of the prognosis of true/false
negative/positive cases, although while interpreting the results, we had to consider that
false negative cases were managed for HIP in our series.

5. Conclusions

To conclude, during current and future pandemics, consideration that every pregnant
woman should undergo an OGTT at the end of the second trimester is an important issue.
We show here that FPG measurement first can avoid 80–90% of OGTTs. The sensitivity
of such an option is around 70% and 50% applying universal and selective screening,
respectively. In both cases, however, the women at the highest risk of adverse HIP-
related events during pregnancy are identified and therefore would be managed during
pregnancy. Any changes to international guidelines before the pandemic could be replaced
by some options tested in this study only temporarily, pending resolution of the COVID-19
pandemic, and in any case with the awareness of exposing some women with HIP to the
risk of not being identified and therefore not being treated. However, such a screening
regimen may be applicable in countries where OGTTs are difficult to perform.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/3/397/s1. Table S1: Characteristics of the women by true/false positive/negative cases
considering Option Sel; Table S2: Characteristics of the women by true/false positive/negative cases
considering Option 1; Table S3: Characteristics of the women by true/false positive/negative cases
considering Option 1-Sel; Table S4: Characteristics of the women by true/false positive/negative
cases considering Option 2-Sel; Table S5: Characteristics of the women by true/false positive/negative
cases considering Option 3; Table S6: Characteristics of the women by true/false positive/negative
cases considering Option 3-Sel; Figure S1: Flow chart of the study.
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Abstract: Gestational diabetes mellitus (GDM) is a frequently observed complication of pregnancy
and is associated with an elevated risk of adverse maternal and neonatal outcomes. Many women
with GDM will go on to have future pregnancies, and these pregnancies may or may not be affected
by GDM. We conducted a literature search, and based on data from key studies retrieved during the
search, we describe the epidemiology of GDM recurrence. This includes a summary of the observed
clinical risk factors of increasing maternal age, weight, ethnicity, and requirement for insulin in the
index pregnancy. We then present our data from Mayo Clinic (January 2013–December 2017) which
identifies a GDM recurrence rate of 47.6%, and illustrates the relevance of population-based studies to
clinical practice. Lastly, we examine the available evidence on strategies to prevent GDM recurrence,
and note that more research is needed to evaluate the effect of interventions before, during and
after pregnancy.

Keywords: gestational diabetes; GDM; recurrence; pregnancy; glucose intolerance

1. Introduction

Gestational diabetes mellitus (GDM) is defined as carbohydrate intolerance resulting
in hyperglycemia of variable severity with onset or first recognition during pregnancy [1].
It excludes those who likely had overt diabetes prior to gestation, and it is one of the most
common medical complications of pregnancy, with a prevalence of up to 30% depending
on the population studied [2,3]. GDM develops when insulin synthesis and secretion
are insufficient to overcome the physiologic insulin resistance that increases during all
pregnancies. It is associated with an increased risk of adverse maternal outcomes such
as pre-eclampsia [4] and cesarean delivery [5], and undesirable infant outcomes includ-
ing macrosomia and neonatal hypoglycemia [6]. Although GDM tends to resolve after
the pregnancy, up to 60% of affected women develop type 2 diabetes in the subsequent
10–20 years [7,8]. While causality has not been fully established, children born to women
with GDM are more likely to have disorders of glucose metabolism and adiposity in later
life [9,10].

Established risk factors for GDM include increasing body mass index (BMI), advanced
maternal age, non-white ethnicity, and family history of diabetes mellitus [11,12]. Having
GDM in a prior pregnancy is also accepted as a strong risk factor for GDM in a subsequent
pregnancy [13]. Reports on GDM recurrence rates are highly variable and influenced
by the GDM diagnostic criteria used as well as baseline population characteristics. For
example, one meta-analysis of 18 cross-sectional studies revealed recurrence rates ranging
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from 29% to 80% [14]. In addition to clarifying the prevalence of GDM recurrence, an
understanding of which women are at highest risk of GDM recurrence is of significant
clinical importance. It will potentially allow targeted interventions to address modifiable
risk factors and decrease the chance of recurrence, along with facilitating earlier assessment
and intervention in a subsequent pregnancy.

The aim of this review is to outline the epidemiology of GDM recurrence, drawing on
data from large population-based studies. We will then present single-center data from
a tertiary hospital to illustrate how information from these larger studies can relate to
individual clinical practice. Finally, we will discuss strategies that may reduce the risk of
GDM recurrence.

2. Materials and Methods

2.1. Comprehensive Literature Review

Between May 2020 and September 2020, a literature search was conducted on PubMed
and Embase. The following search terms were used alone and in combination: “gestational
diabetes”, “GDM”, “recurrence”, “pregnancy”, and “glucose intolerance”. All studies
published in the English language were considered, and a date restriction was not applied.
Results were reviewed by the authors and selected for inclusion based on relevance to
the topic. This was based on the judgment and agreement of the contributing authors.
Additional articles were identified by manually searching reference lists of included articles.

2.2. Retrospective Study at Mayo Clinic

The retrospective cohort study included pregnant women who had their first preg-
nancy and were diagnosed with GDM between 1 January 2013 and 31 December 2017 at
Mayo Clinic Rochester, Minnesota, U.S.A. It forms part of a series of studies aiming to better
understand the molecular mechanisms underlying GDM and its relationship to future
vascular complications [15]. The Mayo Clinic Investigational Review Board approved this
retrospective study (Protocol: 17-009957). Searching the electronic medical records by the
following ICD-9 and ICD-10 codes identified the cohort: 648.8, O24.410, O24.414, O24.419,
O24.420, O24.424 and O24.343. Included women were between 18–45 years of age at the
index pregnancy. Women with higher order pregnancies were excluded, as were women
with established diabetes or a first trimester HbA1c >6.4%. This cohort was then followed
until the end of 2018 to record whether or not they had a second pregnancy diagnosed
with GDM.

The American College of Obstetricians and Gynecologists (ACOG) Clinical Manage-
ment Practice Guidelines were used to diagnose GDM [16]. All women underwent a 50 g
glucose challenge at 24–28 weeks gestation at Mayo Clinic (non-fasting). Following an
overnight fast, women with a 1 h glucose of ≥140 mg/dL proceeded to a 3 h, 100 g oral
glucose tolerance test. GDM was diagnosed if 2 or more of the following glucose thresholds
were breached: fasting 95 mg/dL, 1 h 180 mg/dL, 2 h 155 mg/dL and 3 h 140 mg/dL.

A broad spectrum of clinical variables was collected for each pregnancy, including
age, body mass index (BMI) at initial obstetric visit (<20 weeks in all cases), race, smoking
history, family history, and GDM management. Abstracted data were collected in a secure
online database. Comparisons between the two groups who did versus did not have GDM
in their 2nd pregnancy were evaluated using the chi-squared test or Fisher’s exact test, as
appropriate, for categorical variables and the two-sample t-test for continuous variables.
All calculated p-values were two-sided.

3. Epidemiology of GDM Recurrence

The majority of GDM risk factors will persist or become worse in subsequent pregnan-
cies; therefore, it is reasonable to anticipate a relatively high GDM recurrence rate. Table 1
summarizes key studies in the area of GDM recurrence. In 2007, Kim et al. published a
systematic literature review including 13 studies—11 retrospective cohorts and two case-
control studies [17]. The number of participants in the included studies ranged from 19
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to 1322. In the retrospective studies, the rate of GDM recurrence ranged from 30% to 84%.
In the case-control studies, the risk of recurrent GDM was calculated using an odds ratio
(OR), comparing the odds of a previous GDM pregnancy in women with a current GDM
pregnancy versus women with a normal current pregnancy. This OR was calculated at
15.0 and 23.0 for the two included studies [18,19]. One of the included studies (n = 651)
noted a 2.4% risk of pre-gestational diabetes in the subsequent pregnancy [20]. One of the
major difficulties in comparing these studies is the differing criteria used to diagnose GDM.
However, despite these differences, those with predominantly non-Hispanic white popula-
tions had a recurrence rate of <40%. On the other hand, studies containing predominantly
minority populations including African Americans, Latinas and Asians had recurrence
rates of >50%. No other risk factors were consistently identified across the studies.

Table 1. Key cited papers: epidemiology of gestational diabetes mellitus recurrence with identified clinical risk factors (in
index pregnancy unless otherwise specified).

Meta-Analyses
N (with GDM in
Index Pregnancy)

GDM Recurrence
Clinical Risk Factors

for Recurrence

Kim et al., 2007 [17]
13 studies—11 retrospective

cohorts, 2 case-control studies;
3790 women

30–84% in retrospective
cohorts; OR 15–23 for case

control studies

Minority populations: African
American, Latina, Asian

Schwartz et al., 2016 [14] 14 cross-sectional cohort studies;
9211 women 30–80%

Maternal age
Maternal BMI

Inter-pregnancy weight gain
OGTT glucose concentrations

Use of insulin
Multiparity

Fetal macrosomia

Individual Studies
N (with GDM in Index

Pregnancy), Location of Study
GDM Recurrence

Clinical Risk Factors for
Recurrence

Getahun et al., 2010 [21] 2351, USA 52% Ethnicity: Hispanic &
Asian/Pacific Islanders

Ehrlich et al., 2011 [22] 1028, USA 38% Inter-pregnancy weight gain

England et al., 2015 [23] 4102, USA 34–48% Maternal age
Born outside of United States

Wong et al., 2019 [24] 3587, Australia 73%
Maternal BMI

OGTT glucose concentrations
Inter-pregnancy weight gain

Wang et al., 2019 [25] 143, China 55% OGTT glucose concentrations
First trimester triglycerides

BMI: body mass index; GDM: gestational diabetes mellitus; OGTT: oral glucose tolerance testing; OR: odds ratio; USA: United States of America.

In 2016, Schwartz et al. conducted a further systematic review and found recurrence
rates ranging from 30–80% [14]. They included 14 studies that examined risk factors for
GDM recurrence, including two studies containing >1000 participants that were published
subsequent to the aforementioned review by Kim et al. [17]. A meta-analysis was conducted
in order to estimate the variability of risk factors for GDM recurrence and pooled effects.
They found that increasing maternal age was a risk factor for GDM recurrence; however,
the estimated difference in age between those with and without GDM recurrence was
minimal at 1.32 years (95% confidence interval (CI) 0.89–1.76, p < 0.0001). Increasing
maternal body mass index (BMI) was also identified as a risk factor with a weighted mean
difference of 1.82 kg/m2 (0.39–3.26, p = 0.013). The authors examined the oral glucose
tolerance test (OGTT) glucose concentrations in six studies that presented the mean and
standard deviation of the fasting measurement for each group [14]. For post-glucose load
measurements, they included four studies that used a 100 g, three-hour OGTT for diagnosis.
Although the effect side was not large, there was an increased risk of GDM recurrence
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with increasing OGTT values, and the first three measurements had the largest impact
(fasting glucose standardized mean difference (SMD) = 0.41, glucose one-hour post-load
SMD = 0.32 and glucose two-hour post-load SMD = 0.41). Although the inter-pregnancy
interval was not found to effect GDM recurrence, inter-pregnancy weight gain had a large
effect (SMD = 0.78; p = 0.015). Use of insulin therapy (pooled OR 6.3 (95% CI 3.9–10.2),
p < 0.001), multiparity (pooled OR 1.88 (95% CI 1.09–3.24), p < 0.02) and fetal macrosomia
(pooled OR 1.63 (95% CI 1.25–2.13), p < 0.001) were also noted to increase the risk of GDM
recurrence in a subsequent pregnancy [14].

A number of additional important publications were not included in these systematic
reviews. Population-based data from Kaiser Permanente Southern California, USA. found
that, compared to women without GDM in their first pregnancies (n = 65,132), women with
a first pregnancy complicated by GDM (n = 2351) were at a significantly increased risk of
GDM in their second pregnancy (OR 13.2, 95% CI 12.0–14.6) [21]. Overall, they reported a
52% recurrence rate of GDM. Compared to non-Hispanic white women, Hispanic women
(OR 1.6, 95% CI 1.4–1.7) and Asian/Pacific Islanders (OR 2.1, 95% CI 1.8–2.3) had a higher
GDM recurrence risk. This disparity was not explained when women were stratified
according to inter-pregnancy interval.

A study from Kaiser Permanente, Northern California, including a total cohort of
22,351 women, of which 4.6% had GDM in the first pregnancy, noted that the age-adjusted
risk of recurrent GDM in a second pregnancy was 38.19% (95% CI 34.9–41.42) [22]. This
compared to a 3.52% (95% CI 3.27–3.76) risk in those whose first pregnancy was not
complicated by GDM. In an analysis adjusted for multiple baseline variables, women with
GDM in the first pregnancy had a 17-fold higher risk of developing GDM again in the
second pregnancy (OR = 16.55 (95% CI 14.08–19.45)) as compared to those without GDM in
their first pregnancy [22]. The risk of GDM recurrence did not differ between women with
a BMI <25.0 kg/m2 and those with BMI ≥25.0 kg/m2. Pregnancy BMI was calculated in
each pregnancy at the mean gestational age of 16.9 weeks. It was noted that women who
had GDM in the first pregnancy, but not the second pregnancy, gained fewer BMI units
between pregnancies than those who had GDM in both pregnancies, particularly those
women with a BMI of ≥25.0 kg/m2 in the first pregnancy.

Another population-based study in the United States. included 4102 women with
two sequential deliveries between 1998 and 2007, and GDM in the first pregnancy [23].
Depending on the method used to categorize maternal glucose status (birth certificate data
versus hospital discharge records), the authors found a GDM recurrence rate of 34–48%.
The authors also noted that estimates of progression from GDM in the first pregnancy to
pregestational diabetes in the second pregnancy were 2.4–5.1%. Women with recurrent
GDM were slightly older at the time of the first pregnancy than those who did not have
GDM in the second pregnancy (29.7 versus 28.7 years, p < 0.001), and were more likely to
have been born outside of the United States. (28.2 versus 25.3%, p < 0.05). BMI or weight
gain data were not available for this study.

Outside of the United States, a retrospective review of women with GDM based in
Australia noted a high rate of GDM recurrence (73.1%) [24]. Logistic regression analysis
revealed pre-pregnancy BMI (aOR for BMI >30.0 kg/m2: 3.8 (95% CI 1.7–8.6) compared to
BMI 18.5–25.0 kg/m2), fasting glucose concentration on OGTT (aOR for fasting glucose
>5.2 mmol/L: 1.9 (95% CI 1.1–3.4) compared to ≤5.2 mmol/L), 2 h glucose concentration
on OGTT (aOR for 2 h glucose >8.4 mmol/L: 2.7 (95% CI 1.6–4.7) compared to ≤8.4),
and increasing categories of inter-pregnancy weight gain to be associated with recurrent
GDM [24]. In fact, the OR for recurrent GDM among those who gained more than 8 kg was
20.5 (95% CI 5.0–84.5), compared with those who lost over 5 kg between the two pregnan-
cies. In this cohort, recurrence of GDM was independent of ethnic backgrounds. Finally,
a case control study based in China included 143 primiparous women who experienced
GDM in their first pregnancy and went on to have a second pregnancy [25]. The authors
observed a frequency of recurrent GDM of 55% and following adjustment for a number of
factors, they identified the following risk factors for GDM recurrence: lower first trimester
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fasting plasma glucose (aOR 0.24 (95% CI 0.10–0.63)) and higher 1 h glucose (75 g OCTT)
in the first pregnancy (aOR 1.43 (95% CI 1.09–1.87)) and higher first trimester triglyceride
in the subsequent pregnancy (aOR 1.89 (95% CI 1.13–3.16)) [25].

4. Single-Center Experience of GDM Recurrence

4.1. Results

We identified 150 women who had their first delivery (live or still birth) between
January 1, 2013, and December 31, 2017, and were diagnosed with GDM at Mayo Clinic. The
majority of women were White (113/150, 75%), consistent with the background population
in Rochester, Minnesota. Of these, 42 women had a subsequent delivery by the time of data
collection, of which 20 (47.6%) were also diagnosed with GDM. The time between the two
deliveries ranged from 0.8 to 3.6 years, with a mean of 1.9 (standard deviation 0.6) years.

Women with recurrent GDM were older at the time of the first pregnancy (mean age,
30.0 vs. 27.3 years; p = 0.03) (Table 2). A higher proportion of women with recurrent
GDM required pharmacological therapy for GDM during the first pregnancy (45.0% (9/20)
vs. 31.8% (7/22); p = 0.38) and a greater percentage of their first offspring had neonatal
hypoglycemia (62.5% (10/16) vs. 36.8% (7/19); p = 0.13). However, these differences were
not statistically significant. In addition, there was a tendency towards higher rates of pre-
existing infertility in women who developed recurrent GDM (13.6% (3/22) vs. (35% (7/20);
p = 0.15) (Table 3). Other variables including maternal weight, medical complications and
mode of delivery were not associated with recurrent GDM (Tables 2 and 3).

Table 2. Maternal Characteristics.

Characteristic at Time of 1st Pregnancy
GDM in 2nd Pregnancy

No (n = 22) Yes (n = 20)

Maternal race

Asian 0 (0.0%) 1 (5.0%)
Black or African American 2 (9.1%) 0 (0.0%)
White 20 (90.9%) 18 (90.0%)
Unknown/Not Reported 0 (0.0%) 1 (5.0%)

Maternal Age (years), Mean (SD) 27.3 (3.8) * 30.0 (4.0) *

BMI (kg/m2) (<20/40 gestation), Mean (SD) 30.0 (8.8) 30.3 (5.9)

Current smoking 2 (9.1%) 1 (5.0%)

History of Infertility 3 (13.6%) 7 (35.0%)

First degree relatives with diabetes

No 13 (59.1%) 19 (95.0%)
Yes 6 (27.3%) 0 (0.0%)
Unknown 3 (13.6%) 1 (5.0%)

Characteristic at Time of 2nd Pregnancy

Maternal Age (years), Mean (SD) 29.1 (3.9) 32.1 (4.1)

BMI (kg/m2) (<20/40 gestation), Mean (SD) 29.8 (8.3) 30.2 (5.6)

Months between deliveries, Mean (SD) 20.9 (6.1) 24.2 (8.4)
Significant differences between groups are marked with * indicating p < 0.05.

Figure 1 outlines the difference in maternal weight between the start of the first
pregnancy and the start of the secondary pregnancy (inter-pregnancy weight gain). There
was no difference between women with and without recurrent GDM.

179



J. Clin. Med. 2021, 10, 569

Table 3. Pregnancy outcomes (first pregnancy).

Maternal Outcomes
GDM in 2nd Pregnancy

No (n = 22) Yes (n = 20)

Gestational age at GDM diagnosis, Mean (SD) 28.4 (1.6) 27.0 (1.9)

Diabetes Management

Diet and lifestyle modifications 15 (68.2%) 11 (55.0%)
Glyburide 7 (31.8%) 9 (45.0%)
Insulin 0 0

Pregnancy-induced hypertension 3 (13.6%) 4 (20.0%)

Pre-eclampsia 3 (13.6%) 2 (10.0%)

Type of Labor

Spontaneous onset of labor at term 6 (27.3%) 11 (55.0%)
Induction 14 (63.6%) 8 (40.0%)
Preterm onset of labor (PTL) 2 (9.1%) 1 (5.0%)

Method of Delivery

Vaginal Delivery 12 (54.5%) 14 (70.0%)
Cesarean 10 (45.5%) 6 (30.0%)

Infant Outcomes

Birth Outcome

Live Birth—Term (greater than 37 weeks gest.) 16 (72.7%) 15 (75.0%)
Live Birth—Preterm (less than 37 weeks gest.) 6 (27.3%) 4 (20.0%)
Stillbirth 0 (0.0%) 1 (5.0%)

Gestational age at delivery (weeks)

Mean (SD) 38.5 (2.4) 38.8 (1.9)

Infants with research authorization (N = 19) (N = 16)

Admission to neonatal intensive care unit 0 1 (6.3%)

Admission to high dependency unit 9 (47.4%) 7 (43.8%)

Shoulder dystocia 1 (5.3%) 0

Neonatal hypoglycemia 7 (36.8%) 10 (62.5%)

Neonatal death 0 1 (6.3%)
There were no significant between group differences.

Figure 1. Scatter plot demonstrating interpregnancy weight change in women with and without
recurrent gestational diabetes mellitus.

180



J. Clin. Med. 2021, 10, 569

4.2. Discussion

At Mayo Clinic, the GDM recurrence rate of 47.6% was in-keeping with the pooled
recurrence reported in a previous meta-analysis [14]. Our cohort contained detailed individ-
ual patient data, and women with pre-existing diabetes were excluded. Within this cohort,
older maternal age was a significant risk factor for GDM recurrence. In addition, a higher
proportion of women with GDM recurrence required pharmacological therapy during their
index pregnancy, and their infants were more likely to have had neonatal hypoglycemia.
This suggests that women with more severe GDM may be at higher risk of recurrence
in a subsequent pregnancy. It is interesting that a history of infertility is associated with
GDM recurrence. This may relate to the fact that fertility challenges are more common in
older women [26] and hormone therapies used during fertility treatments are associated
with increases in insulin resistance [27]. In addition, the underlying cause of the infertility
may be associated with GDM—for example, polycystic ovarian syndrome [28]. Additional
predictors noted in prior studies were not observed in our cohort. This may be related to
our relatively small sample size or differences in baseline population characteristics.

Large, population-based studies identify clinical characteristics associated with GDM
recurrence; however, our data highlights the difficulty in applying this information to a
clinical practice serving populations with different demographics, and women with several
combinations of risk factors. Despite this, it would seem that GDM is more likely to occur if
it was more severe in the index pregnancy, and in the setting of higher maternal age. While
this information will help inform patient counselling, we recommend that all women with
GDM are advised on their relatively high risk of recurrence in a subsequent pregnancy.

5. Prevention of Recurrent GDM

Many trials have examined the effect of various lifestyle interventions in the prenatal
setting to prevent GDM. While they have typically included women with risk factors for
GDM, they have not specifically targeted those with previous GDM. Some of these studies
demonstrated modest effects on GDM prevention [29,30], but many more have shown
no effect [31–34]. One exception in terms of target population was a 2016 randomized
controlled trial by Guelfi et al. [35]. This trial involved a 14-week supervised, home-based,
exercise program starting at 14 weeks of gestation. Unfortunately, while it was associated
with important benefits for maternal fitness and psychological well-being, it did not prevent
the recurrence of GDM [35]. The failure of this intervention, and indeed many of the GDM
lifestyle prevention trials, is possibly due to their initiation at a relatively late stage in the
pregnancy (typically the second trimester) and not taking into account patient heterogeneity
including variations in BMI and insulin resistance [31]. The RADIEL study (Gestational
Diabetes Mellitus Can Be Prevented by Lifestyle Intervention: The Finnish Gestational
Diabetes Prevention Study), enriched by women with previous GDM, is another important
study in this area [29]. This trial was based in Finland and recruited women <20 weeks
gestation with a history of GDM and/or a pre-pregnancy BMI ≥25 kg/m2. Women were
randomized to either a complex intervention (individual counseling on diet and physical
activity), or standard antenatal care that included written information on diet and physical
activity. The incidence of GDM was 13.9% in the intervention group versus 21.6% in
the control group. The unadjusted analysis revealed this difference to be non-significant
(p = 0.097), but it became significant following adjustment for a number of variables
including age, pre-pregnancy BMI, previous GDM status, and number of weeks of gestation
at time of oral glucose tolerance testing (p = 0.044). This study indicated that some women
with previous GDM do respond favorably to a lifestyle intervention to reduce their risk
of recurrence. We therefore await with interest the results of an ongoing randomized
controlled trial in China, evaluating the efficacy of a dietary intervention in preventing
the recurrence of GDM, with an estimated completion date of December 2021 [36]. In this
study, women are enrolled in the first trimester of pregnancy. This approach is supported
by a meta-analysis of 29 antenatal randomized controlled lifestyle trials by Song et al.,
involving 11,487 women [37]. The overall relative risk of GDM was 0.82 (95% CI 0.70–0.95),
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but this was due to a significant reduction in GDM among women where the intervention
commenced at less than 15 weeks gestation (relative risk 0.78; 95% CI 0.64–0.96), with
no significant reduction if the intervention commenced after this point (relative risk 0.97;
95% CI 0.82–1.13) [37].

