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INTRODUCTION: The identification of pregnant women with Gestational Diabetes Mellitus (GDM) who will require insulin therapy,
may modify their management to closer monitoring and probable early interventions. The aim of the study was to develop a
predictive model for the necessity of insulin treatment in women with GDM.
MATERIALS AND METHODS: This was a prospective cohort study. Data from 775 women diagnosed with GDM per the IADPSG
criteria were analyzed using logistic regression and a machine learning algorithm, the Classification and Regression Trees (CART).
Potential predictors routinely recorded at follow-up visits were tested and used for the development of the model. The resultant
model was externally validated using the data from two different perinatology clinics.
RESULTS: Preconceptional maternal BMI and morning fasting blood glucose levels at baseline and at 1 h during an Oral Glucose
Tolerance Test (OGTT) were independent significant predictors for the treatment modality of GDM. Baseline blood glucose greater
than 98mg/dl and preconceptional maternal Body Mass Index (BMI) between 26 and 31 kg/height2 increased substantially the
probability of insulin therapy (odds ratio [OR] 4.04, 95% confidence interval [CI] CI 2.65–6.17 and 2.21, 95%CI 1.42–3.43,
respectively). The area under the curve (AUC) for the internal and external validation of the predictive model was 0.74 and 0.77,
respectively.
CONCLUSIONS: A simple model based on maternal characteristics and the values of an OGTT can predict the need for insulin
treatment with accuracy. Overweight women with an abnormal baseline blood glucose at OGTT are at high likelihood for insulin
treatment.
KEY MESSAGE: Fifteen to 30% of women with Gestational Diabetes Mellitus (GDM) require insulin therapy. Overweight women
with baseline blood glucose greater than 98mg/dl at OGTT are at increased risk for insulin treatment and close monitoring and
increased physical exercise are required.
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INTRODUCTION
Glucose intolerance at the onset of or at first recognition during
pregnancy is historically defined as Gestational Diabetes Mellitus
(GDM) [1]. Some organizations use the term overt diabetes for
women with probable preexisting diabetes that is first recognized
in early pregnancy and “gestational diabetes” for women with
glucose intolerance in the late second or the third trimester
respectively. Diagnosis of diabetes at 24–28 weeks of gestation is
consistent with “gestational diabetes”, while diagnosis at the first
prenatal visit (in early pregnancy) is more consistent with “overt
diabetes”. GDM develops in women whose pancreatic function is
insufficient to overcome the insulin resistance associated with the
pregnant state [2]. GDM is associated with various complications,
with the more prominent being an increased risk of spontaneous
abortion, fetal anomalies, preeclampsia, fetal macrosomia, cesar-
ean delivery, and neonatal hypoglycemia, along with their
associated morbidities [3–7]. Appropriate monitoring and

treatment of gestational diabetes can improve pregnancy out-
come [8]. Many women can achieve euglycemia and improved
pregnancy outcomes with nutritional therapy alone, with only
15% to 30% of women with GDM requiring insulin therapy [9].
However, the American College of Obstetricians and Gynecolo-
gists has suggested intensified antenatal maternal and fetal
assessments in all women treated with insulin [10]. In addition,
employing the new criteria for the diagnosis of gestational
diabetes mellitus introduced by the International Association of
Diabetes and Pregnancy Study Groups (IADPSG), increased the
global prevalence of GDM to about 18 percent [11], which, in turn,
increases the need for more efficient and effective monitoring and
treatment strategies.
Previous studies have identified clinical and biochemical factors

that are associated with the need for insulin therapy in women
with GDM at the time of diagnosis [12–20], while a limited number
of studies developed predictive models for the necessity of insulin
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therapy [14, 15, 20, 21]. However, none of these studies used the
IADPSG criteria for the diagnosis of GDM.
The aim of this study was to identify clinical, biochemical, and

ultrasonographic factors that are associated with the need for
insulin therapy in women diagnosed with GDM using the IADPSG
criteria and to develop a predictive model.

