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A B S T R A C T

Aims: Gestational diabetes mellitus (GDM) is a global health problem. Insulin therapy is recommended when 
lifestyle management fails to control blood glucose. We aim to predict the time to insulin initiation for women 
with GDM.
Methods: A random survival forest (RSF) model was developed to predict the time to insulin initiation among 413 
women from the EMERGE trial, analysed separately for placebo and metformin groups. Maternal characteristics 
and early glucose data (collected during the two weeks after randomisation) were used as predictors. Decision 
curve analysis was performed to assess the net benefit of the model compared with default strategies.
Results: The RSF model had a concordance index (C-index) of 0.71 (95 % CI: 0.64–0.77), time-dependent AUC 
≥0.70 and Brier score ≤0.2 for the placebo group, and a C-index of 0.72 (95 % CI: 0.64–0.80), time-dependent 
AUC ≥0.75 and Brier score ≤0.2 for the metformin group. The decision curve analysis showed the RSF provided 
a higher net benefit for both groups compared to default strategies across clinically relevant threshold 
probabilities.
Conclusions: The RSF model effectively identified women at high risk of requiring insulin. The decision curve 
analysis could help clinicians to balance insulin initiation decisions. However, prospective validation is needed to 
confirm the generalisability of the model.

1. Introduction

Gestational diabetes mellitus (GDM) is defined as carbohydrate 
intolerance resulting in hyperglycaemia with onset during pregnancy 
[1]. It is one of the most common complications of pregnancy and 
potentially increases the risk of several adverse maternal outcomes such 
as excessive weight gain, caesarean birth and preeclampsia, as well as 
adverse neonatal outcomes including macrosomia, birth injuries, 
hypoglycaemia and respiratory distress [2–4].

The initial management of GDM typically involves lifestyle inter
vention with a focus on nutritional and exercise changes [5]. For women 
who do not achieve desired glucose levels after initial lifestyle inter
vention, pharmacologic therapy is required. Insulin has traditionally 
been the first-choice drug for GDM [5,6]. The timely initiation of insulin 
therapy is crucial in reducing the risk of adverse maternal and neonatal 
outcomes [7]. Glucose monitoring plays a pivotal role in the timely 
initiation of insulin therapy for women with GDM [8]. In this study of 
women with GDM, we use glucose data collected in the first two weeks 
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after randomisation to predict insulin initiation in later pregnancy.
Previous studies [9–11] have identified risk factors associated with 

insulin requirement in women with GDM. These studies found that body 
mass index (BMI), family history of diabetes, pre-existing hypertension, 
a prior history of GDM and the number of abnormal results on the 100-g/ 
3-h oral glucose tolerance test (OGTT) are positively correlated with the 
need for insulin. Several studies [12–14] have employed logistic 
regression models to predict the probability of insulin therapy at the 
individual level. However, it is also clinically important to estimate the 
time to insulin initiation [15]. In this study, we use the database from 
the Early Metformin in Gestational Diabetes (EMERGE) trial [16,17]. 
Prior work [16] has used the Kaplan-Meier method to compare the time 
to insulin initiation between women in the placebo and metformin 
groups. However, the Kaplan-Meier analysis does not account for mul
tiple predictors simultaneously, nor does it provide individualised risk 
estimates.

Our study aims to develop prediction models which include multiple 
potential risk factors to predict the time to insulin initiation for women 
in the placebo and metformin groups separately. In particular, we aim to 
use early glucose recordings and maternal characteristics to predict in
sulin initiation in later pregnancy. The model and its prediction result 
can help guide clinical decision-making and support timely intervention.