There are no published trials that have evaluated pharmacological interventions to
prevent recurrent GDM. The effect of metformin (initiated during pregnancy) on GDM
prevention has been evaluated in two major trials, the 2015 EMPOWaR (effect of metformin
on maternal and fetal outcomes in obese pregnant women) study [38] and the 2016 MOP
(metformin versus placebo in obese pregnant women without diabetes mellitus) study [39].
Use of metformin for GDM prevention seems logical due to its positive effects on insulin
sensitivity, lack of associated weight gain or hypoglycemia, and apparent safety in preg-
nancy. However, neither of these studies showed a reduction in the incidence of GDM. Data
from the Diabetes Prevention Program Outcomes Study suggest that metformin can reduce
progression to type 2 diabetes in women with a history of GDM and prediabetes [40]. How-
ever, in this study, there was an average interval of 12 years between the GDM pregnancy
and initiation of metformin, and it remains unclear if metformin initiated postnatally in
women with a history of GDM might lead to reduced risk of recurrent GDM. The TRIPOD
(troglitazone in prevention of diabetes) [41] and the PIPOD (pioglitazone in prevention of
diabetes) [42] studies demonstrated that thiazolidinediones may preserve β-cell function
among women with a recent history of GDM. Although theoretically this may reduce the
risk of recurrent GDM, this class of medications are not deemed safe in pregnancy and
cannot be used in those who are actively planning to become pregnant. A double-blind,
randomized controlled trial examining probiotics for the prevention of GDM in overweight
and obese women found that this intervention was not effective, with similar rates of GDM
in both arms of the trial (placebo 12.3% (25 of 204) versus 18.4% (38 of 207), p = 0.10) [43].

In those women who meet criteria based on BMI with/without medical comorbidities,
the significant weight loss associated with bariatric surgery has been clearly linked with
a reduction in risk of GDM [44,45]. As an illustrative example, Burke et al. examined
346 obese women who had a delivery before bariatric surgery (predominantly bypass
procedures), and 354 who had a delivery after bariatric surgery. Women with a deliv-
ery after bariatric surgery had lower incidences of GDM (8% vs. 27%, OR 0.23, (95% CI
0.15–0.36)) [45]. While these studies tend not to focus on women with prior GDM specif-
ically, one can assume that, in the appropriate clinical context, bariatric surgery will be
associated with a reduction in risk of recurrent GDM.

Overall, there is a dearth of high-quality clinical evidence on how to reduce the risk of
recurrent GDM. Until further information becomes available, it is reasonable to draw on the
evidence from the broader GDM prevention studies, which suggest that intensive lifestyle
interventions and significant inter-pregnancy weight loss may be effective in reducing
risk. Indeed, women with a recent history of GDM may derive extra motivation from the
potential of avoiding another high-risk pregnancy.

6. Conclusions

The GDM recurrence rate is high, with approximately 50% of women experiencing this
same diagnosis in their subsequent pregnancy. Examination of large datasets suggests that
the risk factors for GDM recurrence are similar to those for GDM itself, and include increas-
ing maternal age, weight and certain ethnicities. In addition, women who require insulin to
treat GDM in the index pregnancy seem more likely to experience recurrence. In practice, it
is difficult to precisely determine an individual’s risk based on their clinical characteristics,
and it is therefore reasonable to consider all women with previous GDM as being at high
risk of recurrence. These women should receive appropriate counselling; weight loss is
the intervention most likely to reduce recurrence risk; therefore, it should be supported
when clinically indicated. Although not without challenges, future studies should seek to
implement interventions before conception and extend through pregnancy and delivery to
assess the maximum effect on GDM recurrence risk and pregnancy outcomes.
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Abstract: Secretagogin (SCGN) is a calcium binding protein related to insulin release in the pancreas.
Although SCGN is not co-released with insulin, plasma concentrations have been found to be
increased in type 2 diabetes mellitus patients. Until now, no study on SCGN levels in pregnancy or
patients with gestational diabetes mellitus (GDM) has been published. In 93 women of a high-risk
population for GDM at the Medical University of Vienna, secretagogin levels of 45 GDM patients
were compared to 48 women with a normal glucose tolerance (NGT). Glucose tolerance, insulin
resistance and secretion were assessed with oral glucose tolerance tests (OGTT) between the 10th and
28th week of gestation (GW) and postpartum. In all women, however, predominantly in women with
NGT, there was a significant positive correlation between SCGN levels and Stumvoll first (rp = 0.220,
p = 0.032) and second phase index (rp = 0.224, p = 0.028). SCGN levels were not significantly different
in women with NGT and GDM. However, SCGN was higher postpartum than during pregnancy
(postpartum: 88.07 ± 35.63 pg/mL; pregnancy: 75.24 ± 37.90 pg/mL, p = 0.004). SCGN was directly
correlated with week of gestation (rp = 0.308; p = 0.021) and triglycerides (rp = 0.276; p = 0.038) in
women with GDM. Therefore, SCGN is related to insulin secretion and hyperinsulinemia during
pregnancy; however, it does not display differences between women with NGT and GDM.

Keywords: biomarker; gestational diabetes mellitus; insulin secretion; pregnancy; secretagogin

1. Introduction

Secretagogin (SCGN) is a calcium-binding protein, which was discovered in the pancreas in
1998 [1]. Many interactions of SCGN have not yet been fully understood; however, they are assumed to
be of importance to the function of secretory cells [2–7]. Besides neuroendocrine cells such as the islets of
Langerhans and developing or adult neurons, SCGN can be found in the thyroid, gastrointestinal tract,
adrenal medulla, adrenal gland and brain [1]. Its involvement with vesicle trafficking and exocytosis
has already been proven for insulin release in pancreatic islet cells and corticotropin-releasing hormone
(CRH) mediated stress responses [8–10]. The exact mechanism of secretagogin’s influence on insulin
release has only been understood rather recently and involves SCGN-interacting proteins which
are either actin-binding proteins, involved in insulin granule trafficking and exocytosis [11] or have
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a regulatory function towards the actin cytoskeleton by facilitating vesicle transport to the periphery
during insulin release [12]. SCGN further binds insulin and improves insulin signaling when compared
to insulin action alone by increasing insulin-induced phosphorylation of Akt [13]. Accordingly, SCGN
was recently found to be elevated in patients with type 2 diabetes [14] and has been related to beta-cell
proliferation and insulin secretion [9]. In pregnancy, insulin resistance increases to ensure the glucose
supply of the fetus, which is countered by a higher level of insulin production and secretion [15,16].
The pancreatic islets adapt to cope with the increased insulin production and secretion. Islet cell
mass increases 1.4–2-fold during gestation [17,18], whereas adult islet cell mass remains steady and
proliferates slowly outside of pregnancy [19]. If these adaptions are insufficient and the insulin supply
fail to match tissue demand, pregnant women develop gestational diabetes mellitus (GDM) [20]. GDM
is a form of hyperglycemia with its onset or first detection during pregnancy and has a prevalence
of 2 to 6% in Europe [21]. Not only is GDM associated with an increased risk for complications for
both mother and child during pregnancy and childbirth [22] but also have women who suffer from
gestational diabetes a 3.44 elevated risk for developing type 2 diabetes mellitus postpartum [23]. Up to
this day, no studies on SCGN and its possible roles during pregnancy have been published. Previously,
SCGN was associated with beta-cell proliferation, insulin secretion and was increased in patients with
diabetes mellitus. Therefore, we hypothesized SCGN might be similarly involved in GDM and aimed
at investigating SCGN as a marker of insulin secretion in the context of pregnancy, postpartum and
the development of GDM.

2. Materials and Methods

2.1. Study Participants and Design

The study population included 93 pregnant women (48 women with normal glucose tolerance
(NGT), 45 with GDM) of all body mass index (BMI) categories recruited for two prospective longitudinal
studies conducted at the Medical University of Vienna between 2010 and 2014. Both studies were
approved by the local ethics committee (Ethics Committee of the Medical University of Vienna, EK Nr.
2022/2012 & 771/2008) and was performed in accordance with the Declaration of Helsinki. All subjects
gave written informed consent for participation in the study [24]. Inclusion criteria were a singleton
pregnancy and age ≥ 18 years. Exclusion criteria were pre-existing diabetes, chronic and/or infectious
diseases, significant psychiatric disorders or inability to follow instructions related to the studies due to
language difficulties. All study subjects were monitored and treated during their pregnancy following
the national guidelines [25,26]. As a tertiary health care center taking care of higher risk pregnancies,
a high number of cases with GDM is represented in our cohort. GDM was assessed according to
IADPSG WHO guidelines [27]. Oral glucose tolerance tests and further clinical evaluations were
performed at week of gestation (GW) 10–28 and postpartum (mean = 8 ± 6 months after delivery),
respectively, with blood samples taken at baseline, 30, 60, 90 and 120 min for the measurement
of glucose, insulin and c-peptide. Hemoglobin A1c according to the International Federation of
Clinical Chemistry working group (HbA1c-IFCC) and levels of triglycerides, cholesterol, creatine and
bioavailable estradiol were analyzed in our ISO 9001 certified central laboratory at the General Hospital
in Vienna (AKH Wien, Austria, www.kimcl.at). Weight was measured on calibrated electronic scales
(SECA 877/888, SECA, Hamburg, Germany) wearing no shoes and light clothes. Waist circumference
was measured twice at the midpoint between the lower border of the rib cage and the iliac crest and
hip circumference at the widest portion of the buttocks. Systolic and diastolic blood pressure and
heart rate were measured on the left arm with an appropriate-sized cuff with an BOSO medicus device
(Bosch + Sohn, Jungingen, Germany).

2.2. Calculation of Insulin Secretion and Sensitivity Indices

Approximations of insulin sensitivity and insulin secretion were calculated (Matsuda Index,
Stumvoll first and second phase index, insulin secretion sensitivity index (ISSI-2), disposition index, area
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under the curve (AUC) insulin and glucose) for each oral glucose tolerance tests (OGTT). The Matsuda
Index is an estimate of peripheral and hepatic insulin sensitivity (liver, muscle and adipose tissue).
Due to the complexity of the formula, an online calculator was used [28]. Stumvoll first phase index
for insulin secretion was calculated as 1.283 + 1.829 × Insulin 30min − 138.7 × Glucose 30min + 3.772 ×
Insulin 0 min for estimated first phase beta cell function. Stumvoll second phase index was calculated
with the formula 287 + 0.4164 × Insulin 30 min − 26.07 × Glucose 30min + 0.9226 × Insulin 0 min [29].
Oral disposition index is the product of the Matsuda Index and Δ Insulin 0 − 30/Δ Glucose 0 − 30 [30,31].
To improve the assessment of beta-cell reserve, ISSI-2, the product of the Matsuda Index and the ratio
of the area-under-the-insulin curve to the area-under-the-glucose curve, was used [32]. AUC insulin
and AUC glucose were calculated using the trapezoidal method.

2.3. SCGN Assay

For the serum SCGN analysis, a human ELISA kit (BioVendor, Brno, Czech Republic) was used
(https://www.biovendor.com/secretagogin-human-elisa?d=114). The detection range of this kit is
62.5–2000 pg/mL with an inter-assay coefficient of variability (CV) of 6.5% and an intra-assay CV of 6%.
Samples were diluted 1 + 1 with dilution buffer (provided in the assay kit), internal control samples
were analyzed in each assay and the measured concentrations were in the expected range. As internal
controls gave almost identical results in three different assays adjustment for inter-assay bias was
not done.

2.4. Statistical Analysis

Descriptive data analysis was performed for all parameters. Continuous variables were
summarized by mean ± SD and categorical variables by counts and percentages. Assumption
of Gaussian distribution of parameters was decided by visual assessment of histograms and calculation
of skewness using Kolmogorov–Smirnov test. Consequently, the non-parametrically distributed
parameter SCGN was log transformed. All women with SCGN values outside the reference range of
the SCGN kit (62.5–2000 pg/mL) and outliers with 2 × 1,5 IQR were excluded from the analysis. An
independent samples T-Test was used to investigate differences in SCGN levels between NGT and
GDM in pregnancy. Due to missing values, postpartum SCGN values were not available for all women.
In a subgroup of women with both pregnancy and postpartum SCGN values (n = 34), a paired T-test
was performed. To assess SCGN levels over the course of an OGTT, a repeated measure ANOVA
(with Greenhouse–Geisser correction due to rejected sphericity assumption) was calculated. Pearson’s
correlation was used for a correlation analysis. As this is a post hoc analysis, a power analysis was
omitted. For the statistical analysis, SPSS 25.0 (SPSS Inc, Chicago, USA) was used. A two-sided p-value
≤ 0.05 was considered statistically significant.

3. Results

3.1. Baseline Characteristics

Characteristics of the study population are presented in Table 1 and show significant differences
between the groups in anthropometric, glycemic and metabolic parameters. The AUC insulin (p = 0.024)
and AUC glucose (p < 0.001) were elevated in women with GDM compared to NGT. Matsuda index
(p = 0.013), ISSI-2 (p < 0.001), disposition index (p < 0.001), Stumvoll first phase (p = 0.003) and second
phase index (p = 0.020) were lower; HbA1c (p = 0.002) and triglycerides (p = 0.014) higher in GDM
than in NGT. Postpartum, none of the glycemic and metabolic parameters differed between NGT and
those who had had GDM during pregnancy. Fetal parameters such as fetal weight, length, abdominal
and head circumference did not differ between the groups either.
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Table 1. Baseline characteristics and glycemic and metabolic parameters of oral glucose tolerance tests
(OGTT) at GW 10–28 and postpartum for NGT and GDM.

All NGT GDM

Mean (± SD) Mean (± SD) Mean (± SD) p-Values

Maternal Indices at GW 10–28

Number 93 48 45

GDM in previous pregnancy 48.8% 40.9% 57.9% 0.094

Birth weight > 4000 g in previous
pregnancy 23.5% 20.5% 27.0% 0.486

BMI before pregnancy (in kg/m2) 28.59 (± 7.06) 27.88 (± 6.69) 29.34 (± 7.44) 0.243

Waist (in cm) 114.8 (± 10.8) 114.7 (± 9.1) 115.0 (± 12.4) 0.795

Hip (in cm) 123.6 (± 11.5) 124.1 (± 8.7) 123.0 (± 14.0) 0.833

Age (in years) 33 (± 5) 32 (± 5) 33 (± 5) 0.632

Blood pressure systolic (in mmHg) 114 (± 11) 114 (± 10) 114 (± 12) 0.809

Blood pressure diastolic (in mmHg) 69 (± 8) 68 (± 8) 70 (± 9) 0.177

Pregnancy (GW 10–28)

SCGN (in pg/mL) 75.24 (± 37.90) 71.57 (± 34.47) 79.15 (± 41.28) 0.514

AUC insulin 70.36 (± 45.96) 59.77 (± 33.87) 85.06 (± 56.12) 0.024

AUC glucose 131.43 (± 29.26) 110.60 (± 12.85) 160.32 (± 19.18) <0.001

Matsuda Index 5.77 (± 4.13) 6.68 (± 4.20) 4.49 (± 3.73) 0.013

Stumvoll first phase index (in
pmol/L) 1171.65 (± 605.86) 1307.64 (± 626.24) 974.24 (± 523.90) 0.003

Stumvoll second phase index (in
pmol/L) 343.24 (± 159.76) 371.18 (± 168.12) 302.68 (± 139.57) 0.020

Disposition Index 5.79 (± 5.30) 7.88 (± 5.75) 2.57 (± 1.89) <0.001

ISSI-2 292.85 (± 127.09) 354.40 (± 111.32) 207.47 (± 94.81) <0.001

HbA1c (in mmol/mol Hb) 32.22 (± 2.6) 30.03 (± 1.9) 33.32 (± 3.24) 0.002

Triglycerides (in mg/dL) 170 (± 58) 153 (± 55) 188 (± 56) 0.014

Cholesterol (in mg/dL) 224 (± 45) 221 (± 43) 228 (± 47) 0.667

Bioavailable estradiol (pg/mL) 1231 (± 685) 1117 (± 659) 1350 (± 698) 0.100

Postpartum

Number 34 19 15

SCGN (in pg/mL) 88.07 (± 35.63) 83.88 (± 24.65) 93.37 (± 46.45) 0.683

AUC insulin 39.98 (± 27.15) 29.09 (± 11.76) 44.34 (± 30.73) 0.363

AUC glucose 118.04 (± 18.01) 111.13 (± 19.46) 120.81 (± 17.67) 0.384

Matsuda Index 8.92 (± 5.89) 10.33 (± 5.65) 8.35 (± 6.18) 0.591

Stumvoll first phase index (in
pmol/L) 862.12 (± 488.50) 883.31 (± 615.93) 853.65 (± 466.86) 0.923

Stumvoll second phase index (in
pmol/L) 259.71 (± 129.43) 260.98 (± 154.27) 259.20 (± 127.52) 0.983

Disposition Index 4.70 (± 2.36) 6.41 (± 3.06) 3.94 (± 1.66) 0.080

ISSI-2 273.65 (± 99.19) 304.15 (± 135.65) 261.46 (± 86.60) 0.489
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Table 1. Cont.

All NGT GDM

Mean (± SD) Mean (± SD) Mean (± SD) p-Values

HbA1c (in mmol/mol Hb) 32.24 (± 1.9) 34.41 (± 1.9) 32.24 (± 1.9) 0.157

Triglycerides (in mg/dL) 90 (± 45) 84 (± 44) 97 (± 47) 0.389

Cholesterol (in mg/dL) 193 (± 34) 189 (± 38) 197 (± 29) 0.466

Bioavailable estradiol (in pg/mL) 39 (± 55) 49 (± 69) 26 (± 22) 0.228

Continuous variables were summarized by mean ± standard deviation (SD) and categorical variables by counts and
percentages. To assess differences between NGT and GDM and GDM subgroups, a T-Test was performed. NGT:
normal glucose tolerance; GDM: gestational diabetes mellitus; GW: week of gestation; AUC: area under the curve;
BMI: body mass index; SCGN: secretagogin; HbA1c: hemoglobin A1c; ISSI-2: insulin secretion sensitivity index.

3.2. SCGN Levels in NGT and GDM During Pregnancy and Postpartum

In the whole cohort, SCGN levels were significantly lower during pregnancy (mean = 75.24 pg/mL,
SD = 37.90 pg/mL) compared to postpartum (mean = 88.07 pg/mL, SD = 35.63 pg/mL, p = 0.004). As
illustrated in Figure 1, SCGN levels were higher postpartum in NGT (p = 0.034). SCGN levels displayed
the same trend in women who had had GDM during gestation, albeit not significant (p = 0.067).

Figure 1. Clustered boxplot of secretagogin (SCGN) levels in normal glucose tolerance (NGT) (n = 19)
and gestational diabetes mellitus (GDM) (n = 15) during pregnancy and postpartum.

Unlike in type 2 diabetes mellitus patients, there was no difference in SCGN levels between NGT
and GDM (pregnancy: p = 0.514; postpartum: p = 0.683). When investigating SCGN over the course
of an OGTT in a small subgroup of 9 women (5 NGT, 4 GDM), SCGN did not change significantly
(p = 0.100) from 77.9 pg/mL (± 55.0 pg/mL) at baseline, 74.83 pg/mL (± 52.0 pg/mL) after 60 min to
80.1 pg/mL (± 52.5 pg/mL) at 120 min.

3.3. Correlation of SCGN with Covariates in Pregnancy and Postpartum

As demonstrated in Figure 2 and Table 2, there was a direct correlation between SCGN levels and
Stumvoll first (rp = 0.220, p = 0.032) and second phase index (rp = 0.224, p = 0.028), parameters of insulin
secretion, in all women during pregnancy, however, predominantly in women with NGT. In women
with NGT, SCGN correlated positively with Stumvoll first (rp = 0.390, p = 0.004) and second phase
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index (rp = 0.395, p = 0.003), AUC insulin (rp = 0.380, p = 0.005) and HbA1c (rp = − 0.391, p = 0.002)
and negatively with the Matsuda index (rp = − 0.273, p = 0.050). Postpartum, these glycemic indices
ceased to correlate with SCGN. Furthermore, SCGN was directly correlated with creatine (rp = 0.194,
p = 0.012) in the whole cohort and with triglycerides (rp = 0.276, p = 0.038) in women with GDM during
pregnancy (see Figure 3 and Table 2).

Figure 2. Grouped scatter dot plot according to glucose tolerance (blue = NGT, red = GDM) of
the correlation between secretagogin (SCGN) (log-transformed) and Stumvoll first phase index during
pregnancy. SCGN correlated directly with Stumvoll first phase index in women with NGT (rp = 0.390,
p = 0.004), an effect which was not present in GDM (rp = −0.056, p = 0.724). NGT: normal glucose
tolerance; GDM: gestational diabetes mellitus.

Table 2. Pearson’s correlation analysis SCGN during pregnancy in all women, women with NGT and
GDM. The significance level is p ≤ 0.05.

Pearson’ Correlation All (in Pregnancy) NGT (in Pregnancy) GDM (in Pregnancy)

rp p rp p rp p

Week of gestation 0.172 0.068 0.035 0.791 0.308 0.021

BMI of visit −0.069 0.470 0.055 0.686 −0.174 0.203

Blood pressure systolic 0.193 0.043 0.221 0.105 0.172 0.210

Blood pressure diastolic 0.121 0.209 0.219 0.108 0.030 0.829

Matsuda Index −0.104 0.320 −0.273 0.050 0.093 0.563

Stumvoll first phase index 0.220 0.032 0.390 0.004 −0.056 0.724

Stumvoll second phase index 0.224 0.028 0.395 0.003 −0.058 0.714

Disposition index 0.107 0.316 0.002 0.987 0.316 0.057

ISSI-2 0.082 0.436 −0.026 0.856 0.163 0.310
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Table 2. Cont.

Pearson’ Correlation All (in Pregnancy) NGT (in Pregnancy) GDM (in Pregnancy)

rp p rp p rp p

AUC insulin 0.132 0.206 0.380 0.005 −0.028 0.861

AUC glucose −0.029 0.782 0.019 0.893 0.035 0.827

HbA1c −0.158 0.092 −0.391 0.002 −0.028 0.836

Triglycerides 0.171 0.067 0.041 0.761 0.276 0.038

Cholesterol 0.169 0.072 0.078 0.560 0.246 0.065

Creatine 0.194 0.012 0.191 0.068 0.223 0.057

Bioavailable estradiol 0.139 0.139 0.151 0.263 0.113 0.402

SGGN: secretagogin; NGT: normal glucose tolerance; GDM: gestational diabetes mellitus; AUC: area under the curve;
BMI: body mass index; ISSI-2: insulin secretion sensitivity index; HbA1c: hemoglobin A1c.