RESULTS
Seven hundred and seventy-five women fulfilled the eligibility
criteria and were included in the analysis. Of those, 645 (83.2%)
were treated with physical exercise and dietary modification and
130 (16.8%) were treated with insulin.

Descriptive data
The descriptive statistics for the two groups are shown in Table 1
and Fig. 1. In terms of maternal characteristics, women in dietary
modification and physical exercise had similar rates of smoking
and methods of conception with women in the insulin group.
Maternal age did not differ between the two groups. However,
there was a statistically significant difference between the two
groups in the maternal Body Mass Index (BMI) before conception
and in the levels of blood glucose during the 75-gram 2-h OGTT at
all three-time points of the test. Women that were treated with
insulin had greater BMI and higher blood glucose levels during the
test (BMI, BG at Baseline and at 1-h P < 0.001, BG at 2 h p= 0.023).

Main results
A regression model was used to test for significant covariates in
the prediction of treatment for the GDM. The potential
predictors included maternal age, smoking, method of concep-
tion, maternal BMI before conception, blood glucose levels at
baseline, at 1 h and at 2 h during the OGTT, and z scores for the
fetal abdominal circumference in the second trimester. Mater-
nal BMI and blood glucose values were treated as a continuous
variable and there were not divided into categories. Maternal
BMI (OR 1.043; 95% CI 1.004–1.082), blood glucose levels at
baseline (OR 1.061; 95% CI 1.038–1.084) and at 1 h during the
OGTT (OR 1.011; 95% CI 1.018–1.082), were independent
significant predictors for the treatment of GDM (Nagelkerke
R2= 0.172; AUC 0.743, 95%CI 0.7–0.79).
The same potential factors were entered in a prediction model

using a CART algorithm and their importance were displayed (Fig.
2). The final classification tree is shown in Fig. 3. The initial
probability of a woman with GDM to be treated with insulin is
16.8%. If the patient’s baseline blood glucose is greater than
98mg/dl, that probability doubles and reaches the value of 37%. If
this finding is in conjunction with 1-h blood glucose greater than
243mg/dl, the probability reaches the value of 73%. If the 1-hour

blood glucose is less than 243 mg/dl and maternal BMI is between
26 and 31, the probability of a woman to be treated with insulin
reaches 69%.
Conversely, if maternal baseline blood glucose is less than

98mg/dl, the probability for insulin treatment drops to 12%.
However, if the patient has 1-h blood glucose greater than
210mg/dl, baseline blood glucose between 85 and 92mg/dl and
BMI between 25 and 31, the probability for insulin treatment
increases to 82%.
Overall, women with baseline blood glucose greater than

98mg/dl and BMI between 26 and 31 were in greater risk for
insulin treatment (OR 4.04, 95% CI 2.65–6.17 and OR 2.21, 95%CI
1.42–3.43, respectively).
The internal validation of the predictive model resulted in AUC

0.75 (95%CI 0.70–0.78). The external validation set comprised 168
women who fulfilled the eligibility criteria. Of these, 142 (84.5%)
were treated with nutritional therapy and physical exercise and 26
(15.5%) were treated with insulin. The women had a mean age of
34.3 ± 4.3 years, mean blood glucose at baseline 91 ± 11mg/dl,
mean blood glucose at 1 h 181 ± 34mg/dl, and a preconceptual
BMI of 25.8 ± 4.4. External validation of the model resulted in AUC
0.77 95%CI 0.73–0.81).