2. Subjects, materials and methods

2.1. Data source

Data for this study were obtained from the EMERGE trial. EMERGE 

was a phase 3, parallel-group, two-site, superiority, randomised, double- 
blind, placebo-controlled trial of metformin (in addition to usual care) in 
women diagnosed with GDM [16]. The trial design and primary 
outcome of EMERGE have been reported elsewhere [16,17]. In sum
mary, from June 2017 to September 2022, 535 singleton pregnancies (in 
510 women) with GDM (defined by the World Health Organization 2013 
criteria (1)) were randomised to receive either metformin or a matched 
placebo from randomisation to delivery. Randomisation occurred on the 
day of screening or up to 7 days post-screening. Participants received a 
75-g/2-h OGTT at the screening time. Laboratory tests, such as glycated 
haemoglobin (HbA1c) and cholesterol, were performed at screening, 32 
and 38 gestational weeks and before delivery. Insulin was started if two 
or more home glucose readings between clinic visits were outside the 
prespecified glucose targets (fast level, ≤5.1 mmol/L; 1-hour post
prandial level, ≤7mmol/L) and could not be explained by transient 
factors such as sleep, stress or infection. Moreover, participants were 
instructed by the diabetes team to perform seven-point glucose moni
toring daily, measuring glucose levels before and one hour after each 
meal, as well as at bedtime. Glucose data were unavailable for some 
participants, with records successfully downloaded from the glucometer 
for 435 of 510 participants.

2.2. Study design and population

A landmark [18] approach was used in the study design. The land
mark approach involves setting a specific time point (i.e., landmark 
time) and using data available up to this time to predict future outcomes. 
In this study, the landmark time was set at two weeks after 

Fig. 1. Study workflow A total of 435 women were included in this cohort study. Among them, 413 women who were at risk at the landmark time (i.e, two weeks 
after randomisation) were included in the landmark analysis. A RSF model was employed to predict the time to insulin initiation for placebo and metformin groups, 
respectively, using predictors from early glucose (i.e. first two weeks of recording) and maternal characteristics. Internal validation was performed using bootstrap 
sampling with 500 iterations. The predicted risk groups were defined based on the predicted probability of insulin initiation: low (<30 %), intermediate (30–50 %) 
and high (>50 %). A decision curve analysis was used to compare the net benefit of RSF with treat-all and treat-none strategies for guiding insulin treat
ment decisions.
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randomisation, which allowed sufficient time to observe initial lifestyle 
intervention effects and ensured an adequate risk set for modelling. 
Prior to the landmark time, 19 women out of 435 (4 %) who had already 
required insulin therapy and 3 women who had insufficient glucose 
measurements (fewer than four records) were excluded. Consequently, 
413 women (out of 435) who had sufficient glucose records and had not 
required insulin initiation from randomisation up to the landmark time 
constituted the at-risk cohort, see Fig. 1. For the at-risk cohort, data 
collected up to the landmark time were used to predict the time to in
sulin initiation later in pregnancy. Note that a longer landmark period 
would substantially reduce the risk set. For instance, using a three-week 
period excluded 59 women (14 %) from the analysis.

2.3. Predictors

Maternal and pregnancy data were collected from the medical re
cords and the EMERGE trial database [16,17], including randomisation 
group (placebo or metformin), maternal age at randomisation (years), 
gestational week at randomisation (weeks), body mass index (BMI, kg/ 
m2) at randomisation, previous GDM, smoking status (never, former, 
current), first pregnancy status, OGTT (fasting, 1 h and 2 h postprandial) 
and HbA1c at randomisation. Additionally, early glucose data were 
selected from randomisation up to the landmark time (i.e., two weeks 
after randomisation). This two-week window allowed sufficient glucose 
measurements to characterise early glycaemic response. The individual 
mean, maximum and standard deviation of early glucose data were 
calculated for each woman. Moreover, the glucose data were collected 
repeatedly over time and can be treated as functional data. Functional 
principal component analysis (FPCA) [19] was applied to early glucose 
trajectories, providing a set of functional principal component scores 
(FPC scores) for each participant. For clarity, we refer to the first three 
FPC-scores as score1, score2 and score3, respectively. The FPC scores 
serve as a compact and powerful summary of the key features of the 
glucose trajectory for each participant. For example, score1 reflected the 
patient-specific glucose level during the two-week landmark window, 
with higher values indicating higher glucose levels. A more detailed 
explanation of FPC-scores is provided in the Supplementary Material.