Figure 3. Grouped scatter dot plot according to glucose tolerance (blue = NGT, red = GDM) of
the correlation between secretagogin (SCGN) (log-transformed) triglycerides during pregnancy. SCGN
correlated positively with triglycerides (TG) in women with GDM (rp = 0.276, p = 0.038). In NGT,
a similar trend, albeit not significant, is visible (rp = 0.041, p = 0.761). NGT: normal glucose tolerance;
GDM: gestational diabetes mellitus; TG: triglycerides.

SCGN levels increased marginally during pregnancy; SCGN levels correlated positively with GW
in women with GDM (rp = 0.308, p = 0.021); in NGT, the correlation was not significant (see Figure 4
and Table 2).
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Figure 4. Grouped scatter dot plot according to glucose tolerance (blue = NGT, red = GDM) depicting
the correlation of secretagogin (SCGN) (log-transformed) with week of gestation during pregnancy
between week of gestation (GW) 10 and 28. In women with GDM, SCGN correlated positively with
week of gestation (rp = 0.308, p = 0.021). NGT displays the same trend, albeit not statistically significant
(rp = 0.035, p = 0.791). NGT: normal glucose tolerance; GDM: gestational diabetes mellitus.

4. Discussion

In the present study, SCGN was related to insulin secretion in all pregnant women, predominantly
in women with NGT. SCGN correlated positively with the Stumvoll first and second phase index,
which corresponds to previous studies supporting a connection between SCGN and insulin secretion.
Furthermore, SCGN increased significantly postpartum compared to pregnancy. SCGN levels did
not show a difference between NGT and GDM in our cohort of high-risk pregnant women in any
of the visits during pregnancy and postpartum, although SCGN was elevated in type 2 diabetes
mellitus patients in a previous study [14]. However, the cohort (NGT and GDM) is homogeneous in
respect to GDM risk factors such as age and BMI. Furthermore, pregnancy is per se associated with
increasing insulin resistance and insulin secretion [15,16]. The status of GDM, in contrast to type 2
diabetes mellitus, might, thus, not be the determining factor for differences in SCGN levels. To our
best knowledge, no evaluation in pregnancy or of women with gestational diabetes mellitus has been
done until now.

With regard to pancreatic islet cells, secretagogin has so far been related to insulin release in
loss-of-function studies and the regulation of beta-cell proliferation [2,9,12,33]. SCGN binds insulin
and improves insulin signaling when compared to insulin action alone and, accordingly, dropped over
the course of an OGTT in one study [13]. We were not able to replicate these results in our OGTTs,
most probably due to the low number of patients for whom these values were available. SCGN’s
involvement in insulin metabolism was further supported by research on SCGN knock-out mice,
which demonstrated progressing glucose intolerance most likely due to loss of beta-cell mass [2] and
in vivo studies showing differences in SCGN levels between type 2 diabetes mellitus patients and
controls [14]. Recent studies came to the conclusion that type 2 diabetes mellitus could be a state of
SCGN deficiency [2,34,35]. Exact mechanisms remain hypothetical at this point, especially considering
the heterogeneity in insulin secretion of pre-diabetes and type 2 diabetes mellitus, ranging from
hyperinsulinemia to varying degrees of beta-cell dysfunction [36].
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SCGN might play a different role in insulin secretion in patients with type 2 diabetes than in
pregnancy and women with gestational diabetes. SCGN levels did not differ between women with GDM
and NGT in the present cohort. However, SCGN is intrinsically linked to insulin secretion and involved
in weight control [1,13]. The pregnant women in both groups displayed similar characteristics in terms
of BMI and age. Moreover, pregnancy is a state of hyperinsulinemia and insulin resistance [15,16]. Due
to these similarities between NGT and GDM, the diagnosis GDM might not be reflected in SCGN levels.

SCGN levels were significantly higher postpartum than during pregnancy. This trend was
visible in both women with NGT and GDM, albeit only significant in NGT. SCGN’s ability to bind
insulin [13] might offer an explanation for the lower values in pregnancy compared to postpartum due
to the pregnancy-related hyperinsulinemia. Pregnancy is a state of progressing insulin resistance and
hyperinsulinemia to supply the fetus with glucose [15,16]. Accordingly, SCGN correlated negatively
with the Matsuda Index in women with NGT, and SCGN levels increased marginally during pregnancy
in all pregnant women in this cohort. Furthermore, as SCGN is critical in neuronal growth and brain
development [37], it might be involved in fetal neural development. Hypothetically, if SCGN was
transferred via the maternal placenta to the fetus, it could explain the lower levels in mothers during
pregnancy. However, the possibility of placental transfer is speculative at this point as SCGN has,
to the best of our knowledge, not been investigated in the context of pregnancy before. Another
potential explanation for the discrepancy between pregnancy and postpartum is changes in maternal
kidney clearance during pregnancy [38]. These physiological adaptions might impact and heighten
the renal clearance of SCGN. In support of this theory, SCGN correlated positively with creatine
during pregnancy in our cohort. A noteworthy observation is the positive correlation of triglyceride
levels with SCGN in women with GDM, which might indicate a compensatory mechanism to reduce
triglyceride content. Accordingly, SCGN treatment reduced triglycerides and cholesterol in high-fat
diet fed mice [13].

A limitation of this study is that postpartum SCGN values were not available for all women due to
a high postpartum drop-out rate. Therefore, the assessment of changes from pregnancy to postpartum
was limited to a restricted number of patients. Moreover, the conclusions on the relationship between
insulin secretion and SCGN is based on correlations rather than causation.

Being the first study on SCGN in pregnancy and GDM, we were able to demonstrate a potential
connection of SCGN to insulin secretion in pregnancy. SCGN was predominantly associated with
insulin secretion in women with NGT, which suggests an involvement in the physiological increase in
insulin secretion during gestation. It remains unclear whether the lower SCGN levels in pregnancy
compared to postpartum are the actuator or the result of pregnancy-related changes in insulin
metabolism. A larger cohort, non-pregnant controls and the addition of pre-pregnancy SCGN levels
in future studies would allow for a better judgement on changes during gestation and postpartum.
The discrepancy between studies in patients with type 2 diabetes mellitus compared to GDM indicate
the necessity for further research. To ameliorate the understanding of the functions of this biomarker,
studies in other models of insulin resistance and changing insulin secretion are imperative, for instance,
in patients with impaired glucose tolerance or normal lean pregnancies.
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Abstract: The worldwide prevalence of overweight and obesity in women of reproductive age is
rapidly increasing and a risk factor for the development of gestational diabetes (GDM). Excess adipose
tissue reduces insulin sensitivity and may underlie adverse outcomes in both mother and child.
The present paper describes the rationale and design of the PRegnancy Outcomes and Maternal
Insulin Sensitivity (PROMIS) study, an exploratory cohort study to obtain detailed insights in
insulin sensitivity and glucose metabolism during pregnancy and its relation to pregnancy outcomes
including early infancy growth. We aim to recruit healthy pregnant women with a body mass index
(BMI) ≥ 25 kg/m2 before 12 weeks of gestation in Northern Netherlands. A total of 130 woman
will be checked on fasted (≤7.0 mmol/L) or random (≤11.0 mmol/L) blood glucose to exclude
pregestational diabetes at inclusion. Subjects will be followed up to six months after giving birth,
with a total of nine contact moments for data collection. Maternal data include postprandial measures
following an oral meal tolerance test (MTT), conducted before 16 weeks and repeated around
24 weeks of gestation, followed by a standard oral glucose tolerance test before 28 weeks of gestation.
The MTT is again performed around three months postpartum. Blood analysis is done for baseline
and postprandial glucose and insulin, baseline lipid profile and several biomarkers of placental
function. In addition, specific body circumferences, skinfold measures, and questionnaires about
food intake, eating behavior, physical activity, meal test preference, mental health, and pregnancy
complications will be obtained. Fetal data include assessment of growth, examined by sonography
at week 28 and 32 of gestation. Neonatal and infant data consist of specific body circumferences,
skinfolds, and body composition measurements, as well as questionnaires about eating behavior and
complications up to 6 months after birth. The design of the PROMIS study will allow for detailed
insights in the metabolic changes in the mother and their possible association with fetal and postnatal
infant growth and body composition. We anticipate that the data from this cohort women with an
elevated risk for the development of GDM may provide new insights to detect metabolic deviations
already in early pregnancy. These data could inspire the development of new interventions that may
improve the management of maternal, as well as offsrping complications from already early on in
pregnancy with the aim to prevent adverse outcomes for mother and child.

Keywords: pregnancy; insulin sensitivity; (early) pregnancy; pregnancy outcomes; growth; glucose;
overweight; obesity; LGA; maternal health; child health; gestational diabetes mellitus; OGTT; meal
tolerance test; postprandial
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1. Introduction

Insulin sensitivity normally decreases by the end of the second trimester due to the
effect of placental hormones, such as human placental lactogen (HPL), progesterone, and
human placental growth hormone, to ensure a continuous supply of nutrients to the
growing fetus [1,2]. Decreased insulin sensitivity leads to beta-cell proliferation and a
larger volume of individual beta-cells, returning to non-pregnant levels after parturition.
Hyperglycemia may develop due to insufficient beta-cell proliferation [3–6]. However, the
mechanism behind insulin resistance is multifactorial. Women with a body mass index
(BMI) ≥ 25 kg/m2 have excess adipose tissue which is known to reduce insulin sensitivity
and may explain the correlation with adverse outcomes of pregnancy for both mother and
child [7]. The worldwide prevalence of overweight and obesity during pregnancy is rapidly
increasing, with a prevalence of nearly 54 million worldwide [8]. In the Netherlands, the
prevalence of overweight women age 30–40 years was 39% in 2017 and around 44% in
2019 [9], suggesting that many women are already overweight when becoming pregnant.
The physiological insulin resistance during pregnancy in combination with overweight
or obesity could increase the risk for hyperglycemia. The hyperglycemia and pregnancy
outcomes (HAPO) study has shown that already small increases in maternal glucose levels
show a linear relationship with adverse outcomes [10].

Insulin resistance during pregnancy increases the risk of pregnancy complications
such as pregnancy induced hypertension, pre-eclampsia, caesarian section and gestational
diabetes mellitus (GDM), and excessive pregnancy weight gain during pregnancy and
weight retention postpartum, while longer term it also increases the risk of cardiovascular
diseases and diabetes mellitus (DM) type 2 and other non-communicable diseases. Adverse
outcomes of pregnancy hyperglycemia in infants could be macrosomia and large for
gestational age (LGA), as well as neonatal complications on the short term and a higher
risk on childhood obesity and non-communicable diseases longer term [7].

Maintaining euglycemia despite the developing insulin resistance over the course of
pregnancy is critical. Deviations in maternal glucose metabolism could potentially already
be detected early in pregnancy [7,10,11]. Yet, potential hyperglycemia is currently stan-
dardly examined at the end of the second trimester by an oral glucose tolerance test (OGTT),
and in the Netherlands only in an at-risk population defined as BMI ≥ 30 kg/m2 [12]. This
test, taking baseline and 2-h blood glucose levels as a result, is not suitable to detect mild
hyperglycemia in early pregnancy and shows considerable within subject variability [13].
Markers of insulin sensitivity and related metabolic adaptations, for instance in lipid
metabolism, may be a more straightforward measure in which deviations could potentially
be detected earlier [14]. An integration of postprandial responses of glucose and insulin
combined with lipid markers following a challenge test would provide clearer insights in
maternal metabolic function. To this end, a meal tolerance test (MTT), which contains a
well-defined balanced macro- and micronutrient composition may be much more sensitive
than the standard OGTT. Assessing glucose homeostasis based on glucose concentrations
only is not reliable as there are numerous perturbations where glucose production and
its utilization increases or decreases to the same extent without any changes in blood
concentrations [15]. For the understanding of the physiology and pathophysiology of
glucose uptake and metabolism during pregnancy, glucose tracers could be used [16].

The design of the Pregnancy Outcomes and Maternal Insulin Sensitivity (PROMIS)
study will allow collection of detailed insights in insulin sensitivity and glucose metabolism
during (early) pregnancy in women with overweight and obesity and assess its possible
relation to growth and body composition during of the offspring during the fetal and
early infancy period. We hypothesize that using an MTT, disturbed insulin sensitivity in
overweight pregnant women could be identified much earlier in pregnancy. Early detection
could help to better predict the risk of possible adverse outcomes short term and reduce
the risk of non-communicable diseases on the longer term.
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2. Materials and Methods

2.1. Overall Study Design

The PROMIS study is a multi-center exploratory prospective cohort-based study in
the two Northern provinces of the Netherlands (Groningen and Friesland). The study
has been approved by the medical ethical committee University Medical Centre Gronin-
gen prior to the start of the study (NL68845.042.19) and is registered at ClinicalTrials.gov
(NCT04315545). Healthy pregnant women with a BMI ≥ 25 kg/m2 are eligible for partici-
pation. Weight and height of women as well as fasting glucose levels will be confirmed
via measurements by study staff at inclusion. Study duration will be from 12 weeks of
gestation up to 6 months after giving birth with a total of nine contact moments when
data will be collected. The MTT will be performed between weeks 12 and 16 and repeated
between weeks 24 and 28 of gestation and three months postpartum. A standard OGTT
will be performed after the second MTT, also between weeks 24 and 28 of gestation. In
addition, maternal anthropometrics will be assessed at the time of the MTT challenges.
Additional sonographies will be made during gestation at week 28 and 32 to assess fetal
growth. Neonatal and infant anthropometrics will be obtained after birth and at 1, 2,
3, 4, and 6 months of age from the records of the baby clinic visits. Body composition
measurements using an air displacement plethysmography (Pea Pod, COSMED, Rome,
Italy) [17] will be performed at 1, 3, and 6 months of age. Questionnaires about nutrition
and lifestyle will also be collected at several time points throughout the study. A study
overview is depicted in Figure 1.

Figure 1. Schematic representation of the prospective cohort indicating readouts and proposed timing of measurement
between early pregnancy up to 6 months postpartum in both mother (upper panel) and offspring (lower panel).

2.2. In-and Exclusion Criteria

Inclusion criteria are singleton pregnancy, BMI ≥ 25 kg/m2, fasted (≤7.0 mmol/L)
or random (≤11.0 mmol/L) blood glucose level, aged ≥ 18 years, and written informed
consent. Women will be excluded from the study if they have pre-existing DM type 1 or 2,
serious health complications (hypertension, hyperlipidemia, asthma, haemochromatosis)
or medication use that influences the glucose metabolism or fetal growth (e.g., chronic use
of corticosteroids). In addition, women who are participating in any other studies involving
investigation of medication or nutritional products, have a severe illness, psychological
dysfunctions, used antibiotics two weeks prior to participation, have HIV or hepatitis,
expected to not comply to the study protocol (e.g., fear of needles), known allergies or
intolerances for one or more nutritional ingredient used in the MTT will also be excluded.
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2.3. Recruitment

Women will be recruited in the provinces of Groningen and Friesland from a diverse
range of socio-economic and ethnic backgrounds. Hospitals, midwife practices, ultrasound
practices, and family doctor’s practices are involved in recruitment. To optimize recruit-
ment, flyers were made, and social media accounts set up. Information sheets explaining
aspects of the study, as well as a short video explaining the study set up will be provided
to eligible participants. Women will have the opportunity to consider participation and
to ask questions to the researchers and can terminate participation at any time within the
study without affecting their usual care. The privacy of the participant will be ensured via
protected data collection and processing by the researchers and will be saved anonymously.
Written informed consent will be obtained prior to the first baseline measurement. Women
are requested to give consent for (1) participation in the study, including taking of blood
samples, collecting associated measurements, and extraction of relevant data from medical
records; (2) storage of blood in a bio bank and (3) participation of their child in this study
including gathering protocol specified measurements.

2.4. Meal Tolerance and Oral Glucose Tolerance Testing

To conduct the MTT, a non-investigational product, Nutridrink Compact, will be used.
Nutridrink Compact is a liquid product for medical use to treat malnutrition. It provides
energy and nutrients in a relatively compact volume and contains a suitable combination
and levels of macro- and micronutrients, largely comparable to the energy and nutrient
composition of a standard breakfast. The product volume will be standardized to 50 gr
carbohydrates and contains 24 g of protein and 9 g of fat, equivalent to 404 kcal in a
total volume of 169 mL. The study participants are asked not to eat or drink (except for
water) anything from 11 pm before the test day to arrive in the fasted state. For regular
OGTT testing, a standard 75 gr glucose solution of 200 mL will be used. Participants will
be diagnosed with GDM when plasma blood glucose is ≥7.0 mmol/L in fasted state or
≥7.8 mmol/L 2 h after the OGTT. These guidelines are according to the Dutch Association
of Obstetrics and Gynecology (NVOG) [18]. In a subgroup of participants (estimate n = 20)
we will add 2% of the total amount of carbohydrates in the MTT as glucose tracers. In total,
1.25 g of D-(6,6-D2, 99%)-glucose, used as the tracer, will be added to the MTT, as well as to
the OGTT, selected to ensure participant and experimental safety [19]. The solution will be
prepared by the research pharmacy in special units that require only the addition of the
required MTT or OGTT volume. In both the MTT and the OGTT, the participant should
ingest the drink within 5 min.

2.5. Sample Size Calculation

The primary outcome of the PROMIS study is to detect changes in blood glucose-
and insulin levels following an MTT, containing 50 g of carbohydrates next to other nutri-
ents. The null hypothesis is that early pregnancy assessment of maternal glucose-insulin
metabolism with an MTT will identify more mothers at risk for pregnancy complications
compared to a standard OGTT conducted at the end of the second trimester. The current
prevalence of GDM, a state of reduced insulin sensitivity leading to hyperglycemia based on
standard OGTT testing, is estimated to be 3–5% in the Netherlands, as diagnosed between
24–28 weeks of gestation. Given the reported linear relationship between blood glucose
and adverse outcomes [10] and higher rates of insulin resistance with increased BMI [20],
more heterogeneity, disturbances in blood glucose, and insulin values are expected in our
study population than the indicated 3–5% [21] for the total population of pregnant women
in the Netherlands. In addition, we anticipate that the first abnormal blood values, in
particular signs of insulin resistance might already be detected in early gestation using this
more physiological testing paradigm. To be able to reject the null hypothesis, we estimate
that a total of 130 pregnant women are needed to participate in the PROMIS study, allowing
for a dropout rate of 20%. This is based on an expected sensitivity of 74% and a minimal
lower confidence limit of 0.62 in OGTT’s containing 50 g of carbohydrates, given before
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32 weeks of gestation for observational studies [22,23]. Given the exploratory nature of
the study, the sample size will be re-estimated after the first OGTT has been completed in
25 subjects based on available sensitivity and specificity data.

2.6. Interim Analysis

After including a total of 5 participants that completed the first MTT, a first interim
analysis will be performed to see if the added amount of glucose tracer is indeed sufficient
to trace glucose fate following the MTT. If the amount of glucose tracer is insufficient
for analysis, the size of the subgroup and the percentage of added glucose tracer can
be adjusted. The first interim will also be used to assess possible unexpected adverse
events. A second interim analysis will be done after the completion of the OGTT in the first
25 subjects to recalculate the sample size by sensitivity and specificity after confirmation
of GDM incidence based on blood glucose levels. It is expected that the final number
for inclusion will be lower than the calculated 130 participants given the detailed data
collection to assess glucose-insulin metabolism.

2.7. Data Collection

An overview of all the parameters measured during pregnancy in the mother and
fetus (Table 1) and postpartum in mother and child (Table 2) is provided below.

Table 1. Timing of data collection during pregnancy up to 2 weeks postpartum in mother and fetus-infant.

Screening Week
12–16

Week
20

Week
24–26

Week
28

Week
32

Week
36

Birth

Visit number Visit 1 Visit 2 Routine 1 Visits
3 and 4 Visit 5 Visit 6 Phone call Routine 2

Visit window ≤12 weeks ±1 week ±2 weeks ±1 week ±1 week ±1 week ±1 week +2 weeks

Informed consent X

Inclusion/exclusion criteria X

Baseline and demographics X

Maternal anthropometrics X X X X

Fasting or random blood glucose X

Blood parameters (for MTT) X X

Blood parameters (for OGTT) X

Maternal skinfolds and fundal
height X X

Fetal sonography X X X

FFQ X X

PPAQ X X X

Sensory questionnaire X

EQ-5D X X X

AEBQ X X

Birth outcomes X

Neonatal adiposity and
anthropometrics X

Intake drugs, alcohol, smoking X X

Maternal complications X X X X X

Neonatal complications X
1 Routine care includes standard sonography measure, 2 Routine postpartum care is performed at home or at the neonatal clinic, OGTT:
oral glucose tolerance test, MTT: mixed meal tolerance test, PPAQ: pregnancy physical activity questionnaire, EQ-5D: euroQol-5D, AEBQ:
adult eating behavior questionnaire, FFQ: food frequency questionnaire, method to assess dietary intake in mothers, IPAQ: international
physical activity questionnaire.
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Table 2. Timing of data collection up to 6 months postpartum.

1 Month
Postpartum

2 Months
Postpartum

3 Months
Postpartum

4 Months
Postpartum

6 Months
Postpartum

Visit number Visit 7 Routine 1 Visit 8 Routine 1 Visit 9

Visit window (days) ±1 week ±3 days ±1 week ±3 days ±1 week

Maternal anthropometrics X X

Blood parameters MTT X

Skinfolds X X

Food Frequency Questionnaire X X X

IPAQ X X

EQ-D5 X X X

AEBQ X X X

BEBQ X X X

Infant adiposity and anthropometrics X X X X X

Peapod/skinfolds X X X

Maternal complications X X X X X
1 Routine care postpartum is performed at home or the neonatal clinic, MTT: mixed meal tolerance test, PPAQ: pregnancy physical activity
questionnaire, EQ-5D: euroQol-5D, AEBQ: adult eating behavior questionnaire, 24-h recall: method to assess dietary intake in mothers,
IPAQ: international physical activity questionnaire, BEBQ: baby eating behavior questionnaire.

2.7.1. Maternal Measurements

Basal (t = 0), as well as postprandial blood samples, will be collected at the following
time points; 10, 20, 30, 45, 60, 90, and 120 min after consumption of the test meal. In fasted
state, the following blood parameters will be measured; glucose, labeled glucose, insulin,
hbA1c, triglycerides, free fatty acids, total cholesterol, HDL-cholesterol, HPL, c-peptide,
and cortisol. Postprandial blood measures include glucose, glucose tracers, and insulin.
Several blood parameters will be directly analyzed by the routine laboratory available in
the hospitals, while other blood collection tubes will be directly centrifuged for 10 min
at 1300× g, divided into aliquots varying from 500 uL to 2 mL and stored in a −80 ◦C
freezer for later analysis. Glucose, total cholesterol, and HDL-cholesterol will be analyzed
by photometrics, insulin, and cortisol will be analyzed by luminescent-immuno-assay,
HbA1c will be analyzed by liquid chromatography, leptin, free fatty acids, and HPL will
be analyzed by the ELISA method and C-peptide will be analyzed by Immuno-assay. To
measure the labeled glucose, blood spots of 75–80 uL will be taken to onto 903 protein
saver cards (Whatman [24]). Fractional contributions of glucose tracer in blood will be
measured by gas chromatography mass spectrometry (GCMS) according to van Dijk et al.
(2003) [16]. The collected data will be used in the minimal model adapted from Cobelli
et al. (2009) [15]. This mathematical model allows estimation of endogenous glucose
production and clearance rates at fasting as well as postprandial states. The fractional
absorption rate, delay time, and apparent volumes of distribution of the administered
bolus can be estimated. For the utilization parameters, peripheral insulin sensitivity, and
glucose effectiveness will be estimated, as well as hepatic insulin sensitivities.