DISCUSSION
We developed a predictive model for the necessity of insulin
treatment in women with GDM, using CART, a machine learning
algorithm. Among the clinical, biochemical, and sonographic
factors that were collected, maternal BMI before conception and
blood glucose levels at baseline and at 1 h during the OGTT were
significant predictive factors. Our model shows that the prob-
ability of a pregnant woman with GDM to receive therapy with
insulin is substantially increased when patient’s baseline blood
glucose is greater than 98mg/dl and pre-conceptional maternal
BMI ranges between 25 and 31.
This study showed that preconceptional maternal BMI and the

blood glucose levels at baseline and at 1 h during the OGTT are
predictive factors for insulin treatment in women with GDM.
Previous studies have also explored potential predictors of insulin
treatment [12–20], mostly using multivariate regression analysis
[13, 15, 17–20]. As in our study, pre-conceptional maternal BMI
[12, 14, 15, 19], and blood glucose levels at baseline
[12, 14, 16, 19], and at 1 h during the OGTT [12, 17] have been
commonly identified as predictors.
Increased baseline blood glucose could indicate impaired

pulsatile and/or continuous insulin production [22, 23]. In
pregnancy, compensatory increases in β-cell mass are achieved
through a combination of hypertrophic expansion, proliferation,
and potentially, neogenesis from precursor cells accompanied by
a temporary decrease in apoptosis [24]. Impairment of one or
more pathways, can lead to hyperglycemia and GDM [25]. In
patients with Impaired Fasting Glucose (IFG) absolute and relative
insulin secretion are impaired, possibly due to an underlying β-cell
failure or reduced beta-cell mass [26, 27]. In addition, in the
presence of peripheral insulin resistance, beta-cell function or
mass may progressively decline [26].
We also found that overweight rather than obese women had

an increased probability for insulin treatment. Although this
finding may be seem counterintuitive, it might be explained by
the effect of BMI on insulin secretion. Indeed, there is evidence
that in type 2 diabetic patients, BMI has a linear relationship to
insulin secretion [28]. Therefore, obese patients have elevated
levels of insulin in both the basal state and in response to glucose
[28–30]. This is in agreement with a large cohort study which
showed that obese individuals may develop diabetes type 2
predominantly through insulin resistance rather through impaired
insulin secretion [31].

Table 1. Maternal characteristics in Diet and Insulin group.

DIET INSULIN P

Smoking, n (%) 69 (11) 22 (16.5) 0.074

ART Conception, n (%) 75 (11.9) 17 (12.8) 0.966

Maternal age, mean (SD) 34.15 (4.2) 34.54 (4.0) 0.105

BMI, mean (SD) 25.22 (5.14) 27.94 (5.44) <0.001

T0 (Fasting blood glucose),
mean (SD)

89.2 (9.7) 97.8 (13.3) <0.001

T60 (blood glucose at 1 h),
mean (SD)

179.2 (31.9) 192.9 (36.9) <0.001

T120 (blood glucose at 2 h),
mean (SD)

148.2 (35.1) 158.5 (39.9) 0.023

In order to assess differences between the two groups, t test was used for
the continuous variables and Chi-square test was used for the qualitative
variables.
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The observed association between increased baseline blood
glucose at OGTT and need for insulin treatment could be
attributed to impaired insulin production in these women
[22, 23]. Women with GDM identified as high risk for insulin

treatment may benefit from physical exercise. The possibility of an
underlying pancreatic impairment in women with increased
baseline blood glucose at OGTT may decrease the effectiveness
of a dietary modification. In contrast, exercise training which
increases pancreatic β-cell function in a linear dose-response
manner, is recommended in women with poor insulin secretion
capacity [32].
This is the only study using the IADPSG criteria [33] to develop a

predictive model for the need for insulin treatment in women
diagnosed with GDM. The largest previous study used GDM
criteria in place since 1991 [14]. Furthermore, three other studies
used either the Australian Diabetes in Pregnancy Society criteria
[34] or the number of abnormal 100 g glucose 3 h OGTT values at
diagnosis [15, 21].
Another strength of this study is its external validation. The data

used for the latter were derived from two different prenatal clinics
in Greece, which are located in different Greek cities, improving
the generalizability and the applicability of our model. External
validation has only been performed in one of the previous studies
[14] with lower point estimates for accuracy than the present
model (AUC 0.71 and 0.707 for the internal and external validation,
respectively).
Moreover, this is the only study using a machine learning