2.4. Prediction model

A random survival forest (RSF) [20] was employed to predict the 
time to insulin initiation for women with GDM. Compared to the 
commonly used Cox proportional hazards models, RSF can capture 
complex, non-linear relationships between variables and survival out
comes. A detailed explanation of RSF models is provided in the Sup
plementary Material. A total of 16 predictors were used in the RSF 
model, including gestational week at randomisation, maternal age at 
randomisation, BMI at randomisation, previous GDM, smoking status, 
first time pregnancy, three OGTT values at randomisation (fasting, 1 h 
and 2 h postprandial), HbA1c at randomisation, the mean, maximum 
and standard deviation of early glucose data, and three FPC-scores 
(score1, score2, score3). For comparison, Cox models using the same 
predictors were also developed. The RSF and Cox models were applied 
to women in the placebo and metformin groups separately.

2.5. Evaluation

To prevent overfitting, internal validation was performed using 
bootstrap sampling with 500 replications. The out-of-bag samples 
(approximately 36.8 % of the data) were used to assess model perfor
mance based on the following metrics. The concordance index (C-index) 
reflects the model’s ability to rank individuals based on their risk of 
experiencing an event, ranging from 0.5 (no better than random pre
diction) to 1 (perfect prediction). The time-dependent Brier score mea
sures the average squared difference between the predicted survival 
probability and actual outcome over a specified prediction horizon, with 

lower values indicating better predictive performance. The time- 
dependent area under the receiver operating characteristic curve 
(AUC) measures the model’s ability to distinguish between patients at 
higher and lower risk over a specified prediction horizon, with higher 
values indicating better predictive accuracy.

2.6. Statistical analysis

Descriptive statistics were presented as proportions for categorical 

Table 1 
Baseline characteristics of patients at risk.

Characteristics Overall 
N = 413

Placebo 
N = 203

Metformin 
N = 210

Missing p- 
value

Randomisation week 
(weeks)

25.2 ±
4.1

25.2 ±
4.1

25.2 ± 4.0 0 0.71

Age (years) 34.7 ±
4.5

34.5 ±
4.4

34.8 ± 4.6 0 0.63

Gestational age at 
delivery (weeks)

39.1 ±
1.5

39.2 ±
1.5

39.1 ± 1.5 0 0.41

Race ​ ​ ​ 0 0.05
White 339 (82 

%)
162 (80 
%)

177 (84 %) ​ ​

Irish Traveller 7 (2 %) 1 (0 %) 6 (3 %) ​ ​
Other 67 (5 %) 40 (6 %) 27 (3 %) ​ ​
Smoking status ​ ​ ​ 0 0.14
Current 23 (6 %) 14 (7 %) 9 (4 %) ​ ​
Former 175 (42 

%)
77 (38 
%)

98 (47 %) ​ ​

Never 215 (52 
%)

112 (55 
%)

103 (49 %) ​ ​

BMI (kg/m2) 30.2 ±
6.0

30.5 ±
5.4

30.0 ± 6.5 24 0.10

First pregnancy 100 (24 
%)

47 (23 
%)

53 (25 %) 0 0.62

Prior macrosomia 77 (19 
%)

36 (18 
%)

41 (20 %) 0 0.64

Prior GDM 97 (23 
%)

48 (24 
%)

49 (23 %) 0 0.94

Prior caesarean 115 (28 
%)

58 (29 
%)

57 (27 %) 0 0.75

Prior preeclampsia 42 (10 
%)

21 (10 
%)

21 (10 %) 0 0.91

HbA1c at 
randomisation 
(mmol/mol)