From the postprandial time points, the area under the curve (AUC), peak, insulin
sensitivity index and deltas can be calculated. The calculation of the homeostatic model
assessment for insulin resistance (HOMA-IR) will be made based on the fasting plasma
glucose (FPG) and insulin (FPI) values (FPG × FPI/22.5). The quantitative insulin sensitiv-
ity check index (QUICKI) is based on fasting blood samples and is calculated using the
following formula QUICKI = 1/(log(I0) + log(G0)), in which I0 is the fasting insulin, where
G0 is the fasting glucose value.

Maternal anthropometric measures that will be collected include height, weight,
pre-pregnancy weight, (self-reported) pre-pregnancy weight, gestational weight gain,
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circumferences, and maternal fat mass. BMI is calculated as weight divided by square
heights. Measured circumferences include neck, waist, thigh, hip, wrist, and upper arm.
The hip–waist ratio will also be calculated. Maternal fat mass will be estimated using
skinfold thickness measurements by Harpenden Skinfold Caliper (Baty international [25].
Skinfold thickness measurements will be done at one side of the body for three times. The
average of those three skinfolds will be used. The skinfolds will be obtained twice during
pregnancy at the time of the challenge tests, between 12–16 weeks and between 24–28
weeks, and postpartum after 3 and 6 months. Skinfolds to assess adiposity have been
validated in pregnant women and will be measured at 4 locations; (1) triceps, (2) biceps, (3)
subscapular skinfold, and (4) suprailiac skinfold [26]. Skinfolds will be calculated by the
equations of Durnin and Womersley [27].

2.7.2. Fetal Measurements

Fetal growth characteristics including crown and rump length, biparietal diameter
(BPD), head circumference (HC), abdominal circumference (AC), Femur Length (FL), and
occipito-frontal diameter (OFD) will be obtained through sonography by trained profes-
sionals in weeks 28 and 32 of gestation. The INTERGROWTH-21 [28] provides additional
data to the standard growth standards of the world health organization (WHO) [29] and
will be used for the estimation fetal growth by filling in the calculator of gestational age
and estimated weight of fetus. The ultrasounds will be performed in certified ultrasound
(midwifery) centers by their own certified staff.

2.7.3. Neonatal and Infant Measurements

Neonatal and infant data collection consists out of birth weight taken from antenatal
records, anthropometrics (height, weight), circumferences (head, upper arm, wrist, thigh,
neck, waste), and skinfolds (biceps, triceps, supra-illiac, thigh) at 1, 2, 3, 4, and 6 months of
age. Body composition measurements will be performed using air displacement plethys-
mography at 1, 3, and 6 months of age. Data output will include calculated estimates of fat
mass and fat free mass, as well as body volume and body density.

2.7.4. Diet and Behavioral Data

Specific validated questionnaires will be given to the participants to gain insight
in different diet and behavioral data at different times throughout the pregnancy and
postpartum period. A food frequency questionnaire (FFQ) which consist out of items
related to different food groups, will be used to measure food intake, and calculate energy
and macronutrient intake in the mother over the last month [30]. The adult eating behavior
questionnaire (AEBQ) will be given to study eating habits, it consists out of 34 items with
five answer options ranging from strongly disagree to strongly agree [31]. The EuroQol-5D
(EQ-5D) which consist of five dimensions regarding mobility, self-care, daily activities, pain,
and mood to measure quality of life will be measured [32]. The pregnancy physical activity
questionnaire (PPAQ) will be used to measure overall activity duration and intensity during
pregnancy. It consists out of 34 items with six answering options [33]. After pregnancy,
the international physical activity questionnaire (IPAQ) will be used, which consists out
of 7 items where participants can fill in a certain number of hours and minutes [34]. In
addition, we will use a short questionnaire to collect data on the consumption of the
MTT and OGTT. This ‘sensory questionnaire’ is used to determine which challenge test is
preferred. It consists out of 34 items ranging in different variables. For the infant we use a
questionnaire about the type of feeding the baby is receiving (e.g., breastfed vs. formula
fed), as well as the baby eating behavior questionnaire (BEBQ). This questionnaire consists
out of 18 items with five answer options ranging from never to always [35].

2.7.5. Other Outcomes

Social demographics recorded include marital status, household composition, occupa-
tion, ethnicity, financial household income, level of education, and paternal information.
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The questionnaire used includes family history of DM, previous GDM diagnosis, birth
weight of previous pregnancy (if any), more detailed questions about previous child or
children born, polycystic ovary syndrome (PCOS), medication use, pregnancy eclampsia,
and pre-pregnancy hypertension. In addition, obstetrical and perinatal complications
during and after pregnancy will be registered, such as spontaneous or induced abortion,
intrauterine death, preeclampsia, pre-term delivery (<37 weeks), need for labor induction,
assisted vaginal delivery, shoulder dystocia, caesarian section. Finally, adverse events
related to the neonate/infant such as macrosomia, large for gestational age, small for
gestational age, hypoglycemia, respiratory distress, neonatal hospitalization, and other
complications (if any) will be recorded.

2.8. Statistical Analysis

Data will be expressed as mean ± Standard Deviation (SD) or ranges for continuous
variables. Categorical variables will be presented as percentages. All statistical compar-
isons are considered significant at p ≤ 0.05 (two-sided). Descriptive statistics will present
averages and differences at baseline between medium (BMI ≥ 25 kg/m2), and high risk
(BMI ≥ 30 kg/m2) groups in our study population. The significance of the mean differ-
ences will be tested using analysis of variance (ANOVA). Differences between categorical
variables will be tested using the k2 test when appropriate. Associations will be tested and
corrected for selected confounders and multiple testing where appropriate. Mixed models
will be used to measure postprandial responses. A statistical analysis plan will be made
for each interim analysis as well as for more detailed analysis of all collected parameters
before data base closure.

2.9. Database

All participant data will be entered into Research electronic data capture (REDCap,
Vanderbilt University) [24]. Operatory entry is password protected. Pages are in English
and consist of drop-down menu’s, pick lists, and text boxes. No personal study subject
identifiers can be found in the database, data will be entered under study ID number,
wherein the first number identifies the study location.

3. Discussion

The PROMIS study is an exploratory cohort study wherein the primary outcome
is the association between fasting and postprandial glucose and insulin, using the AUC
in relation to fetal growth and birth weight. Secondary parameters including plasma
lipids and (placental) hormones, growth and adiposity will be analyzed in relation to
glucose-insulin outcomes in different stages during and after pregnancy. Exploratory study
parameters to assess glucose- and insulin metabolism include analysis of glucose tracers
and modeling glucose disappearance rates, as well as lifestyle parameters and the food-and
behavior questionnaires.

The PROMIS study investigates early insulin resistance during pregnancy focusing
on healthy women with an increased risk of adverse outcomes. The WHO guidelines
already consider women with a BMI ≥ 25 kg/m2 to have an increased risk of developing
GDM [36]. In the Netherlands, however, only overweight defined as BMI equal or above
30 is considered as a risk factor for GDM [18], excluding specifically women with a BMI
between 25 and 30 from screening for GDM during the second trimester of pregnancy. This
is one of the first studies to focus on assessment of metabolic parameters in early pregnancy
as possible predictors for adverse outcomes in both mother and child.

Current guidelines for the diagnosis of GDM focus on the inability of the maternal
metabolism to cope with changes in insulin sensitivity and insulin demand. From the
HAPO study results it is clear that the linear relationship between blood glucose levels in
the second trimester of pregnancy and different short term (birth weight, C-section), as
well as long term (child growth, insulin sensitivity) outcomes may advocate a different
approach if we aim to prevent some of these pregnancy complications in a following
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study [10]. The focus on glucose rather than on the underlying adaptations in insulin
production that are needed to compensate for the changes in insulin sensitivity, make it
impossible to diagnose those at risk for adverse outcomes earlier in pregnancy, unless the
metabolic deviations are severe. As insulin sensitivity also strongly influences the nutrient
flow of the placenta to the fetus, diagnosis around the second trimester may simply be too
late to prevent adverse consequences for the growing fetus. In most countries, GDM is
diagnosed between week 24–28 of gestation only in women with agreed risk factors, such
as obesity (BMI ≥ 30 kg/m2), previous GDM, LGA, small for gestational age (SGA), first
family relative with diabetes, ethnic background, or PCOS [18]. The standardly used OGTT
containing 75 gr of glucose dissolved in water has been subject of much debate [37,38]. By
using an MTT in the present study, which contains a balanced macronutrient composition
of proteins and fats besides carbohydrates, we will challenge the glucose metabolism, as
well as the insulin production and the response of the lipid metabolism. In this way, we
hope to collect more accurate and reliable insights in metabolic function already much
earlier in pregnancy and generate more reliable data using a much lower and physiological
metabolic load challenge test.

The design of the PROMIS study has some potential weaknesses. First, we intend
to recruit women with a risk factor for metabolic deviations in a cohort like approach
rather than using a randomized trial design directly comparing groups from different BMI
classes. Although the latter may use accepted standard definitions, BMI may not adequately
represent body adiposity, the major driver of insulin sensitivity. The choice for focus on
more detailed assessment in women with a clear risk for increased adiposity may reduce
the total number of women we need to include for adequate analysis of the results. The
current power estimate, however, which is based on glucose data only, may not allow for
powered analysis for many of the secondary outcomes. Secondly, the detailed and repeated
measurements may form a burden for participants increasing the risk of drop out. We hope
to overcome this hurdle by offering specific assessments with attention for health of mother
and her infant next to the routine care these women receive during and after pregnancy. The
detailed assessment of glucose, as well as insulin values using multiple time points during
the postprandial phase, as well as the addition of stable labelled glucose to assess other
glucose parameters, i.e., glucose production and disappearance rates, is a clear strength of
this study. The repeated assessment will allow for longitudinal assessment of pregnancy
related changes in glucose-insulin metabolism, as well as within subject comparison of
results between MTT and OGTT, where the MTT provides a more physiological challenge
compared to the standard OGTT. Finally, the detailed measurements of fetal as well as
early postnatal growth and body composition in the infants may generate insights in early
growth trajectories in relation to maternal glycemia and other metabolic markers. These
data may help to develop markers for early detection of metabolic deviations and improve
the diagnostic toolbox, as well as inform the development of new interventions, although
these would require in depth validation in new clinical studies.

4. Conclusions

The design of the PROMIS study will generate insight in early pregnancy metabolic
changes in overweight and obese women that may predict later pregnancy and postpartum
maternal outcomes and possible associations with offspring growth and body composition
outcomes. These data may provide a starting point for future design of focused intervention
studies to prevent and manage maternal as well as fetal and infant complications.
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Abstract: The aims of our study were to evaluate the trends in the prevalence of diabetes among twin
pregnancies in Catalonia, Spain between 2006 and 2015, to assess the influence of diabetes on perinatal
outcomes of twin gestations and to ascertain the interaction between twin pregnancies and glycaemic
status. A population-based study was conducted using the Spanish Minimum Basic Data Set. Cases
of gestational diabetes mellitus (GDM) and pre-existing diabetes were identified using ICD-9-CM
codes. Data from 743,762 singleton and 15,956 twin deliveries between 2006 and 2015 in Catalonia
was analysed. Among twin pregnancies, 1088 (6.82%) were diagnosed with GDM and 83 (0.52%) had
pre-existing diabetes. The prevalence of GDM among twin pregnancies increased from 6.01% in 2006
to 8.48% in 2015 (p < 0.001) and the prevalence of pre-existing diabetes remained stable (from 0.46%
to 0.27%, p = 0.416). The risk of pre-eclampsia was higher in pre-existing diabetes (15.66%, p = 0.015)
and GDM (11.39%, p < 0.001) than in normoglycaemic twin pregnancies (7.55%). Pre-existing diabetes
increased the risk of prematurity (69.62% vs. 51.84%, p = 0.002) and large-for-gestational-age (LGA)
infants (20.9% vs. 11.6%, p = 0.001) in twin gestations. An attenuating effect on several adverse
perinatal outcomes was found between twin pregnancies and the presence of GDM and pre-existing
diabetes. As a result, unlike in singleton pregnancies, diabetes did not increase the risk of all perinatal
outcomes in twins and the effect of pre-existing diabetes on pre-eclampsia and LGA appeared
to be attenuated. In conclusion, prevalence of GDM among twin pregnancies increased over the
study period. Diabetes was associated with a higher risk of pre-eclampsia, prematurity and LGA in
twin gestations. However, the impact of both, pre-existing diabetes and GDM, on twin pregnancy
outcomes was attenuated when compared with its impact on singleton gestations.

Keywords: epidemiology; twins; gestational diabetes; pre-existing diabetes; prevalence; trends;
perinatal outcomes

1. Introduction

Diabetes mellitus (DM) is the most frequent metabolic complication of pregnancy.
Pre-existing diabetes and gestational diabetes mellitus (GDM) affect around 0.3–0.6%
and 2–10% of pregnancies, respectively, in Europe [1–5], and there is evidence that the
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prevalence of diabetes in pregnancy is rising worldwide [6–8]. Women with GDM and
pre-existing diabetes are at increased risk of adverse maternal and neonatal outcomes
including congenital malformations, caesarean section, pre-eclampsia, macrosomia and
neonatal hypoglycaemia [9,10]. The risk of perinatal complications appears to be greater in
pre-existing diabetes than in GDM [11].

Twin pregnancies are also at high risk of maternal and neonatal morbidity and their in-
cidence has increased worldwide in recent decades in association with increasing maternal
age and the use of assisted reproductive technology (ART) [12].

It is therefore not surprising that both conditions are more likely to coincide and
diabetes might add additional risk to twin gestations. However, evidence of the effect of di-
abetes on maternal and perinatal outcomes in twin pregnancies is conflicting. In this respect,
population-based studies evaluating epidemiological data in twin pregnancies complicated
by diabetes in Southern Europe are scant and few have focused on pre-existing diabetes.

Moreover, it has suggested that an interaction between twin pregnancies and gly-
caemic status might be present. Hiersch et al. reported that unlike in singleton pregnancies,
GDM was not associated with hypertensive complications, neonatal intensive care unit
admission and neonatal hypoglycaemia in twins [13]. Diabetes might differently influence
outcomes in twin and singleton pregnancy, therefore affecting clinical care in women with
diabetes and twin gestations.

Thus, our study was aimed to assess trends in prevalence of GDM and pre-existing di-
abetes among twin pregnancies between 2006 and 2015 in Catalonia, Spain; to evaluate the
influence of both diabetic conditions on adverse gestational and perinatal outcomes in twin
gestations and to ascertain the interaction between twin pregnancies and glycaemic status.

2. Materials and Methods

A retrospective cohort study was conducted using the Minimum Basic Data Set for
Hospital Discharge (CMBD-AH). All maternal hospital discharge records of singleton and
multiple deliveries in Catalonia from January 2006 to December 2015 were collected. The
CMBD-AH database covers more than 95% of private and public hospital deliveries in
Spain and is managed by the Spanish Ministry of Health which conducts periodic audits to
ensure coding reliability.

Catalonia is an autonomous community in the northeast of Spain. It is the second
largest in terms of population (7.7 million inhabitants) and Barcelona, its capital, is the
second most populated city in Spain (1.6 million inhabitants) [14].

Women between 15 and 45 years of age with Diagnostic Related Groups codes 370–375
(caesarean and vaginal deliveries) were included. Deliveries occurring before 22 week’s
gestation were excluded. Among all discharge reports, women with multiple pregnancies
were identified using International Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM) codes (651.0x, 651.1x, 651.2x, 651.3x, 651.4x, 651.5x, 651.6x, 651.7x,
651.8x, 651.9x, V27.2, V27.3, V27.4, V27.5, V27.6 and V27.7). In particular, twin pregnancies
were identified using 651.0x, 651.3x and V27.2, V27.3 and V27.4 ICD-9-CM codes.

Cases of GDM were established using ICD-9-CM code 648.8x. Throughout the study
period, universal screening for GDM in Spain was based on a two-step strategy (O’Sullivan
test and 100 g OGTT) following the recommendations of the Spanish College of Obstetri-
cians and Gynecologists, Spanish Diabetes Society and Spanish Paediatrics Association [15].
The pre-existing diabetes group included women with type 1 diabetes mellitus (ICD-9-CM
codes 250.x1 or 250.x3) and those with “type 2 diabetes mellitus and other pre-existing
diabetes” (counting women with type 2 diabetes ICD-9-CM codes 250.x0 or 250.x2 and
women with “diabetes mellitus, pre-pregnancy” codes 648.0x).

Maternal characteristics included age, chronic hypertension (ICD-9-CM codes 642.0–642.2
or 401–405), dyslipidaemia (ICD-9-CM code 272) and smoking status (ICD-9-CM code
649.0 or 305.1). In relation to obstetric complications, pre-eclampsia was defined by ICD-9
codes 642.4–642.6 and caesarean section by ICD-9-CM codes 74.0, 74.4, 74.9, 74.91, 74.99,
669.7 and 669.71 listed anywhere on the discharge report.
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Perinatal outcomes analysed included stillbirth, preterm birth, mean birth weight,
macrosomia, large-for-gestational-age (LGA) and small-for-gestational-age (SGA). Still-
birth or foetal mortality was considered if one or both twins (>22 week’s gestation) died
in utero and was defined by ICD-9-CM codes V27.3 and V27.4 in twins and by V27.1
code in singleton pregnancies. Preterm delivery was defined as birth before 37 weeks’
gestation according to the World Health Organization (WHO) and the American College
of Obstetricians and Gynecologists (ACOG). Macrosomia was defined according to the
American College of Obstetricians and Gynecologists as newborns with a birthweight
≥4000 g. LGA and SGA were defined as neonatal birth weight >90th and <10th centiles
for gestational age, respectively, based on singleton or twin birth weights standardised for
foetal sex and gestational age using Catalonian population standards [16]. The prevalence
of outcomes that included birth weight was calculated from the total of newborns.

Data from all delivery reports remained anonymous and therefore informed consent
was not recorded. The study was conducted according to the principles of the Declaration
of Helsinki and approved by the Clinical Research Ethics Committee of our institution
(CEIC-Parc de Salut MAR, number 2017/7209/I).

Statistical Analysis

Maternal and perinatal characteristics were reported using descriptive analysis. Chi-
square test was used to compare prevalences of GDM and pre-existing diabetes among
singleton and twin pregnancies. ANOVA was used to compare continuous variables among
the three different glycaemic status groups. Maternal characteristics and perinatal outcomes
of different study groups were compared using multivariate logistic regression models.
Perinatal outcomes were adjusted for maternal age, hypertension, dyslipidaemia, year of
delivery and smoking status. To study the interaction between singleton/twin pregnancies
and glycaemic status on adverse outcomes the following analysis was undertaken. Firstly,
adjusted Odds Ratio (OR) for each outcome in singleton vs. twin pregnancies regardless of
glycaemic status, adjusted OR for GDM vs. non-DM and adjusted OR for pre-existing DM
vs. non-DM in twin and singleton pregnancies were calculated. Secondly, a cross-product
term between twin pregnancies and glycaemic status was included in multivariate models
to assess the interaction effect of both factors and the risk of perinatal outcomes. In order
to analyse the effect of each factor and its interaction on a specific adverse outcome, a B
coefficient (and his statistical significance) was reported. Crude and age-adjusted annual
GDM and pre-existing diabetes prevalences among twin pregnancies were calculated using
direct standardisation to the maternal age structure of the whole study population. Time
trends in twin pregnancies and the prevalence of GDM and pre-existing diabetes were
assessed using a Poisson regression model. All p-values were two-tailed and statistical
significance was accepted at 5% level. Data were analysed with the statistical software
package IBM SPSS Statistics V.25.0.

3. Results

A total of 760,209 women gave birth in Catalonia between January 2006 and December
2015. Of these, 743,762 (97.8%) had singleton pregnancies. Data on singleton pregnancies,
regarding prevalence and trends in perinatal outcomes of women with GDM, pre-existing
diabetes and without diabetes, have been published elsewhere [3,4].

The vast majority of multiple deliveries (16,447 (2.16%)) corresponded to twin preg-
nancies (15,956 (2.10%)). We therefore analysed data on twin pregnancies, excluding other
multiple deliveries. The rate of twin deliveries rose from 1.75% in 2006 to 2.22% in 2015
(p < 0.001).

Women with twin pregnancies were older than women with singleton gestations
(33.7 ± 5.1 years vs. 31.4 ± 5.4 years, p < 0.001). Mothers of twins showed higher rates of
chronic hypertension (0.9% vs. 0.6%, p < 0.001) and comparable rates of dyslipidaemia
(0.2% in twins vs. 0.1% in singleton, p = 0.059). However, women with twin pregnancies
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were less frequently smokers than women with singleton pregnancies (4.0% vs. 5.6%,
p < 0.001).

Among women with twin pregnancies, 14,785 (92.67%) were normoglycaemic, 1088
(6.82%) were diagnosed with GDM and 83 (0.52%) had pre-existing diabetes. Women
with pre-existing diabetes included 63 (0.39%) with “type 2 diabetes mellitus and other
pre-existing diabetes” and 20 (0.13%) with type 1 diabetes mellitus. The prevalence of
GDM was higher in twin vs. singleton pregnancies whereas no differences were observed
in pre-existing diabetes (Figure 1).

Figure 1. Prevalence (95% CI) of gestational diabetes mellitus (GDM) and pre-existing diabetes in twin and singleton
pregnancies in Catalonia between 2006 and 2015.

The prevalence of GDM increased among twin pregnancies during the study period
(from 6.01% to 8.48%, p < 0.001). The prevalence of pre-existing diabetes in twin pregnancies
remained stable (p = 0.416) (Figure 2).

3.1. Pregnancy Outcomes of Twin Pregnancies According to Glycaemic Status

Maternal characteristics and perinatal outcomes of twin pregnancies by maternal
diabetes status are shown in Table 1.

In twin pregnancies, diabetes (either pre-existing or GDM) was associated with older
mean maternal age and higher rates of pre-existing hypertension compared to non-diabetic
pregnancies. The risk of pre-eclampsia was greater in twin pregnancies with pre-existing
diabetes (15.66%) and GDM (11.39%) compared to normoglycaemic twin pregnancies
(7.55%). By contrast, diabetes did not increase the risk of caesarean section; in particular,
the caesarean section rate of GDM women was lower than non-diabetic women (65.63%
vs. 68.12%, p = 0.002). The risk of preterm birth was higher in women with pre-existing
diabetes compared with normoglycaemic women, although no statistically-significant
differences were observed for women with GDM. The risk of stillbirth was not increased
in women with diabetes (both pre-gestational and GDM) compared to normoglycaemic
twin gestations.
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Figure 2. Trends in crude and age-adjusted prevalence (95% CI) of GDM and other pre-existing diabetes in twin pregnancies
in Catalonia between 2006 and 2015.

Regarding birth weight outcomes in twin pregnancies, newborns of mothers with pre-
existing diabetes were at increased risk of LGA (OR: 1.98) compared to those of non-diabetic
mothers, while no statistically significant differences were observed in those of women
with GDM. Moreover, no differences were found in rates of SGA, mean birthweight and
macrosomia in neonates of women with diabetes (either pre-existing or GDM) compared
to those of normoglycemic mothers.

3.2. Interaction between Twin Gestations and Glycaemic Status in Relation to Adverse
Perinatal Outcomes

The effect of twin gestations, glycaemic status and the interaction of both conditions
on adverse perinatal outcomes are shown in Table 2. Data on prevalence of diabetes and
rates of perinatal outcomes in women according to their glycaemic status in singleton
pregnancies have been published elsewhere [3,4].