method, classification, and regression tree (CART), for the
prediction of insulin therapy need in women with GDM. The
advantage of this method is that our results can guide the clinical
decision of the attending physician, providing a structured and
easy to interpret algorithm. In every step of the resultant
algorithm results, the probability of a woman’s need to be treated
with insulin is displayed.
Finally, this predictive model is easy to implement and interpret,

as it is based on data routinely collected at follow-up visits of
pregnant women and results in a comprehensive probability tree.
The main limitation of the study is that it was an interventional

trial, the decision for insulin treatment was at the clinician’s
discretion and was based on concurrent clinical guidelines rather
than a predefined study protocol. On the other hand, the pragmatic
conditions of clinical decision making enhance the clinical general-
izability of the model, which was confirmed by the results of the
external validation.
A simple model based on maternal characteristics and the

glucose values of an OGTT can predict the need for insulin
treatment with fair accuracy. Overweight women with abnormal
baseline or stimulated blood glucose at OGTT appear to be at high
risk for insulin treatment. Close monitoring and increased physical
exercise might potentially be an option for them.

METHODS
Study design
We followed prospectively a cohort of pregnant women with singleton
pregnancy and gestational diabetes mellitus, who attended the prenatal
clinic, and in whom we had the pregnancy outcome.

Fig. 1 Descriptive statistics for the two groups. Box-and-whiskers plots of (A) blood glucose levels at baseline (B) blood glucose at 1 h during
a 75 gr Oral Glucose Tolerance Test (OGTT), and (C) preconceptional maternal BMI in the Diet and Insulin groups.

Fig. 2 Variable importance. Bar chart of variable importance for the
different factors tested in the development of the Classification Tree,
using the “variable.importance” command in rpart package.

Fig. 3 Classification Tree for the prediction of insulin treatment in
women with Gestational Diabetes Mellitus (GDM). Blue boxes
represent greater likelihood for successful control with dietary and
exercise modification, whereas green boxes represent greater
likelihood for recourse to insulin treatment. T0 and T60 represent
the baseline and the one-hour blood glucose values respectively.
For each box, P(I) represents the probability of need for insulin
treatment is displayed; the percentage numbers in parentheses
(italics) represent the proportion of women in that step.
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Setting
This study carried out in the prenatal clinic of Aretaeion Hospital of the
National and Kapodistrian University of Athens between 2010 and 2018.
The data of women with GDM were prospectively collected as part of
routine heath care and then entered in a fetal database (Astraia software,
Munich, Germany). These included demographic, clinical, laboratory, and
ultrasonographic data of pregnant women and their fetuses.

Participants
Women with singleton pregnancies, who were diagnosed with gestational
diabetes mellitus were included in the study. Diagnosis of diabetes was
established according to International Association of Diabetes and
Pregnancy Study Groups (IADPSG) criteria [33]. More specifically, women
between 24 and 28 weeks of gestation had a 75-g 2-h oral glucose
tolerance test. If their blood glucose (BG) values during the test were equal
or greater than 92mg/dl at fasting, 180mg/dl 1 h after the glucose
ingestion, or 153mg/dl 2 h after the glucose ingestion, the diagnosis of
GDM was established. Women with preexisting diabetes mellitus or twin
pregnancies were excluded from the study.
All women gave their informed consent that their anonymized data

could be used for research purposes. The study was reviewed and
approved by the institutional review board of the Aretaieio Hospital,
National & Kapodistrian University of Athens, Greece. All methods were
performed in accordance with the Declaration of Helsinki.