32.8 ±
3.4

32.9 ±
3.5

32.8 ± 3.3 6 0.96

OGTT (mmol/L) ​ ​ ​ ​ ​
Fasting glucose 5.2 ±

0.5
5.2 ±
0.5

5.2 ± 0.4 0 0.70

1-hour postprandial 
glucose

9.5 ±
1.9

9.7 ±
1.9

9.3 ± 1.9 0 0.02

2-hour postprandial 
glucose

7.2 ±
1.6

7.2 ±
1.5

7.1 ± 1.6 0 0.43

Insulin required 174 (42 
%)

99 (49 
%)

75 (36 %) 0 0.01

Insulin age (weeks) 28.7 ±
4.3

28.7 ±
4.1

28.7 ± 4.7 0 0.67

Birth weight (grams) 3451 ±
524

3524 ±
525

3381 ±
514

0 0.01

1-minute APGAR 
score

​ ​ ​ 5 0.67

0 ~ 3 2 (0 %) 1 (0 %) 1 (0 %) ​ ​
4–6 9 (2 %) 6 (3 %) 3 (1 %) ​ ​
7 ~ 10 397 (97 

%)
194 (97 
%)

203 (98 %) ​ ​

5-minute APGAR 
score 
7 ~ 10

411 
(100 %)

202 
(100 %)

209 (100 
%)

2 −

Continuous variables are represented as mean ± SD. Categorical variables are 
represented as n (%). Wilcoxon rank sum test and Pearson’s Chi-squared test are 
used for continuous and categorical variables, respectively. Randomisation week 
is the gestational week at randomisation (i.e. shortly after GDM diagnosis); 
Gestational age is the age (weeks) at delivery; BMI, body mass index; HbA1c, 
haemoglobin A1c; OGTT, oral glucose tolerance test; Insulin age (weeks) is the 
gestational week at insulin initiation for women who require insulin treatment.
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variables and as mean ± standard deviation for continuous variables. 
Comparisons between placebo and metformin groups were conducted 
using the chi-square test for categorical variables and Wilcoxon rank- 
sum test for continuous variables.

The RSF model was employed to predict the probability of insulin 
initiation after the landmark time until delivery. Based on the predicted 
probabilities in each replication of bootstrap sampling, women were 
stratified into three risk groups: low (<30 %), intermediate (30–50 %) 
and high (>50 %). Moreover, a decision curve analysis [21] was used to 
quantify the clinical net benefit of the prediction model compared with 
default strategies that treat all patients or none. Let n be the sample size 
and pt denote the threshold probability, i.e. the minimum risk to advise 
insulin initiation. The net benefit is defined by 

Netbenefit =
Truepositive

n
−

Falsepositive
n

*
pt

1 − pt 

We performed the decision curve analysis at the end of pregnancy 
(around week 39). Women who had a predicted risk higher than pt and 
eventually required insulin therapy were defined as true positives, 
whereas those with a predicted risk higher than pt but who did not need 
insulin therapy were defined as false positives. Based on different pt , the 
sensitivity, specificity, positive predictive value (PPV) and negative 
predictive value (NPV) were also calculated. All analyses were per
formed by R statistical software (v4.4.2).

3. Results

3.1. Patient characteristics

Table 1 presents the baseline characteristics of women in the placebo 
group (N = 203, 49 %) and the metformin group (N = 210, 51 %). The 
fasting and 2-hour postprandial OGTT glucose levels were similar be
tween two groups, whereas 1-hour postprandial OGTT glucose levels 
were significantly different, with 9.7 ± 1.9 for the placebo and 9.3 ± 1.9 
for the metformin (p = 0.02). Importantly, more women in the placebo 
group (n = 99, 49 %) received insulin therapy compared to the met
formin group (n = 75, 36 %; p < 0.01). This finding is consistent with the 
known efficacy of metformin in reducing insulin requirements. For 
women who required insulin initiation, the mean gestational week of 

initiation was 28.7 ± 4.1 in the placebo group and 28.7 ± 4.7 in the 
metformin group, with no significant difference between groups (p =
0.67).