The risk of pre-eclampsia was strongly increased in twin gestations (OR 5.38) and to a
lesser extent in singleton pregnancies with pre-existing DM (OR 3.95) and GDM (OR 1.70).
An attenuating effect of the interaction between twin pregnancies and pre-existing diabetes
was observed (B coefficient −0.63, p = 0.045); however, women with pre-existing diabetes
and twin pregnancies continued to have an increased risk of pre-eclampsia compared to
non-DM. No significant interaction was detected between twin pregnancies and GDM.

In reference to preterm birth, the risk was increased in twin pregnancies compared
to singleton (OR:16.8) and in singleton gestations with pre-existing diabetes (OR 3.17) or
GDM (OR 1.2). A negative interaction between twin gestations and GDM was detected; as a
result, their risk of preterm birth was not increased compared to non-DM twin pregnancies.

The risk of caesarean section was increased in twin pregnancies (OR 5.4) and in
singleton gestations with pre-existing diabetes (OR 3.17) and GDM (OR 1.2). Moreover, an
attenuating effect in caesarean section risk was observed between twin gestations and pre-
existing DM and GDM. This attenuating effect translated into similar risks for pre-existing
diabetes and normoglycemic twin pregnancies whereas GDM women had a lower risk.
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The risk of LGA was reduced in twin pregnancies (OR 0.87) and increased in singleton
pregnancies with pre-existing diabetes (OR 3.69) and GDM (OR 1.53). The attenuating effect
observed between twin pregnancies and pre-existing DM and GDM resulted in similar
rates of LGA in GDM and normoglycemic women although women with pre-existing
diabetes and twin pregnancies continued to have an increased risk of LGA compared to
non-DM.

The risk of SGA was decreased in twin pregnancies (OR 0.93) and to a greater extent
in singleton pregnancies with GDM (OR 0.87) and pre-existing DM (OR 0.58). We detected
an enhancing effect between twin gestations and GDM; therefore, no differences were
observed in SGA rates between twins with GDM and without DM.

No interaction was detected between twin pregnancies and glycaemic status for
macrosomia and stillbirth.

4. Discussion

This large, population-based study revealed a 27% rise in twin pregnancies and a 41%
increase in GDM prevalence among twin gestations in Catalonia from 2006 to 2015. The
prevalence of GDM in twin pregnancies was 6.82%, clearly higher than the prevalence of
GDM in singleton gestations (4.80%). Regarding obstetric and perinatal outcomes in twin
pregnancies, diabetes, both pre-existing and GDM, were associated with an increased risk
of pre-eclampsia compared to normoglycaemic women. Prematurity and LGA were more
frequent in women with pre-existing diabetes than in non-diabetic mothers. However,
the impact of both, pre-existing diabetes and GDM, on twin pregnancy outcomes was
attenuated when compared with its impact on singleton gestations. To our knowledge,
no previous study has analysed the interaction of both, twin pregnancy and diabetic
conditions, on pregnancy outcomes.

The twin pregnancy rate observed in our study was consistent with the 1.4–3% rates
reported in previous studies [12,17–20]. The increasing rate of twin pregnancies observed
has also been described worldwide over recent decades [12]. In particular, a multi-centre-
based study conducted in Spain reported an increase in the rate of twin gestations from
1.69% in 2000 to 2.06% in 2004 [17]. The principal factors related to this trend are delayed
childbearing and the rise in ART. Advanced maternal age is a known risk factor for
spontaneous twin pregnancies [12]. In this respect, it has been proposed that, under equal
ovarian feedback, premenopausal mothers of dizygotic twins have hyper-stimulation
by endogenous follicle-stimulating hormones [21]. The use of ART treatments steadily
increased in Spain over the study period. A change in embryo transference policies in the
recent decades, with a change from multiple to single embryo transferences, has led to a
lower rate of multiple pregnancies among women receiving ART treatments [22]. However,
the overall number of ART treatments and twin pregnancies has continued to rise which,
together with older mean maternal age, might account for the trend in twin pregnancy
rates observed in our study.

Previous studies described GDM prevalences in twin pregnancies ranging from 3.0%
to 9.0% [13,18,19,23–26]. Lai et al. conducted a population-based study in Alberta, Canada
between 2003–2014 and found a 7.3% prevalence of GDM among twin pregnancies, slightly
higher than the 6.8% prevalence observed in our study [18]. Furthermore, Gonzalez et al.
reported a 7.7% prevalence in a multi-centre-based study in Spain where medical reports
between 2004 and 2008 were reviewed. Data from two hospitals in Catalonia were included
and the same GDM diagnostic approach as in our study was used [27].

The prevalence of GDM was higher in twin than in singleton pregnancies in the present
study. This finding is in line with most previous studies [13,18,28–30] although some
authors reported conflicting results on the subject [31,32]. Although factors associated with
twin pregnancies such as maternal age, obesity, increased weight gain and the use of ART
might have played a role in the higher prevalence observed, a study by Rauh-Hain et al.
found twin pregnancy to be associated with a two-fold increase in the risk of GDM, after
adjusting for maternal age, ethnicity, body mass index, high blood pressure, smoking
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and parity, suggesting that twin pregnancy itself might be an independent risk factor for
GDM [33]. In this respect, it has been suggested that larger placental mass and higher
levels of human placenta lactogen, oestrogen and progesterone in twin pregnancies might
increase the risk of GDM [34,35].

A growing trend of GDM among twin pregnancies has also been described in previous
studies. In a population-based study conducted in Finland which analysed > 23,000 twin
pregnancies, the prevalence of GDM in twin pregnancies rose from 3.3% in 1987 to 20.7%
in 2014 [20] and a three-fold higher prevalence was observed in a single-centre Australian
study between 2003 and 2012 [24]. This increasing trend is in line with the rise in GDM
prevalence observed worldwide [6] and in particular with that observed in our population
study in Catalonia [3].

Few studies assessed the prevalence of pre-existing diabetes in twin pregnancies.
Lai et al. reported an 0.8% prevalence of pre-existing diabetes in twin pregnancies and
an 0.9% prevalence in singleton gestations [18]. However, Gonzalez et al. found a lower
prevalence of pre-existing diabetes in twins of 0.025% [36]. To our knowledge, the present
study is the first one to report the trend in prevalence of pre-existing diabetes among twin
pregnancies, and the results show no change overtime during the study period.

Regarding hypertensive complications in twin pregnancies, women with a diabetic
condition were found to have higher rates of pre-eclampsia; 15% for those with pre-existing
diabetes (odds ratio: 2.11) and 11% for those with GDM (odds ratio: 1.45). This finding is
in line with several previous studies [18,24,27]; however, evidence on the effect of diabetes
on hypertensive disorders in twin pregnancies is mixed. Dinham et al. found a 19.8%
prevalence of hypertensive disorders in GDM compared to the 11.6% rate observed in
normoglycaemic twin gestations [24]. Lai et al. also observed an increased risk of pre-
eclampsia in women with GDM, but no significant differences in pre-existing diabetes [18].
Okby et al. reported an increase in mild pre-eclampsia in GDM (10.7% vs. 5.2%, p < 0.001),
but not in severe pre-eclampsia (4.6% vs. 3.3%, p = 0.18) in their cohort of twin pregnan-
cies [19]. On the other hand, Mourad et al. observed that the increased risk of hypertensive
disorders in twin gestations with GDM lost significance after adjustment for maternal age,
in vitro fertilisation treatment and pre-pregnancy BMI [37]. Furthermore, Hiersch et al.
concluded that, unlike in singleton pregnancies, GDM in twins was not associated with hy-
pertensive complications [13]. In the present study, we found an attenuation in the impact
of pre-existing diabetes in the rate of pre-eclampsia in twin pregnancies, not observed in
women with GDM.

In our study, diabetes did not raise the risk of caesarean section in twin pregnan-
cies. While some previous studies reported an increased risk of caesarean section in
women with diabetes and twin pregnancies [13,33,37], others found no significant differ-
ences [23,26,27,38]. In a retrospective population-based study conducted from 1998 to 2010
in Israel, Okby et al. observed a higher risk of caesarean section for GDM twin pregnancies;
however, GDM was not found to be an independent risk factor for caesarean section in a
multivariable analysis (controlling for maternal age, fertility treatments and hypertensive
disorders) [19]. The similar rate of caesarean section observed in twin pregnancies with dia-
betes contrasts with the findings in singleton pregnancies. In this respect, twin pregnancies
have a high base line risk of caesarean section and thus the effect of diabetes might be less
relevant. Moreover, the increased risk of caesarean section in singleton pregnancies with
diabetic conditions might be partly driven by high rates of macrosomia. In this respect, as
described in the present study, macrosomia very rarely complicates twin pregnancies. It
has been suggested that this might explain the similar rates of caesarean section in GDM
and normoglycaemic twin gestations [19].

In the present study, the risk of preterm birth in twin pregnancies was increased in
women with pre-existing diabetes. Previous studies have yielded consistent results [18,36,39].
However, in contrast with the results in singleton pregnancies, no differences in prema-
turity rates were observed in twin pregnancies with GDM. Previous studies evaluating
GDM reported mixed results. Gonzalez et al. found an increased risk of preterm birth

219



J. Clin. Med. 2021, 10, 1937

in women with GDM and twin pregnancies, although after adjusting for potential con-
founders, the presence of diabetes did not appear to significantly influence prematurity [27].
Hiersch et al. and Luo et al. reported higher prematurity rates in women with GDM and
twin pregnancies, but the increased risk was less marked compared to the results observed
in singleton [13,30]. In line with our findings, other previous studies did not report an in-
creased risk of prematurity in women with twin pregnancies with GDM [18,19,24]. Women
with twin pregnancies, regardless of glycaemic status, had a very high rate of prematurity
(almost 50%). The fact that GDM increases the risk of prematurity in singleton pregnancies
might be related, at least in part, with excessive foetal growth, a situation that does not
occur in GDM twin pregnancies.

In the present study cohort, diabetes was not associated with an increased risk of stillbirth
in twin pregnancies, a finding which is consistent with prior evidence [18,19,24,27,33,39].
However, it contrasts with the results observed in singleton pregnancies, with increased
risk of stillbirth in women with pre-existing diabetes and a reduction in the risk in women
with GDM. While the increased risk of stillbirth in women with pre-existing diabetes is
widely accepted, prior evidence related to stillbirth and GDM in singleton pregnancies is
conflicting. Nevertheless, other population-based studies similarly described a reduction
in risk of stillbirth in these women [11,18].

Our results show that twin gestations with pre-existing diabetes were at increased risk
of LGA compared to non-diabetic twin gestations. This finding is consistent with previous
studies [18,30,39]. The increasing effect of pre-existing diabetes on LGA was attenuated in
our cohort of twins. In this respect, Luo et al. consistently reported a higher risk of LGA in
women with diabetes mellitus and singleton pregnancies (OR 1.89) than in twin gestations
(OR 1.21) [30].

In regard to the effect of GDM on birthweight outcomes, previous evidence is con-
flicting. In our study, we observed no effect of GDM in the risk of LGA and SGA. These
findings are in line with prior evidence on the risk of LGA [24,27,38] and SGA [13,18,24,26]
and contrast with the results observed in singleton pregnancies. In this context, it has been
suggested that gestational diabetes might not have a large impact on foetal overgrowth [38].
These findings, together with the fact that macrosomia is very rare in twin pregnancies,
has led some authors to propose potential benefits of mildly-elevated glucose levels on
foetal growth, compensating for other growth restricting circumstances observed in twin
pregnancies [13,30,38]. In fact, a meta-analysis conducted by McGrath et al. found no
association between GDM in twin pregnancies and serious adverse perinatal outcomes [25].
Moreover, Luo et al. reported a reduced risk of low 5-min Apgar score and neonatal
death in women with DM and twin pregnancies [30]. The reduction in risk of low 5-min
Apgar score and perinatal mortality was also observed by Okby et al. [19]. Nevertheless,
other authors alert to the potential harm of hyperglycaemia regarding other maternal and
perinatal outcomes as well as potential long-term metabolic complications [13,27]. In this
respect, it might be hypothesized that these improved results are related to a more intensive
follow-up and care in women with GDM and twin gestations. The higher maternal age in
the GDM group could be associated with higher ART treatment rates, which in turn, might
contribute to the compliance with pregnancy follow-up.

Evidence on the impact of GDM treatment in twin pregnancies is scant and shows
mixed results. Fox et al. reported that improved glycaemic control in twin pregnancies
with GDM was not related to improved outcomes and was associated with a higher risk of
SGA [23]. Unfortunately, recommendations on the diagnosis and treatment of gestational
diabetes are based on randomised controlled trials that excluded twin pregnancies or
only included a small number of them [9,40,41]. Therefore, prospective studies on twin
gestations are needed to assess a specific diagnostic approach, glycaemic control targets
and management guidelines in twin pregnancies with DM.

The main strengths of our study lie in the population-based design, using a validated
and widely-used database, and the large sample size. We analysed data from >750,000
deliveries and >15,000 twin deliveries over a ten-year period. It should be outlined that,
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unlike other previous studies, we were able to distinguish between gestational diabetes and
pre-existing diabetes and we innovatively analysed the interaction between twin gestation
and glycaemic status. Moreover, no changes were made in the diagnostic GDM protocol
over the study period, allowing us to assess trends in the prevalence of GDM in twin
pregnancies. However, this study did have several limitations. First, we conducted a
retrospective analysis of an administrative database and diagnoses were based on ICD-9-
CM codes with potential bias related to validity and accuracy of coding. Unfortunately,
this study lacked data on maternal BMI, ethnicity, ART rates, level of glycaemic control
and chorionicity. Furthermore, we were not able to analyse major perinatal outcomes
such as neonatal and perinatal mortality, congenital anomalies and newborn intensive care
unit admission since linked maternal and neonatal data were not available. Moreover,
we were unable to control for unmeasured confounders such as increased maternal BMI,
ethnicity and other socioeconomic factors Finally, although universal screening for GDM is
recommended in Spain, published data on actual screening rates are lacking.

In conclusion, prevalence of GDM in twin pregnancies increased between 2006 and
2015 in Catalonia whereas the prevalence of pre-existing diabetes remained stable. In
our study cohort, both GDM and pre-gestational diabetes entailed an additional risk of
pre-eclampsia and the latter also increased the risk of prematurity and LGA. However,
the effect of diabetes on adverse perinatal outcomes was attenuated in twin gestations
when compared with singleton pregnancies. In the light of these results, it should be
questioned if women with twin pregnancies should receive the same treatment for their
diabetic condition as those with singleton pregnancies. Population-based data provide
helpful information on risk of perinatal outcomes; however, randomised studies evaluating
the treatment of these conditions in twin pregnancies are required to help guide the
management of diabetes in these women.
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Abstract: The aims of the ‘Mobile-based lifestyle intervention in women with glucose intolerance
after gestational diabetes mellitus (GDM)’ study (MELINDA) are: (1) to evaluate the prevalence and
risk factors of glucose intolerance after a recent history of GDM; and (2) to evaluate the efficacy and
feasibility of a telephone- and mobile-based lifestyle intervention in women with glucose intolerance
after GDM. This is a Belgian multicenter randomized controlled trial (RCT) in seven hospitals with
the aim of recruiting 236 women. Women in the intervention group will receive a blended program,
based on one face-to-face education session and further follow-up through a mobile application and
monthly telephone advice. Women in the control group will receive follow-up as in normal routine
with referral to primary care. Participants will receive an oral glucose tolerance test (OGTT) one
year after baseline. Primary endpoint is the frequency of weight goal achievement (≥5% weight
loss if pre-pregnancy BMI ≥ 25 Kg/m2 or return to pre-gravid weight if BMI < 25 Kg/m2). At each
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visit blood samples are collected, anthropometric measurements are obtained, and self-administered
questionnaires are completed. Recruitment began in May 2019.

Keywords: gestational diabetes mellitus; type 2 diabetes mellitus; postpartum; glucose intolerance;
lifestyle intervention; mobile-based

1. Introduction

Gestational diabetes mellitus (GDM) is a frequent medical complication during pregnancy and
is defined as diabetes diagnosed in the second or third trimester of pregnancy, provided that overt
diabetes early in pregnancy has been excluded [1]. The incidence of GDM is rising globally and it
represents an important modifiable risk factor for adverse pregnancy outcomes such as macrosomia
and preeclampsia [2,3]. Shortly after delivery glucose values generally normalize, but the underlying
beta-cell dysfunction often persists [4]. In the long term, women with a history of GDM have a
seven-fold increased risk of developing type 2 diabetes mellitus (T2DM) compared to women without
previous GDM [5,6]. About 50% of women with a history of GDM will develop T2DM within 10 years
after delivery [5]. Moreover, women with a history of GDM progress more rapidly to T2DM compared
to women with similarly elevated glucose levels [7]. Women with glucose intolerance (impaired fasting
glucose (IFG) and/or impaired glucose tolerance (IGT)) in early postpartum are a particularly high risk
group, with about 50% who will develop T2DM within five years after delivery [8].

Lifestyle modifications have been shown to be effective in the prevention or delay of T2DM
when offered to high-risk middle-aged individuals. Two landmark trials, the United States Diabetes
Prevention Program (DPP) and the Finnish Diabetes Prevention Study (DPS), showed a reduction of
58% in the incidence of T2DM in individuals presenting with IGT after an average of three years of
intensive lifestyle interventions, with a weight loss of approximately 5 kg [9,10]. Subgroup analyses of
the DPP trial, focusing on women with previous GDM, found a 53% reduction at the end of the trial and
a 35% reduction after 10 years [7,11]. However, women in this trial were on average 12 years after index
pregnancy, and the lifestyle intervention was very intensive and therefore challenging to implement in
normal routine care, for both patient and clinic. In addition, there is limited evidence regarding the
efficacy of lifestyle interventions in women with a recent history of GDM. Studies published in this
population generally show limited benefits on metabolic outcomes, mostly because of low adherence
rates and failure to produce meaningful behavior change due to barriers such as the need for child care,
low family support and return to work [12–14]. A recent meta-analysis reviewed the benefits of lifestyle
interventions for women with previous GDM and demonstrated moderate weight reductions, but only
if the interventions were offered within the first six months after delivery [15]. The benefits shown
were smaller than those observed in the large lifestyle intervention trials performed on older subjects.

Lifestyle interventions in women with previous GDM need to be adapted to address their unique
barriers to behavior change in order to optimize adherence. A study of 300 women with a recent
history of GDM showed that a telephone-delivered diabetes prevention program was associated
with greater engagement compared to a group-delivered program (82% vs. 38%) in the postpartum
period, and that the greater engagement was associated with greater reduction in weight and waist
circumference [16]. Digital health interventions seem to be highly acceptable among postpartum women
and should therefore be considered for lifestyle management in this population, provided that they
focus on delivering behavior change strategies and addressing practical barriers faced by postpartum
women [17]. Several mobile-based lifestyle interventions have shown potential for improved metabolic
control in different populations, including women with a history of GDM and overweight or obese
patients [18–20]. The B-slim project compared a conventional face-to-face weight loss and weight
control program with a standalone mobile program and a combined program for overweight and
obese patients [20]. They showed that the weight loss goal of 5% was reached in only 6% of the control
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group compared to 19% in the standalone mobile program, 28% in the conventional program and
46% in the combined program [20]. These results indicate that the content of a conventional weight
loss program could be delivered through a combination of face-to-face coaching and a mobile health
program without affecting the effectiveness of the intervention.

2. Objectives of the Melinda Study

Since women with glucose intolerance have a very high risk of developing T2DM, we designed
the MELINDA study to investigate the efficacy and feasibility of a telephone- and mobile-based
lifestyle intervention in women with glucose intolerance after a recent history of GDM. We also aim to
evaluate the prevalence and risk factors of glucose intolerance in early postpartum in women with
previous GDM.

Specific objectives are:

1. To evaluate whether a telephone- and mobile-based lifestyle coaching program leads to a higher
frequency of weight goal achievement (≥5% weight loss if pre-pregnancy Body Mass Index
(BMI) ≥ 25 Kg/m2 or return to pre-gravid weight if BMI < 25 Kg/m2).

2. To evaluate whether a telephone- and mobile-based lifestyle coaching intervention can reduce
the incidence of metabolic syndrome, leading to an improved beta-cell function and lower insulin
resistance in women with glucose intolerance after a recent history of GDM.

3. To investigate the prevalence of glucose intolerance and T2DM after a recent diagnosis of GDM
based on the 2013 World Health Organization (WHO) criteria and to evaluate the risk factors of
developing glucose intolerance postpartum.

4. To investigate factors related to success or failure in diabetes prevention and to develop materials
and expertise to assist in the development of diabetes prevention programs in primary care.

3. Materials and Methods

3.1. Study Design and Setting

The MELINDA study is a multicenter randomized controlled trial with the participation of
7 hospitals to test the efficacy of a telephone- and mobile-based lifestyle intervention for one year
to stimulate weight loss in women with glucose intolerance after a previous pregnancy with GDM.
The Leuven University Hospital is the coordinating center.

In order to maintain uniform criteria for the diagnosis of GDM, all participating centers use the
75 g oral glucose tolerance test (OGTT) with the ‘International Association of Diabetes in Pregnancy
Study Groups’ (IADPSG) criteria, now commonly referred to as the 2013 WHO criteria for GDM [21,22].
As part of normal routine, women with a history of GDM are offered a 75 g OGTT between 6 and 16
weeks after delivery. Data from eligible and consenting women are collected during the postpartum
OGTT, including baseline characteristics and data on medical and obstetrical history. Women with
glucose intolerance based on the postpartum OGTT are offered participation in the intervention
randomized controlled trial (RCT). Participants are randomized with a 1:1 allocation ratio and stratified
by center and baseline BMI to the telephone- and mobile-based lifestyle intervention or to the control
group. A password-protected, computer-generated, variable block randomization is used to prevent
disclosure of the allocation sequence to recruiters. This results in concealed and varying block sizes of
two and four patients.

Both women in the intervention and control group receive a 75 g OGTT one year after the
postpartum OGTT as part of the trial. The ‘Standard Protocol Items: Recommendations for Interventional
Trials’ (SPIRIT) flow diagram illustrates the design of the study (Figure 1). The study is registered
in ClinicalTrials.gov as NCT03559621 and was approved by the Medical Ethical Committees of all
participating centers (Belgian number: B322201837047).
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Figure 1. ‘Standard Protocol Items: Recommendations for Interventional Trials’ (SPIRIT) flow diagram
showing the flow of participants through the phases of the Mobile-based lifestyle intervention in
women with glucose intolerance after gestational diabetes mellitus (MELINDA) randomized controlled
trial. GDM: gestational diabetes mellitus; OGTT: oral glucose tolerance test; IADPSG: The International
Association of Diabetes and Pregnancy Study Groups; NGT: normal glucose tolerance; T2DM: type 2
diabetes mellitus; BMI: Body Mass Index; BP: blood pressure.

3.2. Recruitment and Eligibility

The cohort is recruited from two university centers (Leuven University Hospital and Antwerp
University Hospital) and six non-university centers (Imelda Hospital, Bonheiden, OLV Hospital,
Aalst, General Hospital, Groeninge Kortrijk, GZA Hospital site, Sint-Augustinus, GZA Hospital site,
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Sint-Vincentius and General Hospital, Klina Brasschaat). All Dutch, English or French speaking women
aged 18 or older with GDM based on the 2013 WHO criteria and presenting at the 75 g OGTT 6–16
weeks after delivery are invited to participate. A first written informed consent is obtained from the
participants before any trial-related activities are performed. Women with glucose intolerance based
on the 75 g OGTT 6 to 16 weeks after delivery are offered participation in the intervention RCT and a
more extensive written informed consent is therefore obtained from this group. Glucose intolerance
is defined as IFG [fasting plasma glucose (FPG) 100–125 mg/dL] and/or IGT (2-h glucose value on
the OGTT between 140–199 mg/dL) as described by the American Diabetes Association (ADA) [1].
The maximum study duration for participants in the RCT is one year. The planned recruitment period
is 2.5 years.