Variables
After the diagnosis, women received nutritional and physical exercise
counseling as the first-line therapy. Insulin was commenced if optimal
glycemic targets (defined as fasting blood glucose <95mg/md, 1 h
postprandial blood glucose <140mg/dl, and 2 h postprandial blood
glucose <120mg/dl) were not reached within two weeks (more than 30
percent of the recorded values out of the optimal range). Moreover, insulin
was started at any time during pregnancy when a sustained achievement
of glycemic targets by nutritional therapy and physical exercise failed to
occur. Oral hypoglycemic agents were not used. Therefore, two main
groups were formed. Women with GDM in the non-insulin group who
achieved optimal glycemia following nutritional therapy and physical
exercise, and women in the insulin therapy group who were treated with
insulin to achieve an optimal glycemic control.
All ultrasound examinations were performed by Fetal Medicine

Foundation (www.fetalmedicine.com) certified sonographers and dating
of the pregnancy was based on CRL. Maternal serum free β-human
chorionic gonadotrophin (free β-hCG) and maternal serum pregnancy-
associated plasma protein A (PAPP-A) were recorded and transformed into
multiple of the median (MoM). In addition, sonographic measurements,
including the estimated fetal weight and the abdominal circumference
were recorded and transformed into percentiles. Maternal and pregnancy
characteristics also were recorded, including ethnicity, maternal age,
maternal height, weight and BMI, medical history, smoking status, alcohol
consumption, parity, method of conception. All the data have been
recorded in the Astraia software (Astraia GmbH, Munich, Germany).

Data sources/measurement
Data on the outcome of GDM treatment method were collected through
communication with the mothers during their follow-up visits. Clinical,
biochemical, and sonographic parameters were retrieved from the
department’s archives.

Statistical methods
Continuous variables were presented as mean ± SD, if their distribution
was normal, or as medians and interquartile range values if the distribution
was non-normal. Categorical variables were summarized as percentages,
together with their 95% confidence intervals (95% CIs). The Student t-test
or the Mann-Whitney test were used for comparisons between the two
groups. Chi-square or Fisher’s exact test was used for pairwise comparisons
of proportions, as appropriate, and odds ratios (ORs) along with their 95%
CIs were calculated. If the assumptions of both the chi-square and the
Fisher’s exact test were violated, only ORs were used. In all the above tests,
a p value of <0.05 was considered significant.
Logistic regression (backward, by likelihood ratios) was performed for the

outcome of Insulin/dietary modification and physical exercise. Potential
predictors included maternal characteristics, laboratory results, and clinical
and sonographic findings.

Classification and regression tree (CART)
Furthermore, a machine-learning algorithm the Classification and Regres-
sion Tree (CART) was employed to develop a predictive model for the
treatment that a woman with GDM would need to follow. The same
potential predictive factors used in the development of logistic regression
were included in the model and the classification tree was developed.
CARTs have several advantages as predictive models [35–37]. First, the
resultant algorithms are easy to interpret, as they represent a sequential
method that results in the determination of the optimal algorithm. Second,
in every step of the algorithm, the probability of a case belonging to a
specific group is known. Thus, the clinician can decide on the therapy
course if the results are satisfactory. To train the data and grow a tree, split
functions are identified that evaluate features from the training dataset
and pass to a left or right branch of the tree. The split functions are
calculated to produce the best split separating the class labels. The data
are passed down the tree and the tree grows from the root (starting point)
to a terminal branch, which is called a leaf [35]. For the model produced by
the decision tree, predicted probabilities are used for the assessment of
the accuracy, expressed by Receiver Operating Characteristics (ROC) curves
and areas under the curve (AUC).
The model was internally and externally validated. For the internal

validation of the model, data from the original dataset were randomly
sampled using 10 folds cross validation. For the external validation of the
model, data of women with GDM who attended the prenatal clinic of two
different Departments (Second Department of Obstetrics and Gynecology,
Aristotle University of Thessaloniki, and Department of Obstetrics and
Gynecology, Patras University) were used. In both clinics, the diagnosis of
diabetes was established according to IADPSG criteria, and subsequent
management consisted of dietary modification and physical exercise,
followed by insulin, if glycemic control was not achieved within two weeks.
The analyses were performed on SPSS (IBM Corp. Released 2016. IBM

SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp.) and open
source software R 2.15.1 (The R Foundation for Statistical Computing),
using the “rpart” package [38].
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