3.2. Predictive performance in the placebo group

The proportion of women in different risk groups indicates nearly 
half were predicted to be at high risk of requiring insulin after week 31, 
see Fig. 2A. In terms of model performance, the C-index of the RSF for 
the placebo group was 0.71 (95 % CI: 0.64–0.77), which was higher than 
the Cox model (0.69, 95 % CI: 0.62–0.76). Fig. 3B illustrates that the RSF 
model provided better predictive performance than the Cox model, with 
a higher time-dependent AUC (above 0.70 throughout most of the 
pregnancy) and a lower time-dependent Brier score (below 0.2 
throughout most of the pregnancy). The AUC began to decline after 
week 27, coinciding with the period when more patients started insulin 
therapy (Fig. 3A). However, the overall AUC remained above 0.70, 
indicating that the model had good discriminative performance during 
pregnancy.

3.3. Predictive performance in the metformin group

The proportion of women in different risk groups indicates nearly 
one third were predicted to be at high risk after week 34, see Fig. 2B. In 
terms of model performance, the C-index of the RSF for the metformin 
group was 0.72 (95 % CI: 0.64–0.80), while the C-index of the Cox model 
was 0.70 (95 % CI: 0.64–0.79). Fig. 3C presents the time-dependent AUC 
and time-dependent Brier score, which illustrates that the RSF out
performed the Cox with higher AUC values and lower Brier scores. The 
AUC of RSF for the metformin group was generally above 0.75 
throughout most of the pregnancy, whereas the Brier score of RSF was 
lower than 0.2 over the pregnancy. Consequently, the RSF for the met
formin group demonstrated strong discrimination throughout 
pregnancy.

3.4. Decision curve analysis

Fig. 3 presents the decision curves for the placebo and metformin 
groups at the end of pregnancy (around week 39). For the placebo 
group, the RSF model achieved a net benefit of 0.17 at a threshold 

Fig. 2. The proportion of women in different risk groups across later gestational weeks The predicted risk groups were defined based on the predicted probability of 
insulin initiation from the random survival forest model: low (<30 %), intermediate (30–50 %) and high (>50 %). The x-axis is the gestational weeks after 27, and y- 
axis represents the proportion of different risk groups.
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probability of 50 %, whereas the treat-none and treat-all strategies had 
net benefits of 0. This indicates that, compared to treating all women 
with insulin and treating none with insulin, the RSF model yielded a 
benefit equivalent to 17 additional correctly identified women per 100 
at that threshold, accounting for the weighting of false positives. For the 
metformin group, the RSF model yielded a net benefit of 0.13 at a 
threshold probability of 27 %, whereas the treat-none and treat-all 
strategies had net benefits of approximately 0. This suggests that the 
RSF model provided an equivalent of 13 additional correct identifica
tions per 100 at that threshold, with false positives weighted by the 
threshold probability, compared to treating all women and not treating 
any women with insulin therapy. Overall, the RSF model yielded a 
higher net benefit than the default strategies across clinically relevant 
threshold probabilities. The decision curve plots in Fig. 3 indicates that 
clinical decision-making thresholds should be tailored separately for the 
placebo and metformin groups.

3.5. Threshold probability selection

Table 2 presents the classification results using a range of threshold 
probabilities for the placebo and metformin groups. For the placebo 
group, Table 2 suggests that a cutoff between 0.4 and 0.5 would be 
suitable, with sensitivity decreasing from 0.85 to 0.72 and specificity 

increasing from 0.50 to 0.66. For the metformin group, a cutoff between 
0.3 and 0.4 would be preferable, with sensitivity decreasing from 0.84 to 
0.67 and specificity increasing from 0.48 to 0.63. As a result, a higher 
decision threshold should be used for the placebo group to achieve a 
balanced trade-off between sensitivity and specificity, compared to the 
metformin group. This was because more women in the placebo group 
required insulin therapy.