Exclusion criteria for the baseline study:

- current use of medication that can affect glucose values (such as glucocorticoids) or receiving
treatment for glucose intolerance (such as metformin)

- women who do not undergo the 75 g OGTT 6–16 weeks at the hospital
- women who are not diagnosed with GDM based on the 2013 WHO criteria
- insufficient Dutch, English or French language skills

Additional exclusion criteria for the RCT:

- diabetes (FPG ≥126 mg/dL and/or 2-h glucose value ≥ 200 mg/dL)
- normal glucose tolerance
- current use of metformin
- health limitations or treatments (as assessed by the local investigator according to a standardized

protocol) which would restrict participation in the intervention trial
- not in possession of a suitable smartphone (iOS or Android)

3.3. Study Visits

3.3.1. Baseline Measurements during the 75 g OGTT 6–16 Weeks After Delivery

Baseline characteristics are collected for all eligible women through a clinical examination,
self-administered questionnaires, collection of blood samples and extraction of data on medical
history and pregnancy from the electronic medical records. A standard 75 g OGTT is performed with
blood samples taken fasting and at 30, 60 and 120 min. Aliquots of serum and plasma are stored for
future measurements.

3.3.2. Enrolment in the Intervention RCT

Women with glucose intolerance are included in the RCT and randomly assigned to one of the
two comparison groups with 1:1 allocation, stratified by center and pre-pregnancy BMI. Assignment is
allocated automatically and received through a secure, password protected program to guarantee
adequate concealment of allocation.

3.3.3. Intervention Group

Women in the intervention group receives a blended lifestyle intervention for one year based
on a unique combination of one face-to-face meeting, monthly telephone coaching and the use of a
mobile application (MELINDA app) to promote healthy lifestyle behaviors. Within one month after the
75 g OGTT, participants receive an individual face-to-face coaching session at the hospital, given by a
health professional trained in motivational interviewing. During this session, participants receives
information on the long-term risks associated with GDM, the importance of a healthy lifestyle and
how this can be achieved. In addition, information on the coaching program and instructions for
using the MELINDA app are provided. After the face-to-face coaching session, participants receive
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a monthly telephone coaching session of maximum 20 min to allow for personalized feedback and
support, focusing on individual needs. After one year, participants undergo a 75 g OGTT with the
same examination as during the postpartum visit 6–16 weeks after delivery.

3.3.4. Control Group

At the postpartum visit 6–16 weeks after delivery, women in the control group receive general
information from the diabetes educator on the long-term risks associated with GDM and the need for a
healthy lifestyle to prevent T2DM. Additionally, they are referred to primary care for further follow-up,
in line with normal routine. As part of the study, after one year, participants undergo a 75 g OGTT with
the same examination as during the postpartum visit 6–16 weeks after delivery. The Melinda app has
not been made publicly available and was therefore not accessible to participants of the control group.

3.4. Key Aspects of the Blended Lifestyle Intervention

The lifestyle program for the MELINDA study has been developed by several research teams of
the KU Leuven university. It builds on lifestyle interventions from previous studies by our research
group [20,23,24] and is adapted to meet the particular needs of women with a recent history of GDM.
This blended approach runs through a specific platform, which consists of three main functionalities:
(1) a dashboard for the lifestyle coach; (2) the personalized MELINDA coaching app for the participants;
and (3) integration of objective measures obtained via external devices (Xiaomi Mi Band pedometer
connected to the MELINDA app).

The MELINDA app has been developed for the purpose of this study after consulting patients
and healthcare professionals. The app and dashboard are developed by the Medical image computing
department of the KU Leuven. The platform for the application is based on the existing IT framework
from the B-Slim project [20]. In a first phase, a small feasibility study was conducted with eighty
volunteers with a recent history of GDM to provide feedback on the functioning and usability of the
MELINDA app. The app was tested during one month, evaluated through an online questionnaire and
adapted according to the comments of the volunteers. After the app was adjusted, it was presented
and made available to the lifestyle coaches in a training session. In this phase, some final adjustments
were made to the content and functionality of the app, based on the comments of the coaches.

The app consists of a coaching module and a data entry module. The data entry module asks
information about dietary intake, food literacy related determinants, weight, waist circumference and
motivational status. The coaching module provides a 12-week dietary coaching trajectory interspersed
with a 12-week physical activity coaching trajectory. A model of food literacy is used to focus on a
broader set of processes, such as food planning, selecting the right foods, food preparation, eating habits
and evaluating information about food [25]. The MELINDA app uses a set of limited questions on food
literacy to produce tailored goals and tips. Physical activity is automatically monitored via a pedometer
connected to the app in order to tailor the physical activity advice and skills training. If goals are
achieved within six months, the app will help to maintain and support the current healthy lifestyle.
If goals are not achieved, based on the telephone contact and the monitored data new goals and/or
recommendations will be formulated in consultation with the participant and new tailored modules
will be offered to optimize lifestyle.

During the monthly telephone coaching sessions, the lifestyle coach consults the dashboard
that provides an overview of the evolution of weight, waist circumference, physical activity and
motivational status of the participant. This information is used to optimize the advice and to zoom in
on those areas with most needs and priorities.

3.5. Data Collection

An overview of all data collection procedures is provided in Table 1.
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3.5.1. Blood Collection

A fasting blood test is performed at 6–16 weeks after delivery for all baseline participants and
after one year for the participants in the RCT.

At 6–16 weeks after delivery, the fasting blood test consists of HbA1c, lipid profile (total cholesterol,
triglycerides, HDL and LDL cholesterol) and a 2-h 75 g OGTT with measurements of glucose and
insulin fasting, at 30 min, 60 min and 120 min. For the 2-h 75 g OGTT, participants are instructed to
fast for at least 10 h and not to smoke, engage in any physical activity, or give breastfeeding during the
test. They are also instructed to drink only water, but no coffee, cola or any drink containing sugar
or caffeine. All analyses, except for insulin, are performed locally at each participating center in line
with normal routine. The insulin samples are analyzed centrally at the Leuven University Hospital
(UZ Leuven).

For participants in the RCT, an additional 2-h 75 g OGTT with the same lab tests as baseline is
performed one year. All laboratory tests are analyzed centrally at UZ Leuven to ensure uniformity.
Only the analyses of glucose (fasting, 30 min, 60 min and 120 min) are performed locally so that there
is no delay in diagnosing diabetes. Every three months, blood samples are collected for longer term
storage in a -80 ◦C freezer at the biobank of UZ Leuven.

3.5.2. Clinical Examinations

Blood pressure (BP), height, weight and waist circumference are measured during the 75 g OGTT
at baseline and after 1 year. BP is measured twice with a five min interval using an automated blood
pressure monitor (Omron Philips large 34–44 cm). Height is measured to the nearest 0.5 cm using
a calibrated wall-mounted stadiometer. Weight is measured using a calibrated portable Tanita HD
382 digital scale, which measures up to 150 Kg. BMI is calculated as Kg/m2. Waist circumference is
measured in centimeters by applying the tape directly on the skin, horizontally at the lateral level that
is midway between the iliac crest and the lowest lateral portion of the rib cage.

3.5.3. Self-Administered Questionnaires

Questionnaire on general habits and socio-economic factors: a self-designed questionnaire was
previously used in the Belgian Diabetes in Pregnancy Study (BEDIP-N) study [26] to extensively collect
information on socio-economic status and habits.

Food Frequency Questionnaire (FFQ) validated for the Belgian population [27]: a questionnaire
containing questions on frequency and portion size of consumption of foods and beverages.

International Physical Activity Questionnaire Long Form (IPAQ-LF) validated for use in the
Belgian population [26,28]: questionnaire measuring different areas of physical activity such as
job-related physical activity, transportation, house work and caring for family, recreation and time
spent sitting. We added a question on time watching television or playing computer games to better
assess sedentary behavior.

Center for Epidemiologic Studies-Depression (CES-D) questionnaire: widely used in pregnant
and postpartum women to asses symptoms of clinical depression over the past seven days [29].

Questionnaire on breastfeeding and contraception: a self-designed questionnaire as previously
used in the BEDIP-N study to extensively collect information on the duration and frequency of
breastfeeding as well as on the type of contraception used [26].

36-Item Short Form Health Survey (SF-36): a set of generic, coherent, and easily administered
quality-of-life measures that is validated for use in the maternity context [30]. Data from this
questionnaire will be used to calculate Quality-Adjusted Life Years (QUALY’s) to explore the
cost-effectiveness of the lifestyle intervention.

Risk Perception Survey For Developing Diabetes (RPS-DD): since it has been shown that women
with a history of GDM often underestimate their risk of developing T2DM, a validated questionnaire
to evaluate their perception of the development of diabetes is used [31].
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Treatment Self-Regulation Questionnaire (TSRQ): a validated questionnaire that is widely used in
the study of behavior change in healthcare settings to evaluate motivation for lifestyle change [32,33].

Spielberger State-Trait Anxiety Inventory (STAI-6) questionnaire: the validated short version
STAI-6 is used to measure levels of anxiety state [34,35].

Sense of Coherence (SOC) questionnaire: a 13-item questionnaire to assess comprehensibility,
manageability, and meaningfulness of one’s life [36].

General questionnaire on the acceptability and subjective quality of the MELINDA lifestyle
intervention: a self-designed questionnaire evaluating the coaching system, the use and user-friendliness
of the MELINDA app, and the monthly telephone coaching.

3.5.4. Melinda App

The following data are collected for participants in the intervention group from the MELINDA app:
self-reported weight and motivational status at least once a month; self-reported waist circumference
at least once every three months; steps collected from the pedometer connected to the Melinda app;
and app-based tracking to evaluate the use of the MELINDA app.

3.6. Outcomes of the Study

3.6.1. Primary Outcome

The primary outcome of the RCT is the number of women reaching the weight-loss goal ≥5% of
body weight when BMI ≥ 25 Kg/m2 or returning to pre-gravid weight if BMI < 25 Kg/m2 (based on
pre-pregnancy BMI or, if not available, based on BMI in early pregnancy).

3.6.2. Secondary Outcomes

- frequency of T2DM based on the ADA criteria after one year [37] and risk factors for the
development of T2DM after one year

- frequency of glucose intolerance and the risk factors of glucose intolerance in early postpartum
- frequency of the metabolic syndrome based on the WHO criteria [38]
- insulin resistance and beta-cell function. The insulin sensitivity will be measured using the

Matsuda index and the reciprocal of the homeostasis model assessment of insulin resistance
(1/HOMA-IR) [39,40]. Beta-cell function will be assessed by HOMA-B, the insulinogenic index
divided by HOMA-IR, and by the insulin secretion sensitivity index [41,42]. All these measures
have been validated for use in women with GDM [26].

- mean weight loss
- duration of breastfeeding and rate of exclusive breastfeeding
- quality of life, symptoms of depression and anxiety
- motivation for behavior change and perceived risk of developing diabetes
- dietary quality
- intensity and duration of physical activity
- process outcome: the percentage of women adhering to the protocol of intervention, by monitoring

the use of the MELINDA app and the number of telephone coaching sessions.

3.6.3. Pregnancy and Delivery Outcome Data (Collected from the Electronical Medical Record)

Maternal data: parity; pre-pregnancy weight; gestational week of GDM diagnosis; results of
the 50 g glucose challenge test (GCT) and 75 g OGTT during pregnancy; treatment of GDM during
pregnancy; pregnancy complications such as preeclampsia (de novo BP ≥ 140/90 mmHg > 20 weeks
with proteinuria or signs of end-organ dysfunction), eclampsia, gestational hypertension (de novo
BP ≥ 140/90 mmHg > 20 weeks), preexisting hypertension and pregnancy-induced cholestasis.
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Delivery data: pregnancy duration; type of labor (spontaneous, induced or caesarean before labor)
and indications; type of delivery (spontaneous vaginal, forceps or vacuum, caesarean section during
labor or planned caesarean section) and indications.

Neonatal data: macrosomia (>4 Kg), large for gestational age (LGA)(birth weight > 90 percentile
according to standardized Flemish birth charts adjusted for sex of the baby and parity) [43], small for
gestational age (SGA)(birth weight < 10 percentile according to standardized Flemish birth charts
adjusted for sex of the baby and parity) [43], preterm delivery (<37 completed weeks), 10 min Apgar
score, shoulder dystocia, birth trauma, neonatal respiratory distress syndrome, neonatal hypoglycemia
(defined as glycemia < 40 mg/dL or need for intravenous dextrose), neonatal jaundice, duration and
indication for admission on the neonatal intensive care unit (admission defined as >24 h).

3.7. Power Calculation and Statistical Analysis

3.7.1. Sample Size

Based on the results of the B-slim project, we assume that 20% of women in the control group
will reach the weight-loss goal compared to 40% in the intervention group [20]. The sample size is
calculated to show with 80% power and 5% significance level a difference in the proportion reaching
the weight-loss goal after 1 year. The sample size calculation is based on a two-sided Chi-square test.
Assuming a drop-out rate of 30%, a total sample size of 236 for the RCT is needed.

Data from our research group at UZ Leuven show that 44% of women with a recent history of
GDM based on the two-step screening strategy and the 2013 WHO criteria have glucose intolerance
three months after delivery [44]. Since UZ Leuven attends to a higher risk population than many
other centers in Belgium, a lower overall rate of 30% of glucose intolerance in early postpartum
across all participating centers is estimated. We further estimate that 30–50% of women with glucose
intolerance postpartum will agree to participate in the trial. In order to enroll 236 women with glucose
intolerance in the RCT, we estimate that about 1000 participants will have to be recruited baseline in
early postpartum.

3.7.2. Data Analysis

Descriptive statistics will be presented as frequencies and percentages for categorical variables
and means with standard deviations or medians with interquartile range for continuous variables.
Comparison of the outcomes in the intervention groups will be based on logistic regression analyses
for binary outcomes, proportional odds models for ordinal data, or linear models for continuous
outcomes. The principle of intention-to-treat will be adopted for all outcomes. Inferential analyses
will be performed for the following secondary endpoints: frequency of normal glucose tolerance,
frequency of the metabolic syndrome, insulin resistance and beta-cell function, weight loss and
motivation for behavior change. The remaining secondary endpoints will be analyzed using descriptive
statistics. The number of patients with missing data will be statistically compared across intervention
arms to check for any imbalance. The method of multiple imputation will be adopted for all outcome
variables, in case of evidence of such imbalance (p < 0.20). Logistic regression models will be used for
binary outcomes, or linear models for continuous outcomes. Imputation models will include the study
group and patient characteristics. 10 imputations will be performed. All analyses will be performed as
two-sided tests at 5% significance level.

3.8. Quality Control Procedures

Every participating site is opened after a first initiation visit. Monitoring visits are conducted every
four months to check adherence of the participating sites to the protocol and completeness of data
collection forms. Each participant gets a subject identification number to ensure confidentiality of the
data. All data collected in this study are referred to by subject identification number only. All obtained
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data are entered in the Good Clinical Practice (GCP) compliant Electronic Data Capture (EDC) platform
‘Castor EDC’ [45].

4. Discussion

Lifestyle modifications need to be adapted for women with previous GDM to address their
unique barriers to behavior change in order to optimize adherence. Digital health interventions seem
to be highly acceptable among postpartum women and should therefore be considered for lifestyle
management in this population, provided that they focus on delivering behavior change strategies
and addressing practical barriers faced by postpartum women. Mobile interventions should therefore
be evaluated so that the intervention can be adapted to the time demands of young mothers, be less
resource intensive and be more suited for implementation in primary care. A limitation in previous
studies is the inclusion of women with normal glucose tolerance, which might explain the difficult
engagement of participants since they might perceive themselves to be at low risk of diabetes.

To our knowledge, this is the first RCT to investigate the efficacy of a blended telephone- and
mobile-based lifestyle intervention in women with glucose intolerance shortly after a pregnancy
with GDM. The intervention consists of a novel combination of one face-to-face meeting, coaching
by telephone and mobile support through the MELINDA app. Moreover, the coaching program is
based on the new concepts of precision public health prevention and food literacy. The MELINDA
app is made available in Dutch, French and English, so that ethnic minorities and non-native
Dutch speaking women (often a higher risk group) can also participate. By collaboration with seven
hospitals (both university and non-university centers), a multi-ethnic population can be recruited,
representative for the background population with GDM in the Northern part of Belgium (Flanders).
Additionally, this study will provide accurate data on the prevalence of glucose intolerance and T2DM
in early postpartum across Flanders and will therefore allow the evaluation of the extent to which the
newer 2013 WHO criteria for GDM will affect the demand for diabetes prevention services postpartum.

While this RCT has many strengths, it might also have some potential limitations. A potential
limitation is that the study is not powered to detect a difference in T2DM risk as a primary
outcome. However, our primary outcome—based on weight-loss goals—is a strong predictor of T2DM
development, as different studies have shown that moderate weight loss is effective in reducing risk of
T2DM [9,10,46]. Although we have taken as many measures as possible to include a broad population,
some exclusion bias might occur unintentionally, especially from foreign-speaking immigrants or
women who do not have the appropriate smartphone at their disposal.

In conclusion, lifestyle interventions in women with a recent history of GDM need to be adapted to
address their unique barriers to behavior change. The MELINDA study investigates a novel telephone-
and mobile-based lifestyle intervention to promote a healthy lifestyle in women with glucose intolerance
after a recent history of GDM.
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Abstract: The intrauterine environment may be related to the future development of chronic diseases
in the offspring. The St. Carlos gestational diabetes mellitus (GDM) prevention study, is a randomized
controlled trial that evaluated the influence of the early (before 12th gestational week) Mediterranean
diet (MedDiet) on the onset of GDM and adverse gestational outcomes. Out of 874 women assessed
after delivery (440 control group (CG)/434 intervention group (IG)), 703 children were followed
(365/338; CG/IG), with the aim to assess whether the adherence to a MedDiet during pregnancy
induces health benefits for the offspring during the first two years of life. Logistic regression analysis
showed that the IG in children of mothers with pre-gestational body mass index (BMI) < 25 kg/m2

and normal glucose tolerance (NGT), was associated with a lower risk (RR(95% CI)) of suffering from
severe events requiring hospitalization due to bronchiolitis/asthma (0.75(0.58–0.98) and 0.77(0.59–0.99),
respectively) or other diseases that required either antibiotic (0.80(0.65–0.98) and 0.80(0.65–0.99),
respectively), corticosteroid treatment (0.73(0.59–0.90) and 0.79(0.62–1.00) respectively) or both (all
p < 0.05). A nutritional intervention based on the MedDiet during pregnancy is associated with a
reduction in offspring’s hospital admissions, especially in women with pre-gestational BMI < 25 kg/m2

and NGT.

J. Clin. Med. 2020, 9, 1454; doi:10.3390/jcm9051454 www.mdpi.com/journal/jcm239
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1. Introduction

Adherence to healthy eating patterns in pregnancy, such as the Mediterranean diet (MedDiet), is
being widely studied. There seems to be associations between the development of certain diseases
that can affect pregnancy, such as gestational diabetes mellitus (GDM), and the onset of immune and
metabolic diseases in the offspring later in life [1–21].

Evidence suggests a possible beneficial effect of following appropriate eating habits during
pregnancy in terms of disease development. Indeed, the MedDiet seems to have a protective role
against diseases such as bronchiolitis and also in diseases of an autoimmune nature such as asthma,
wheezing, allergic rhinitis, atopic dermatitis and food allergies in childhood [1,2,13,15–18]. Conversely,
a western diet can have the opposite effects [3,19,20]. Furthermore, recent findings point out that
pregnancy could be an optimal time to establish suitable eating patterns in the mother, thus guaranteeing
the offspring’s health [4].

The adverse intrauterine environment provided by either GDM or obesity is linked to epigenetic
changes that predispose the offspring to develop a metabolic disease later in life. In turn, these
can be transmitted to the following generation, thereby perpetuating the vicious cycle of metabolic
diseases [5–10]. In fact, several studies have shown how maternal obesity and GDM during pregnancy
are associated with an increase in the risk of asthma in early childhood. This has been observed even
in women without a history of asthma [11]. Moreover, having GDM and obesity are associated with a
higher risk for the offspring of developing respiratory diseases and of having poorer health [12,14,21].

Recently, it has been shown that adherence to a MedDiet can reduce the risk of GDM [22]. In fact,
our group has shown that an early adherence to a MedDiet-supplemented with extra virgin olive
oil (EVOO) and nuts-in pregnancy can reduce the risk of GDM and other adverse materno-fetal
outcomes [23,24]. It has also been associated with a better postpartum metabolic profile in the
mother [25]. Whether these benefits are conveyed to the offspring, remains to be known.

While the current evidence suggests a possible association between diet and the development of
diseases in children, few have evaluated the effect of an intervention based on a Mediterranean diet
in the development of metabolic and immune diseases in the offspring. In addition, the results of
these studies are heterogeneous and have not been developed as a randomized controlled trial (RCT),
so they are not conclusive.

This study aims to assess whether the MedDiet supplemented with EVOO and pistachios during
pregnancy induces benefits to the offspring’s health during the first two years of life.

2. Materials and Methods

2.1. Study Design

This is a prospective analysis of the St. Carlos GDM prevention study [23]. This paper includes
offspring of women who attended the postpartum follow-up between 2017 and 2018.

Concisely, this RCT evaluated whether an early nutritional intervention based on a MedDiet
(supplemented with EVOO and pistachios) could reduce the incidence of GDM. Women in the
intervention group (IG) were told to enhance the consumption of EVOO and pistachios while those in
the control group (CG) were told to restrict all kinds of fats.

After the delivery, women received the same dietary recommendation.
The study was approved by the Ethics Committee of Hospital Clínico San Carlos (full protocol

approved 17 July 2013 (CI 13/296-E)) and conducted according to the Helsinki Declaration. All women
signed a letter of informed consent.
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This trial was registered on 4 December 2013, at http://www.isrctn.com/ with the number
ISRCTN84389045 (DOI 10.1186/ISRCTN84389045). The authors confirm that all ongoing and related
trials for this intervention are registered.

2.2. Study Population

To obtain children’s data, the 874 women who were analyzed in the St. Carlos GDM prevention
study were invited to participate in the follow-up at 2 years postpartum.

A total of 171 (75 from CG and 96 from IG) did not attend the 2-year follow-up. Of these, it was
not possible to access the children’s data because of changes in the place of residence to outside of
the community of Madrid, making it impossible to contact the mothers and to access their children’s
medical records. Thus, the total of children assessed was 703 (80.5%), 365 from CG and 338 from IG
(Figure 1).

Figure 1. The CONSORT 2010 flow diagram for scope.

2.3. Outcomes

Primary outcome: to assess the incidence of bronchiolitis/asthma, atopic dermatitis and food
allergies as well as the number and duration of all-cause hospital admissions in children at 2 years
of age. Secondary outcomes: to evaluate the rates of hospital admissions due to severe episodes
of bronchiolitis/asthma and other diseases requiring pharmacological treatment with antibiotics,
corticosteroids or both.

2.4. Data Collection

The hospital Clínico San Carlos is a hospital within the public health system that provides health
care services for a population of about 380,000 habitants of the central area of Madrid. The public
health system covers health care at pediatric age, including medical and nursing consultations, and
provides free access to the mandatory vaccination program. It also facilitates access to optional vaccines.
At the first visit with the pediatrician and nurse after birth, usually before the first month, the child
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receives a health card. This card includes data about their anthropometric development, the vaccines
received and the introduction of different foods. The medication prescribed by the pediatrician is
recorded in the electronic history and dispensed in the pharmacy after being included in the unique
prescription module (MUP). When hospital admission is required, the diagnosis and treatment received
are recorded in the discharge report and can be accessed through the HORUS program (Historia Clínica
Digital del Sistema Nacional de Salud).