4. Discussion

In this secondary analysis of the EMERGE trial, a RSF model was 
applied to predict the time to insulin initiation for the placebo and 
metformin groups, separately. Overall, the RSF demonstrated a high 
level of predictive performance, with a C-index of 0.71 (95 % CI: 
0.64–0.77) for the placebo group and 0.72 (95 % CI: 0.64–0.80) for the 
metformin group. The time-dependent AUC from the RSF was above 
0.70, and the time-dependent Brier score was below 0.20 throughout the 
pregnancy for both the placebo and metformin groups. Moreover, the 
decision curve analysis indicated that the RSF provided an overall 
higher net benefit than the treat-all and treat-none strategies across 
clinically relevant threshold probabilities.

Previous studies have used logistic regression models to identify risk 
factors associated with the need for insulin [9–13]. The main strength of 

Fig. 3. Distribution of women with and without insulin treatment, predictive performance and decision curve analysis Panel A: Number of patients in the placebo 
(left) and metformin groups (right) who required insulin (red) and those who did not receive insulin (blue) at each gestational week. Panel B: Time-dependent AUC 
(left), time-dependent Brier score (middle) and a decision curve at the end of pregnancy (right) for the placebo group. Panel C: Time-dependent AUC (left), time- 
dependent Brier score (middle) and a decision curve at the end of pregnancy (right) for the metformin group. A higher time-dependent AUC and a lower Brier 
score indicate better predictive performance. For the decision curves, the x-axis represents the threshold probability, and the y-axis represents the net benefit. The 
blue line shows the RSF model; the red and green lines represent the reference “treat-all” and “treat-none” strategies, respectively. Values higher on the y-axis 
indicate that a strategy yields more true-positive insulin initiations without increasing false positives. A net benefit of 0.10, for example, translates to 10 additional 
correctly identified women per 100 without unnecessary early insulin initiation. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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our study is that we used early glucose data (i.e., two weeks after ran
domisation) and maternal characteristics to predict the time to insulin 
initiation in later pregnancy based on the RSF model. The prediction 
results allow clinicians to assess the risk of insulin requirement at an 
early stage and predict the gestational week at which insulin is likely to 
be initiated. These results enable clinicians to make informed early in
sulin decisions, ultimately improving maternal and neonatal outcomes.

Indeed, based on the predicted probabilities of insulin initiation from 
the RSF model, women were stratified into low (<30 %), intermediate 
(30–50 %) and high (>50 %) risk groups. In the placebo group, nearly 
half of the women were predicted to be at high risk after week 31, 
whereas in the metformin group, approximately one third were pre
dicted to be at high risk after week 34. This closely aligned with the 
actual clinical treatment decisions, where 49 % of women in the placebo 
group and 36 % in the metformin group received insulin treatment 
eventually. To better guide clinical management, women at low risk are 
advised to continue standard care through diet and lifestyle in
terventions; women at intermediate risk should have their review 
brough forward (e.g. by one week), reinforce nutrition and glucose 
monitoring, begin insulin education and consent early to allow prompt 
initiation if control drifts; women at high risk warrant strong consider
ation of insulin initiation, particularly when glucose readings are 
trending above target levels [22,23]. However, it is important to note 
that our model is intended to support the decision-making process, while 
the final treatment decision should still be based on current glucose 
recordings and clinical assessment.

Establishing safe and effective criterion for pharmacotherapy initi
ation for GDM is important, as undertreatment may increase GDM- 

related complications [24,25]; whereas overtreatment may result in 
greater financial burden for patients [26] and potential adverse effects 
of medications [27]. Our decision curve analysis compared the RSF 
model with the treat-none (representing undertreatment) and treat-all 
(representing overtreatment) strategies. It is observed that the RSF 
model had an overall higher net benefit than the default strategies across 
clinically relevant threshold probabilities. This suggests that the RSF 
offers an opportunity to achieve an optimal balance between under
treatment and overtreatment.