2.4.1. Clinical Data: Mothers

The maternal data referred to in this study belong to mothers whose children were evaluated in
this study. These data were obtained during their gestational period.

This information included family history of metabolic disorders such as type 2 diabetes, obstetric
history (miscarriages and GDM), educational level, employment status, number of prior pregnancies,
smoking habits (registering whether they are currently smoking, or they smoked until they found out
they were pregnant) and gestational age at entry concurring to the first ultrasound.

The mother’s lifestyle during and after pregnancy was registered. The adherence to a healthy
lifestyle (including physical activity) was evaluated with the Diabetes Nutrition and Complication Trial
(DNCT) questionnaire and provided the nutrition score and physical activity score. The adherence
to the MedDiet was assessed with the 14-point Mediterranean diet Adherence Screener (MEDAS)
questionnaire and was used to obtain the MEDAS score. A more detailed description has been
previously published [23].

2.4.2. Clinical Data: Children

Children’s data were obtained at 2 years of age after a face to face interview with the mother.
The interview was conducted by a dietician. It was carried out in the hospital and its duration
was about 30 min. They brought the mandatory pediatric health registry (primary source) to this
visit. Anthropometric data (weight and height taken at different time points), vaccination schedule
(compulsory and optional vaccination) and food introduction during the first two years were obtained
from this mandatory pediatric health registry. Other data about the children’s health had to be obtained
from a secondary data source. If the mothers did not attend this visit, these data were recovered by
contacting them via telephone calls. All information provided by the mother was later verified with
the data found in the secondary sources.

Secondary data source: Information about prescription of pharmacological treatments, including
antibiotics and corticosteroids and number of episodes requiring pharmacological treatment, was
obtained from MUP. Information about the number of hospital admissions and their cause was obtained
from the hospital discharge registry. The number of minor diseases (requiring only outpatient treatment)
and their treatment were obtained from the electronic medical history system (through the HORUS
application) and SERMAS (Servicio Madrileño de Salud) where all information related to children’s
health is registered. This includes attendance to emergency room, hospitalization (cause, duration and
discharge are registered), diseases diagnoses, allergies and the pharmacological treatment received.

Moreover, the vaccination schedule can also be accessed through the electronic medical history,
and includes the moment of reception and the dose of the vaccine received. All this information could
be retrieved as long as the child was attended to within the Community of Madrid. Access to the
electronic medical history system outside of this area was not possible.

The following variables were extracted: (1) Food allergy or intolerance, bronchiolitis/asthma and
atopic eczema. It was recorded at the time of diagnosis along with the number of episodes in which
their pediatrician prescribed antibiotic treatment, corticosteroids or both. (2) Vaccination schedule:
this includes the mandatory vaccines in Spain (chickenpox, diphtheria, hemophilus influenza type
B, hepatitis B, measles, meningococcus C, mumps, pertussis, pneumococcus 13 V, polio, rubella and
tetanus) and the optional ones (meningococcus B and rotavirus). It was considered complete when they
received all the recommended doses. (3). The total number of all-cause hospital admissions and their
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durations. Additionally, the number of hospitalizations due to severe episodes of bronchiolitis/asthma,
as well as the number and duration of hospital admissions in which the children required antibiotic or
corticosteroids treatment, or both. This information had to be recorded in the hospital discharge report
and was accessed through the HORUS program.

The following additional data were also registered: (1) Breastfeeding: recorded as either exclusive
lactation; mixed, which includes any product (artificial lactation) or complementary feeding; registering
the moment the children started consuming cereals (both with and without gluten). (2) Kindergarten
attendance: whether they attended and the age they started (measured in months).

2.5. Statistical Analysis

The categorical variables are expressed numerically (%) and continuous variables are expressed as
mean (SD). The comparison of frequencies between groups of the categorical variable was evaluated by
the χ2 test. For continuous variables, values were compared with Student’s t test or the Mann–Whitney
U test if distribution of continuous variables was not normal, as verified by the Shapiro–Wilk test.
Logistic regression analysis was used to assess the adjusted effect of the intervention on the risk for
adverse offspring outcomes that were significantly different in the binary analysis. The magnitude of
association was evaluated using the relative risk (RR) and 95% confidence interval (CI) adjusted for
age, ethnicity and parity and categorized by BMI and glucose tolerance, were estimated. The reason
for adjusting age, ethnicity and parity was because advanced maternal age, parity and ethnicity are
associated with worse health in the offspring [26–29]

All p values are 2-tailed at less than 0.05. Analyses were performed using SPSS, version 21 (SPSS,
Chicago, IL, USA).

3. Results

A total of 703/874 (80.5%) children of women who completed the St. Carlos GDM prevention
study were evaluated: 365 of the CG and 338 of the IG. Compared to women in the CG, women of
the IG were similar in relation to the baseline characteristics at 12 weeks of gestation (GW). However,
they maintained a greater adherence to the nutritional intervention (as reflected by the MEDAS and
nutrition score), lower rates of GDM, lower fasting glucose levels and less weight gain at 24–28 GW.
The mothers’ baseline characteristics are shown in Table 1.

A non-significant reduction in the rates of all-cause hospital admissions and in the number of
children who required it was observed in the IG versus the CG. In total, there were 51 (15.1%) and
65 (17.8%) hospital admissions, respectively, and 46 (13.6%) and 54 (14.9%) children hospitalized
respectively, both p > 0.05. However, the length of stay was significantly shorter in IG than in the CG
(6.8 ± 9.1 vs. 11.9 ± 25.2 days; p = 0.02). Data of the children of mothers from the CG and IG at 23 ± 2.5
months of age are shown in Table 2

The supplementary tables show the data of the children according to the maternal pre-pregnancy
body mass index (BMI) and by glucose tolerance, comparing the IG versus the CG. When evaluating
children born to women with pre-gestational BMI < 25 kg/m2, a significantly lower hospital admissions
rate due to bronchiolitis/asthma, antibiotic treatment and corticosteroid treatment, was observed in the
IG (all p < 0.05) (Table S1). There were no significant results found when comparing the children of
mothers with BMI ≥ 25 kg/m2. Similar results were observed when analyzing the children of women
who had normal glucose tolerance (NGT), where a significantly lower number of hospital admissions
due to bronchiolitis/asthma, antibiotic treatment and corticosteroid treatment was also observed in the
IG (all p < 0.05). These results were not found when making these same comparisons between children
of mothers who developed GDM (Table S2).
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Table 1. Baseline characteristics of mothers whose children were analyzed.

CONTROL GROUP n = 365 INTERVENTION GROUP n = 338 p

Age (years) 32.8 ± 5.3 33.2 ± 5.0 0.316
Race/Ethnicity

Caucasian 237 (64.9) 222 (65.6)
Hispanic 114 (31.2) 109 (32.2)
Others 14 (3.9) 7 (2.2) 0.804

Family history of
Type 2 Diabetes 82 (23.5) 92 (27.7)

MetS (>2 components) 65 (17.8) 76 (22.5) 0.154
Previous history of

GDM 11 (3.0) 11 (3.3)
Miscarriages 117 (32.0) 117 (34.6) 0.688

Educational status
Elementary education 41 (11.2) 21 (6.2)

Secondary School 145 (39.7) 146 (43.2)
University Degree 174 (47.7) 168 (49.7)

UNK 5 (1.4) 3 (0.9) 0.467
Employment 276 (75.6) 266 (78.7) 0.950

Number of pregnancies
Primiparous 144 (39.5) 142 (42.1)

Second pregnancy 119 (32.6) 115 (34.1)
>2 pregnancies 102 (27.9) 81 (22.8) 0.622

Smoker
Never 202 (55.3) 184 (54.1)

Current 26 (7.1) 26 (7.7) 0.994
Gestational Age (weeks) at baseline 12.1 ± 0.6 12.0 ± 0.3 0.899

Pre-pregnancy Body Weight (kg) 61.5 ± 11.1 60.3 ± 9.9 0.131
Weight gain at:

24–28 GW 7.73 ± 4.22 7.04 ± 3.71 0.022
36–38 GW 11.02 ± 6.71 11.49 ± 6.87 0.452

Pre-pregnancy BMI (kg/m2) 23.3 ± 3.9 23.1 ± 3.5 0.354
BMI ≥ 25 kg/m2 107 (29.3) 86 (25.4) 0.486

Systolic BP/Diastolic BP (mm Hg)
12 GW 107 ± 11/64 ± 9 107 ± 10/66 ± 9 0.957/0.061
24 GW 105 ± 11/63 ± 9 105 ± 11/63 ± 8 0.370/0.747
36 GW 113 ± 13/72 ± 9 113 ± 13/73 ± 9 0.319/0.303

Fasting Blood Glucose (mg/dl)
12 GW 81.4 ± 6.1 81.2 ± 6.0 0.687
24 GW 85.8 ± 6.7 84.0 ± 6.5 0.001
36 GW 77.1 ± 7.7 75.0 ± 7.7 0.007

GDM at 24–28 GW n (%) 91 (24.9) 58 (17.2) 0.036
Caesarean Section n (%) 56 (15.3) 54 (16.0) 0.111

TSH mcUI/mL
12 GW 1.9 ± 1.2 2.1 ± 1.4 0.223
24 GW 2.0 ± 1.2 2.1 ± 1.1 0.464
36 GW 1.7 ± 1.3 1.6 ± 0.9 0.890

MEDAS Score
12 GW 4.1 ± 1.7 4.4 ± 1.6 0.090
24 GW 4.5 ± 1.7 6.3 ± 1.7 0.001
36 GW 5.5 ± 1.9 6.6 ± 2.1 0.001

Nutrition Score
12 GW 0.6 ± 3.3 0.2 ± 3.1 0.078
24 GW 1.2 ± 3.4 4.2 ± 3.2 0.001
36 GW 3.6 ± 3.7 5.3 ± 3.6 0.001

Physical Activity Score
12 GW −1.7 ± 1.0 −1.9 ± 1.0 0.059
24 GW −1.8 ± 0.9 −1.8 ± 0.9 0.482
36 GW −1.8 ± 0.7 −1.6 ± 0.9 0.055

Data are mean ± SD or number (%). MetS, metabolic syndrome; UNK, unknown; BMI, body mass index; GW,
gestational weeks; GDM, gestational diabetes mellitus; BP, blood pressure; MEDAS Score, 14-point Mediterranean
diet Adherence Screener (MEDAS); nutrition score, Diabetes Nutrition and Complications Trial (DNCT); physical
activity score, (walking daily (>5 days/week) Score 0: At least 30 min. Score+1, if >60 min. Score−1, if <30 min.
Climbing stairs (floors⁄day, >5 days a week): Score 0, between 4 and 16; Score+1, >16; Score−1: <4). p differences
between groups analyzed with the χ2 test (categorical variable); Student’s t test (continuous variables) or the
Mann–Whitney U test (not-normal distribution in continuous variables). Verified by the Shapiro–Wilk test.
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Table 2. Children’s data at 2 years follow-up according to whether their mothers belonged to the
intervention (IG) or control group (CG).

CG IG p

Number (n) 365 338
Born, n (%)

Preterm (<37 GW) 14 (3.8) 5 (1.5) 0.477
Small for gestational age (SGA) 23 (6.3) 5 (1.5) 0.002
Large for gestational age (LGA) 10 (2.7) 4 (1.2) 0.049

Age (months) 23.13 ± 2.55 23.29 ± 2.51 0.433
Body Weight (kg) 12.11 ± 1.48 12.17 ± 1.54 0.555

Percentile 47.7 ± 27.0 49.2 ± 27.4 0.483
Height (cm) 86.26 ±3.96 86.16 ± 4.01 0.759
Percentile 39.3 ± 27.0 39.7 ± 28.6 0.867

Breastfeeding n (%) 340 (94.4%) 314 (93.5%) 0.703
Exclusive (months) 5.20 ± 1.50 5.36 ± 1.47 0.194

Mixed (months) 10.34 ± 7.74 10.60 ± 7.55 0.705
Cereal Introduction (months)

Gluten-free cereal 4.77 ± 0.81 4.74 ± 0.81 0.702
Gluten cereal 6.58 ± 1.28 6.62 ± 2.02 0.787

Nursery
n (%) 247 (67.7) 237 (70.7) 0.213

Age (months) 15.8 ± 6.0 14.8 ± 6.8 0.139
Vaccinations n (%)

Compulsory 359 (99.4%) 338 (100%) 0.270
Recommended n (%)

Meningitis 210 (58.2) 214 (64.3) 0.059
Rotavirus 251 (69.5) 240 (72.1) 0.257

Outpatient diseases n (%)
Treatment with antibiotics 251 (68.8%) 234 (69.4%) 0.456

Treatment with corticosteroids 187 (51.2%) 166 (49.3%) 0.327
Diagnoses n (%)

Food allergies 29 (8.0%) 21 (6.2%) 0.225
Asthma 7 (1.9%) 11 (3.3%) 0.189

Bronchiolitis/respiratory problems 74 (20.3%) 75 (22.3%) 0.298
Atopic dermatitis 101 (27.7%) 106 (31.5%) 0.161

Severe Diseases inpatients treatment
All-cause hospital stays n (%) 65 (17.8%) 51 (15.1%) 0.193

Children n (%) 54 (14.9%) 46 (13.6%) 0.079
Duration (days) 11.9 ± 25.2 6.8 ± 9.1 0.020

Asthma/bronchiolitis disease 27 (7.4%) 18 (5.3%) 0.167
Treatment with antibiotics 59 (16.2%) 40 (11.9%) 0.063

Treatment with corticosteroids 41 (11.2%) 25 (7.4%) 0.054
Treatment with antibiotics and corticosteroids 36 (9.9%) 25 (7.4%) 0.155

Results expressed as mean ± SD or n (%). p differences between groups analyzed with the χ2 test (categorical
variable); Student’s t test (continuous variables) or the Mann–Whitney U test (not-normal distribution in continuous
variables). Verified by the Shapiro–Wilk test.

When analyzing children of mothers with pre-gestational BMI < 25 kg/m2 of the IG, the RR (95%
CI) in the IG of having a severe event requiring hospital admission due to bronchiolitis/asthma, due to
any disease requiring antibiotic treatment, either any disease requiring corticosteroid treatment or both,
were 0.75 (0.58–0.98), 0.80 (0.65–0.98), 0.73 (0.59–0.90) and 0.78 (0.61–0.99), respectively. In children of
mothers with NGT, the RRs were 0.77 (0.59–0.99), 0.80 (0.65–0.99), 0.75 (0.60–0.93) and 0.79 (0.62–1.00),
respectively, for children of mothers with NGT, respectively. These data are shown in Figure 2.
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Figure 2. Relative risk (RR) and 95% confidence interval (CI) of suffering severe adverse events that
require hospitalization adjusted for age, parity and ethnicity, and categorized by BMI and glucose
tolerance. (A) Bronchiolitis/asthma in hospitalized children; (B) antibiotic treatment in hospitalized
children; (C) corticosteroid treatment in hospitalized children; (D) antibiotic and corticosteroid
treatment in hospitalized children. BMI, body mass index; RR, relative risk; CI, confidence interval;
GDM, gestational diabetes mellitus; NGT, normal glucose tolerance. Regression analysis was assessed
with SPSS, version 21 (reference group = control group).
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4. Discussion

This study shows that the adherence to the MedDiet enriched with EVOO and pistachios during
pregnancy seems to be associated with a lower risk of hospitalization in children at two years of
age. This was especially observed in women who had a pre-gestational BMI < 25 kg/m2 and in those
with NGT. To our knowledge, this is the first RCT study that analyses the influence of a nutritional
intervention based on a MedDiet in pregnancy on the offspring’s health.

The MedDiet enriched with EVOO and pistachios has been associated with health benefits in the
mother [25,30,31]. There are also suggestions that these benefits can be transferred to postnatal life [32].
In fact, recent published studies seem to indicate that the MedDiet decreases the incidence of wheezing,
asthma and allergies [1,2,18]. A confounding factor could be the caesarean section rates since it has
been shown that the immune system of children born by caesarean section matures later and therefore
they have a higher risk of developing allergies in the future [33]. The results showed similar data
in both groups. Thus, a reduction in infectious and allergic events would be expected. However,
we have not found differences between the IG and CG in relation to rates of bronchiolitis/asthma,
diseases of autoimmune origin (food allergies and dermatitis eczema) and infectious illness that did
not require hospital admission. Adherence to childhood vaccination programs is associated with a
reduction of these diseases during the first years of life [34]. Considering this, the vaccination program
was completed by more than 99% of children in both groups. That is to say, it could overcome the
benefit of food during pregnancy. On the other hand, it is known that breastfeeding is the greatest
protective factor in offspring during the early years of life, preventing early childhood diseases and
several infectious diseases [35,36]. The present study revealed that more than 90% of women (from
both the IG and CG) performed exclusive breastfeeding at least during the first five months of life.
In many cases, mothers continued combining breastfeeding with complementary feeding during at
least 10 months. This could be the reason why we have not found more significant differences between
children at two years of age. In fact, some studies have found certain differences in older children [37].
Therefore, it would be interesting to evaluate these children at an older age.

Nevertheless, our study shows significant differences between the IG and CG in relation to the
reduction of severe events requiring hospitalization in children whose mothers had a pre-gestational
BMI < 25 kg/m2 and NGT. These are considered low-risk women, who make up most of our
studied population.

Indeed, according to the results, the rates of corticosteroid treatment in children would be higher
in the IG, but these are not statistically significant. On the other hand, the reduction in the hospitalized
rate due to severe adverse effects is highly significant.

GDM and obesity have negative effects on the offspring, and when both coexist these effects are
enhanced [7,8,10,38]. In our study, no significant differences were observed between women from
the IG and CG in those with a BMI ≥ 25 kg/m2 or with GDM. This could suggest that the nutritional
intervention used in our study may not be strong enough to decrease the incidence of severe events
in children, of high-risk mothers, at this age. A longer follow-up period may clarify whether these
benefits can be observed in those born to high-risk mothers.

EVOO and pistachios, rich in phenolic components, are associated with a better anti-inflammatory,
immunomodulatory and microbiota profile. In pregnancy, changes occur in the mother’s immune
system, affecting normal gut function and composition of the microbiota. These changes, which
could also be affected by the mother’s diet, could enhance the long-term health of the mother and her
offspring [39–42].

Several limitations were found in our study. First, differences in diet between groups may have
not been wide enough to induce changes in offspring health. Both groups (IG and CG) received
recommendations based on the Mediterranean diet, reinforced or restricted in the consumption of
fats. The differences obtained in the score of the questionnaires used between both groups were over
two points during pregnancy, a difference that can be considered insufficient to detect statistically
significant differences.
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Secondly, a major limitation is that some data had to be completed through the register. This does
not allow all data to be extracted in the same way. However, these data were always recorded by the
same person, thus avoiding differences in data collection; therefore, it is unlikely that this could affect
our results.

Lastly, breastfeeding, vaccination and other relevant factors within the first two years of life
could have influenced the results. For instance, the rate of SGA and LGA newborns, although it is
significantly lower in the IG, the number is small enough to affect our results. However, its effect
in a wider cohort, or an older age, cannot be ruled out. Therefore, a follow-up at two-years of age
may be insufficient to detect statistically significant differences in non-serious diseases at this age.
Consequently, a study evaluating children at 5–6 years of age is ongoing.

Our results strengthen the recommendation to implement the MedDiet-reinforced with EVOO and
pistachios-during pregnancy, since it also seems to provide health benefits for the offspring, at least in
those born to low-risk women. Whether these results are sustained over the time, remains to be known.

5. Conclusions

A nutritional intervention based on the MedDiet during pregnancy seems to be associated with
a reduction in the offspring’s hospital admissions requiring antibiotic and corticosteroid treatment,
and admissions related to asthma/bronchiolitis, especially in women who have pre-gestational BMI
<25 kg/m2 and NGT.
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Abstract: Gestational diabetes mellitus (GDM) is a common condition with increasing prevalence
worldwide. GDM is associated with an increased risk for maternal and neonatal complications. In
this review we provide an overview of the most recent evidence on the long-term metabolic risk
associated with GDM in the offspring. We conducted an extensive literature search on PubMed and
Embase between February 2019 and December 2019. We performed a narrative review including
20 cohort studies, one cross-sectional study, and two randomized controlled trials. Our review shows
that the prevalence of overweight/obesity and glucose intolerance is higher in children exposed to
GDM compared to unexposed children. Maternal overweight is an important confounding factor, but
recent studies show that in general the association remains significant after correction for maternal
overweight. There is limited evidence suggesting that the association between GDM and adverse
metabolic profile in the offspring becomes more significant with increasing offspring age and is also
more pronounced in female offspring than in male offspring. More research is needed to evaluate
whether treatment of GDM can prevent the long-term metabolic complications in the offspring.

Keywords: gestational diabetes mellitus; long-term metabolic outcome; offspring; overweight;
obesity; adiposity; glucose intolerance; abnormal glucose tolerance; insulin resistance

1. Introduction

Gestational diabetes mellitus (GDM) is a worldwide public health problem. The prevalence
is increasing due to delayed motherhood, the rising prevalence of obesity, and unhealthy lifestyles.
The prevalence of GDM ranges from 1.8–31.5%, depending on the used diagnostic criteria and the
population studied [1]. Since glucose crosses the placenta, GDM leads to fetal hyperglycemia, which in
turn causes hyperinsulinemia. Since insulin acts as a growth hormone during pregnancy, this will
induce macrosomia-related perinatal adverse outcomes [2]. In recent years, there is increasing evidence
that intrauterine exposure to hyperglycemia also influences the long-term outcome of the offspring [3].
Many studies have shown that GDM increases the risk of glucose intolerance and overweight in the
offspring [4]. However, it is less clear whether these associations are based on a direct relationship or
are mediated by confounding factors such as maternal obesity. The use of different diagnostic criteria
for GDM and the fact that not all studies have corrected for potential confounding factors, could
partially explain the inconsistent results. In addition, the susceptibility to a potential effect of GDM may
vary by age and gender of offspring. Further clarification is needed, since the prevalence of overweight
and obesity in children is increasing [5,6]. These children are likely to become obese as adults and have
an increased risk for diabetes and cardiovascular diseases [6–8]. It is therefore important to evaluate
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whether GDM is an independent risk factor and whether treatment of GDM can reduce the long-term
metabolic risk in the offspring. We performed a review to evaluate whether GDM is an independent
risk factor for glucose intolerance and overweight in the offspring. We included therefore studies
evaluating the long-term metabolic risk in offspring from mothers with GDM compared to offspring of
mothers with normal glucose tolerance. In addition, we determined whether the risk varied according
to gender and age of the offspring.

2. Methods

2.1. Data Sources and Search Strategies

Between February 2019 and December 2019, a literature search was conducted on PubMed and
Embase. We included studies published from 2000 onward. Cross-sectional studies, case-control
studies, cohort studies, and randomized controlled trials (RCT) were considered for this review. This
is a narrative review. We did not perform a systematic review and could therefore not perform
a meta-analysis.

We used the following inclusion criteria:

1. The study population were offspring born to mothers with GDM (OGDM).
2. The control group could either be offspring of mothers with normal glucose tolerance (NGDM) or

offspring of mothers with intensive (with insulin or other pharmacological treatment) treated GDM.
3. The following comparisons were made: the OGDM group was compared to the NGDM group or

children of mothers with untreated GDM were compared to children of mothers with intensive
treated GDM.

4. The different outcomes studied related to adiposity were overweight and obesity (defined
by sex- and age-specific reference values according to the International Obesity Task Force,
Centers of Disease Control and Prevention, World Health Organization, or local criteria), body
fat percentage (BF%), waist circumference (WC), and body mass index (BMI). The outcomes
studied related to glucose intolerance were abnormal glucose tolerance (AGT) and indices of
insulin sensitivity and beta-cell function. AGT was defined as pre-diabetes or type 2 diabetes
mellitus (T2DM). Pre-diabetes was defined as the presence of impaired fasting glucose (IFG)
and/or impaired glucose tolerance (IGT). Insulin sensitivity was defined using the Matsuda index,
a measurement of whole-body insulin sensitivity [9] or homeostatic model assessment of insulin
sensitivity (HOMA-S), a measure of largely hepatic insulin sensitivity [10]. HOMA-S is defined
as the reciprocal of insulin resistance (1/HOMA-IR) [10]. As measures of beta-cell function,
the insulinogenic index and the disposition index (DI), were used [11,12]. DI was calculated by
combining measurements of insulin secretion and sensitivity according to different formulas used
in the included articles.

We excluded animal studies, descriptive designs (case series and case reports), studies that made
no distinction between the different types of diabetes, studies with a low quality (no method section, no
p-values mentioned, less than 100 participants), and articles written in a language other than English
or French. We did not limit our search to a specific population or ethnicity or to a specific age category.
We used the following search strategies:

1. PubMed: (“Diabetes, Gestational”[Mesh]) AND (“Child, Preschool”[Mesh] OR “Child”[Mesh]
OR “Adolescent”[Mesh] OR “Adult Children”[Mesh]) AND ((“Diabetes Mellitus, Type
2”[Mesh] OR “Blood Glucose”[Mesh] OR “Insulin/blood”[Mesh] OR “Insulin Resistance”[Mesh]
OR “Hyperglycemia/blood”[Mesh] OR “Glucose Intolerance”[Mesh] OR “Prediabetic
State”[Mesh]) OR (“Adiposity”[Mesh] OR “Body Mass Index”[Mesh] OR “Obesity”[Mesh]
OR “Overweight”[Mesh]))

2. Embase: ‘pregnancy diabetes mellitus’/exp AND ‘progeny’/exp AND (‘obesity’/exp OR ‘body
mass’/exp OR ‘non insulin dependent diabetes mellitus’/exp OR ‘glucose intolerance’/exp OR
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‘glucose blood level’/exp OR ‘hyperglycaemia’/exp OR ‘insulin resistance’/exp OR ‘impaired
glucose tolerance’/exp). We limited our search results by using the mapping option “Limit to
terms indexed in article as major focus”.

In addition to this, we hand-searched the reference lists of the selected articles and relevant reviews.

2.2. Data Synthesis and Analysis

The extracted data included the study design, location, age of follow-up, number of study
participants, the GDM diagnosis criteria, adjustments that were made, and offspring outcomes. We
reported our results in a descriptive manner. A p-value <0.05 was considered to be significant.

3. Results

3.1. Search Results

We identified 783 articles of which 123 articles were selected as possibly relevant. After examination
of the full text, 23 studies were included in the current review (Figure 1).

Figure 1. The literature search and selection process.

3.2. Study Characteristics

The study characteristics are shown in Table 1. In total, there were 15 prospective cohorts (65%),
five retrospective cohorts (22%), one cross-sectional study (4%), and two RCTs (9%). Three studies were
performed in Asia (13%), six studies in North America (26%), 11 in Europe (48%), one was performed
in Oceania (4%), and two studies were multinational (9%). All 23 studies were published between
2003 and 2019, of which 19 studies (83%) were published from 2010 onward. The follow-up ranged
from one to 27 years. In 13 studies (57%), the offspring was older than ten years. Only three studies
(13%) evaluated the impact on adult offspring (>18 years). The sample size varied between 129 and
14,881 participants. Eighteen studies (78%) evaluated more than 500 children. Two studies used the
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‘International Association of Diabetes and Pregnancy Study Group’ (IADPSG) criteria (9%), five studies
used the Coustan and Carpenter criteria (22%), two studies the American Diabetes Association criteria
(9%), three studies the Finnish Diabetes Association criteria (13%), one study the German Diabetes
Association criteria (4%), three studies used local standards (13%), and three studies used multiple
criteria for GDM (13%). In four studies (17%), no information was available about the diagnostic
criteria used for GDM. Appendix A Table A1 gives an overview of the most commonly used diagnostic
criteria for GDM across the different studies.

Table 1. The characteristics of included studies.

Author, Year Design Country Subjects (N) Age GDM Criteria Comparison

Lowe, 2019 [13]
(HAPO cohort)

Prospective
cohort study Multinational 4775 10–14 y IADPSG Continuous measures of

maternal glucose levels
Lowe, 2019 [14]
(HAPO cohort)

Prospective
cohort study Multinational 4775 10–14 y IADPSG OGDM vs. NGDM

Scholtens, 2019 [15]
(HAPO cohort)

Prospective
cohort study Multinational 4160 10–14 y IADPSG Continuous measures of

maternal glucose levels
Lowe, 2018 [16]
(HAPO cohort)

Prospective
cohort study Multi-national 4832 10–14 y IADPSG OGDM vs. NGDM

Kaseva, 2018 [8]
(ESTER and AYLS cohort)

Prospective
cohort study Finland 700 22–25 y Finnish Diabetes

Association OGDM vs. NGDM

Le Moullec, 2018 [17]
(OBEGEST cohort)

Prospective
cohort study France 1251 5–7 y C&C OGDM vs. NGDM

Grunnet, 2017 [18]
(Danish National Birth Cohort)

Prospective
cohort study Denmark 1158 9–16 y Self-report and the Danish

National Patient Register OGDM vs. NGDM

Tam, 2017 [19]
(HAPO cohort)

Prospective
cohort study China 926 7 y IADPSG OGDM vs. NGDM

Bider-Canfield, 2017 [20] Retrospective
cohort study US 15,170 2 y C&C OGDM vs. NGDM

Zhao, 2016 [21] Cross-sectional Multi-national 4740 9–11 y WHO 1999 and ADA OGDM vs. NGDM

Landon, 2015 [22] Randomized
controlled trial US 500 5–10 y C&C Treated OGDM vs. untreated

OGDM

Kelstrup, 2013 [12] Prospective
cohort study Denmark 295 18–27 y Local (Denmark)* OGDM vs. NGDM

Nehring, 2013 [23]
(German Perinatal Prevention of

Obesity cohort)

Retrospective
cohort study Germany 7355 5–6 y ADA OGDM vs. NGDM

Regnault, 2013 [24]
(Viva cohort)

Prospective
cohort study US 839 7–9 y C&C OGDM vs. NGDM

Pham, 2013 [25] Retrospective
cohort study US 2093 2–4 y

Until April 2007:
NDDGAfter April 2007:

C&C
OGDM vs. NGDM

Patel, 2012 [26] Prospective
cohort study Great Britain 4861 15–16 y Questionnaire OGDM vs. NGDM

Boerschmann,
2010 [27]

Prospective
cohort study Germany 663 2 y, 8 y, 11 y German Diabetes

Association OGDM vs. NGDM

Tam, 2010 [28] Prospective
cohort study China 129 15 y ADA OGDM vs. NGDM

Pirkola, 2010 [29]
(Northern Finland Birth Cohort)

Prospective
cohort study Finland 4168 7 y, 16 y Finnish Diabetes

Association OGDM vs. NGDM

Gillman, 2010 [30]
(ACHOIS cohort)

Randomized
controlled trial Australia 199 4–5 y Local (Australia)** Routine care control group vs.

intervention group

Krishnaveni, 2010 [31] Prospective
cohort study India 416 5 y, 9 y C&C OGDM vs. NGDM

Lawlor, 2010 [32]
(ALSPAC cohort)

Prospective
cohort study Great Britain 6516 9–11 y Medical records OGDM vs. NGDM

Clausen, 2009 [33] Retrospective
cohort study Denmark 296 18–27 y Local (Denmark)* OGDM vs. NGDM

Vääräsmäki, 2009 [34]
(Northern Finland Birth cohort)

Prospective
cohort study Finland 4004 16 y Finnish Diabetes

Association OGDM vs. NGDM

Hillier, 2007 [35] Prospective
cohort study US 8152 5–7 y C&C and NDDG

OGDM according to C&C
criteria and OGDM according
to NDGG criteria vs. NGDM

Gillman, 2003 [7] Retrospective
cohort study US 14,881 9–14 y Interview OGDM vs. NGDM

GDM: gestational diabetes mellitus; OGDM: offspring of mothers with gestational diabetes; NGDM: offspring of
mothers with normal glucose tolerance during pregnancy; HAPO: Hyperglycemia and Adverse Pregancy Outcome;
ESTER: Maternal Pregnancy Disorders and Early-Life Programming of Adult Health and Disease; AYLS: Arvo
Ylppö Longitudinal Study; OBEGEST: South Reunion Island cohort; ACHOIS: Australian Carbohydrate Intolerance
Study in Pregnant Women; ALSPAC: Avon Longitudinal Study of Parents and Children; IADPSG: International
Association of the Diabetes and Pregnancy Study Group; C&C: Carpenter and Coustan; WHO: World Health
Organization; ADA: American Diabetes Association; NDDG: National Diabetes Data Group. * Local (Denmark):
Two of seven values exceeded the mean + 3SD values for a reference group of normal-weight nonpregnant women
without a family history of diabetes [36]. ** Local (Australia): Fasting plasma glucose <7.8 mmoL/L (<140 mg/dL)
and 2 h plasma glucose between 7.8 mmoL/L (140 mg/dL) and 11 mmoL/L (198 mg/dL) after a 2 h 75 g oral glucose
tolerance test; VS: versus.

3.3. Overweight and Obesity

The prevalence of overweight and obesity was higher in children exposed to GDM compared to
the control group (Table 2). In the OGDM group, 21–40% of the children were overweight (including
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obesity) compared to 10.4–30% in the NGDM group, and 6.4–20.2% of the children were obese compared
to 1.9–12.2% in the NGDM group.

Nine studies reported an odds ratio (OR) for overweight. Four studies showed a significantly
increased OR of 1.44–2.29 for overweight in the OGDM group [16,19,23,33]. These four studies adjusted
for maternal BMI, but after this adjustment, the result remained significant in only two studies [23,33].
Pirkola et al. showed a higher risk of overweight in the offspring of overweight GDM mothers, but not
in the offspring of normal-weight mothers [29]. In contrast, Grunnet et al. demonstrated a significant
higher BMI in the offspring of normal-weight GDM mothers (mean difference 5%, 95% CI 3–7%) but
not in the offspring of underweight or overweight GDM mothers [18]. Hillier et al. demonstrated
a significant increased OR of overweight in the offspring of mothers diagnosed with GDM based on
the Carpenter and Coustan criteria (untreated women) but not in the offspring of mothers diagnosed
with GDM based on the National Diabetes Data Group (treated women) criteria [35].

Five studies reported an OR for obesity. Four showed a significantly increased OR of 1.53–3.59 in
the OGDM group. Three of these studies adjusted for maternal BMI and after adjustment the result
remained significant in two studies [16,23]. Hillier et al. only showed a significant increased OR in the
offspring of untreated women [35].

Seven studies evaluated the impact of GDM on the waist circumference. Four of them showed
a significantly increased waist circumference in the OGDM group [16,21,23,34], of which three studies
corrected for maternal BMI [16,21,23].

The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) follow-up study evaluated 4832
children of untreated women (defined post hoc by the 2013 WHO criteria) 10–14 years after delivery.
This study showed a continuous association between maternal glucose levels during pregnancy and
a higher risk of adiposity [13]. Each standard deviation (SD) increase in maternal fasting plasma
glucose (FPG) was associated with an increased risk of obesity and body fat percentage >85th percentile,
but not with an increased risk of overweight or a high waist circumference. A higher maternal plasma
glycemia level 60 and 120 min after an OGTT was related to an increased risk of all these adiposity
outcomes. These results were independent of maternal BMI.

3.4. Glucose Intolerance

We included seven studies that investigated the impact of GDM on AGT and insulin resistance (IR)
in the offspring (Table 3). Four of these studies did not correct for any confounding factor. Five studies
evaluated AGT as a whole (IFG and/or IGT and/or T2DM). Three of these demonstrated an increased
incidence of AGT in the OGDM group, with a total AGT prevalence of 21–41% in the OGDM group
compared to 4–15.3% in the NGDM group [12,33,34]. This relationship seems linear related to rising
glycemic values in pregnancy since Tam et al. demonstrated an OR for offspring’s AGT of 1.85–2.00
for each SD increase in maternal glycemic level (adjusted for confounding factors including maternal
weight and neonatal weight) [19].

Five studies investigated FPG separately. Only one study showed a significant higher FPG level
in the OGDM group compared to the NGDM group (mean difference 4%, 95% CI 2–5%) [18]. In
addition, the HAPO follow-up study showed an increased risk for IGT (OR 1.96, 95% CI 1.41–2.73) in
the OGDM group and demonstrated that this increased risk was linear across the spectrum of maternal
glucose levels during pregnancy [14,15]. This association was independent of maternal BMI, child
BMI, and child’s family history of diabetes.

Five studies evaluated indices of IR in the offspring. Four studies showed an increased IR in the
OGDM group, defined by HOMA or the Matsuda index [12,14,18,34]. GDM was not associated with
a decreased insulinogenic index in the offspring, although there was a significant decreased DI in
the OGDM group [12,14,19]. The HAPO follow-up study showed an inverse continuous relationship
between maternal pregnancy glucose levels and child insulin sensitivity and DI [15]. This association
was attenuated, but remained significant, after adjustment for maternal BMI and/or child BMI.
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3.5. Age

Only two studies examined different age categories. One study observed an increased incidence
of overweight in 8- and 11-year-old OGDM but not in 2-year-old OGDM, while the other study showed
an increased HOMA-IR in 9.5-year-old OGDM but not in 5-year-old OGDM [27,31]. Of all five studies
evaluating young children, only one study showed an increased risk of overweight or obesity in
OGDM <10 years. In contrast, of all nine studies evaluating older children, five studies showed
an increased risk of overweight or obesity in OGDM ≥10 years. Only one study examined the impact
on glucose intolerance in offspring <10 years and showed a significant increased risk of AGT in the
OGDM group [19].

3.6. Sex Differences

Of all studies, only seven studies evaluated possible sex differences. Four studies showed
a significant increase in adiposity measures in 7–25-year-old girls, but not in boys, when exposed to
intrauterine GDM. Girls from mothers with GDM had a significantly higher prevalence of overweight
(22.7% vs. 13.0%, p = 0.03) [19], higher BMI (16.4 kg/m2 vs. 14.3 kg/m2, p <0.001) [31], and higher
waist circumference [8,21]. In contrast, only one study showed an OR for overweight of 2.34 (95% CI
1.26–4.34) in 5–7-year-old male OGDM and no increased risk in females [17]. Another study showed no
difference in both waist circumference and BMI, irrespective of gender [24]. Only one study examined
the differences in sex with regard to glucose intolerance and insulin resistance [31]. This study showed
a significant increased IR and plasma glucose levels 30 min after OGTT in 9.5-year-old female OGDM
but not in males.

3.7. Can Treatment of GDM Reduce the Long-Term Metabolic Complications in the Offspring?

Two RCT’s have shown that treatment of GDM lowers the risk of perinatal adverse outcomes [37,38].
The ‘Australian Carbohydrate Intolerance Study in Pregnant Women’ (ACHOIS) was an RCT in women
with GDM based on the 1999 WHO criteria [38]. The Landon RCT was a multicenter study that
randomly assigned 958 American woman who met the criteria for mild GDM (FPG <5.3 mmoL/L;
two abnormal values after a 100 g OGTT according to the Carpenter and Coustan criteria) into
a treatment group and a control group and compared the infants of both groups [37]. The follow-up
study of ACHOIS was conducted in 4–5-year-old offspring of women who lived in the state of South
Australia and were checked by a health care program at kindergartens and preschools (resulting in
199 children, 19% of the original cohort) [30]. Treatment of GDM did not result in a change in BMI.
The Landon follow-up study evaluated the treatment effect of GDM on BMI in 500 children (52% of the
original cohort), aged 5–10 years [22]. Treatment was also not associated with a reduction in childhood
obesity. However, a subanalysis showed higher rates of IFG in girls of mothers in the control group
compared to the treatment group (12.1% vs. 2.9%, p = 0.02). In addition, treatment of GDM was
associated with a decreased frequency of HOMA-IR in female offspring (1.05 vs. 1.30, p = 0.04). These
results were adjusted for race/ethnicity and maternal baseline BMI.

4. Discussion

4.1. Summary of Findings

In the current review, we show that there is increasing evidence that offspring of mothers with GDM
are at increased risk for overweight and glucose intolerance and that this risk is independent of maternal
overweight. In addition, recent studies, such as the HAPO follow-up study, also demonstrated a linear
relationship between rising maternal glucose levels during pregnancy and the risk for overweight and
AGT in the offspring.
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4.2. Results in Relation to What We Already Know

In recent years, there is increasing evidence that GDM is associated with an increased risk for
overweight and AGT in the offspring [4]. However, it remained less clear whether these associations
are based on a direct relationship or whether they are mediated by confounding factors. Maternal
overweight is a well-known confounding factor, likely due to shared genes and environment [39]. In
this review, we aimed to investigate whether GDM is a risk factor independent of maternal BMI.

We showed that the association between GDM and offspring overweight or obesity is frequently
attenuated after adjustment for maternal BMI, but that the association remained significant in recent,
large studies. The HAPO follow-up study even showed a continuous relationship between maternal
glycemia levels during pregnancy and childhood adiposity outcomes [14]. This study was not
confounded by treatment of maternal hyperglycemia, since only women with glucose levels below
those diagnostic of diabetes were included. In line with these results, the Hillier study showed
an increased OR for overweight and obesity in the offspring of women with untreated GDM and no
increased OR in the offspring of women with treated GDM [35]. Previous studies have shown that the
combination of maternal overweight and maternal GDM has a greater impact on adverse pregnancy
outcomes than either one alone [40]. In this review, we found evidence for a comparable result
concerning the impact on childhood overweight. One study showed that prenatal exposure to maternal
overweight combined with GDM conveyed a greater risk of childhood overweight than exposure to one
of these alone [29]. Therefore, adjustment for maternal overweight may mask this potential synergistic
relationship [21]. Additional adjustment for birth weight, smoking during pregnancy, prolonged
breastfeeding, and socioeconomic variables did not significantly change the results. The mechanisms
by which GDM might influence childhood overweight are not fully known. Fetal hyperinsulinemia
during critical periods may induce leptin resistance (leptin is a hormone that reduces food intake and
increases energy expenditure) [39]. Furthermore, intrauterine exposure to GDM may influence the
expression of genes that direct the accumulation of body fat through epigenetic changes [21].

Of all 23 studies included in our review, only seven studies investigated the long-term risk for
AGT in the offspring after GDM. Most studies confirmed that GDM was associated with an increased
prevalence of AGT in the OGDM group. Only two studies showed no effect, of which one was
most likely underpowered [28]. The HAPO follow-up study demonstrated an increased childhood
prevalence of IGT, but not of IFG, independent of maternal BMI and childhood BMI. This finding is in
line with a recent large meta-analysis [41]. It indicates that IFG and IGT may need to be considered
as two distinct pathophysiologic conditions [42,43]. In addition, our review showed that GDM is
associated with an increased IR and a low DI in the offspring of GDM mothers [12,14,18,34]. A low DI
suggests that there is insufficient beta-cell compensation for the higher IR, and this is seen in children
with a high risk to progress to T2DM [12,14].

Studies suggested that the long-term effect of GDM may not become apparent until early
adolescence [44]. In this review, we confirm that the risk of childhood overweight seems higher in
children >10 years, however, only two studies specifically examined different age categories.

There is limited evidence from subgroup analysis that the risk of childhood overweight and AGT
is higher in female offspring compared to male offspring, but only seven studies evaluated possible
sex differences. Previous research has shown that women carrying a male fetus have a 4% increased
risk of developing GDM compared to women carrying a female fetus. Women developing GDM with
a female fetus, therefore probably have more underlying IR and/or impaired insulin secretion, which
might lead to an increased risk for long-term metabolic complications [45].

The intervention RCTs in pregnancy have shown that treatment of GDM reduces the risk for
adverse pregnancy outcomes. However, follow-up studies of both RCTs showed no significant
difference in the risk of childhood obesity in offspring of women who were treated for GDM compared
to the untreated group. Therefore, there is currently no evidence that treatment of GDM can prevent
the long-term metabolic complications in the offspring. However, the follow-up of these studies was
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limited to a maximum of ten years, only a subgroup of the offspring was evaluated, and the impact
might also be more pronounced in offspring of mothers with more severe GDM.

4.3. Novelty and Practical Implications

Our review provides an updated extensive overview on the impact of GDM on the long-term
metabolic risks in the offspring. In contrast to other recent reviews [46,47], we specifically assessed the
impact of different confounders such as maternal BMI and the impact of age and sex of the offspring
on the associated risk of GDM with overweight and AGT. Our review has several implications for
clinical practice. First, we show that there is now increasing evidence that GDM is associated with
an increased risk for overweight, IR, and AGT in the offspring, independent of maternal BMI. This
highlights the importance to start early after delivery with follow-up in offspring of mothers with
GDM to prevent and timely detect metabolic complications in this high-risk group. In addition, there
is some evidence suggesting that girls have a higher risk for these long-term metabolic complications
than boys. As childhood overweight is associated with a higher risk of being overweight as an adult,
and an increased IR and low DI are early expressions of ATG, timely detection and treatment of GDM
might reduce these long-term metabolic complications in the offspring [12]. However, larger and
longer follow-up studies are needed to evaluate a potential treatment benefit. Increased awareness is
needed to stimulate a sustained healthy lifestyle for the whole family starting early after delivery.

4.4. Strengths and Limitations

We provide an extensive narrative review on the long-term metabolic risk in offspring associated
with GDM. We specifically assessed the impact of different confounders such as maternal BMI and
the impact of age and sex of the offspring on the associated risk of GDM with overweight and AGT.
However, our review had several limitations. We did not perform a systematic review and could not
perform a meta-analysis because of the heterogeneity of studies. We did not asses the risk of bias of
individual studies and did not contact the authors for obtaining missing and unpublished data. Most
studies used definitions for overweight and obesity based on BMI and more detailed parameters on
adiposity were often lacking. In addition, some studies corrected for current maternal BMI instead
of pre-gestational maternal BMI. However, an acceptable correlation between these two BMI values
has been reported [48]. Only two studies corrected for paternal diabetes, ten studies corrected for
socioeconomic variables, and four studies corrected for lifestyle behaviors. Most studies investigating
the impact on AGT did not correct for any confounding factor. Due to the small prevalence of
T2DM in the offspring, AGT was reported instead of T2DM alone. Since the majority of included
studies were cohort studies (with only two RCTs), we could not determine a causal relationship of the
reported associations.

5. Conclusions

Our review shows that intrauterine exposure to GDM increases the risk of overweight and AGT
in the offspring, independent of maternal BMI. Screening for GDM might therefore also offer a window
of opportunity to prevent or reduce the risk for long-term metabolic complications in the offspring by
increasing the awareness for a healthy lifestyle in this high-risk group. It remains unclear whether
treatment of GDM can reduce the long-term risk of adverse metabolic complications in the offspring.
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