However, it is challenging to determine a single cutoff for insulin 
initiation, because binary classification models are inherently sensitive 
to small changes in the threshold. The American College of Obstetricians 
and Gynecologists also states that there is no conclusive evidence for a 
specific threshold value at which medical therapy should be started 
[28]. In our study, we found that for the placebo group, a cutoff between 
0.4 and 0.5 provided a reasonable balance between sensitivity 
(decreasing from 0.85 to 0.72) and specificity (increasing from 0.50 to 
0.66), whereas a cutoff between 0.3 and 0.4 would be preferable for the 
metformin group, with sensitivity from 0.84 to 0.67 and specificity from 
0.48 to 0.63. Furthermore, the decision threshold should be tailored 
separately for the placebo and metformin groups, since more women in 
the placebo group required insulin therapy compared to the metformin 
group.

Our study has some limitations. The first is the lack of external 
validation. However, repeated glucose measures among women with 
GDM are not readily available, and future studies using continuous 
glucose monitoring (CGM) or timed finger stick testing data are required 
to validate our work. Moreover, with the advent of more accurate and 
low-cost continuous glucose monitors, such data should be easier to 
collect, and those studies will benefit from the results found here. It 
should be also noted that the treatment thresholds used in EMERGE are 
not necessarily applicable across different populations, potentially 
limiting external validation. Second, our study does not investigate the 
clinical outcomes of patients who required insulin therapy. Further 
analysis, such as evaluating maternal and neonatal outcomes for women 
in different risk groups, could be performed. Third, the model was 
developed using data from a single randomised trial with specific in
clusion criteria, which may limit generalisability to broader clinical 
populations. Fourth, the landmark approach requires patients to com
plete two weeks of glucose monitoring, which may not be feasible in all 
clinical settings.

In conclusion, we employed a RSF model to predict the time to in
sulin initiation for women with GDM in the placebo and metformin 
groups separately. The model included predictors from early glucose 
data (i.e., two weeks after randomisation) and maternal characteristics, 
demonstrated a high level of predictive performance and effectively 
identified the cohort at high risk of requiring insulin. Moreover, the 
decision curve analysis was performed to compare the RSF model with 
the treat-all and treat-none strategies, and the RSF model showed higher 
net benefit across clinically relevant threshold probabilities. Our study 
could help clinicians identify women at high risk of requiring insulin 
treatment early in pregnancy, facilitate timely intervention and guide 
clinical decision-making. However, external validation and clinical 
implementation studies are needed before routine clinical use.
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Table 2 
Threshold probabilities for insulin initiation prediction for the placebo and 
metformin groups, respectively.

Placebo

Threshold Sens Spec PPV NPV

0.1 1 0.02 0.48 0.81
(0.96–1) (0–0.1) (0.39–0.58) (0–1)

0.2 0.96 0.15 0.51 0.83
(0.87–1) (0.02–0.31) (0.41–0.63) (0.56–1)

0.3 0.9 0.34 0.56 0.8
(0.79–1) (0.15–0.51) (0.43–0.68) (0.62–1)

0.4 0.83 0.51 0.61 0.77
(0.67–0.95) (0.33–0.71) (0.49–0.76) (0.62–0.91)

0.5 0.72 0.65 0.66 0.72
(0.51–0.87) (0.47–0.81) (0.52–0.8) (0.56–0.86)

0.6 0.54 0.77 0.69 0.64
(0.3–0.76) (0.59–0.92) (0.55–0.84) (0.5–0.8)

0.7 0.31 0.88 0.72 0.58
(0.13–0.55) (0.72–0.97) (0.52–0.91) (0.47–0.71)

Metformin

Threshold Sens Spec PPV NPV
0.1 0.99 0.18 0.4 0.98
​ (0.93–1) (0.06–0.33) (0.29–0.5) (0.87–1.01)
0.2 0.95 0.35 0.44 0.93
​ (0.81–1) (0.21–0.5) (0.34–0.56) (0.77–1)
0.3 0.84 0.49 0.47 0.85
​ (0.61–1) (0.33–0.65) (0.36–0.6) (0.69–1)
0.4 0.64 0.65 0.5 0.77
​ (0.4–0.87) (0.48–0.83) (0.35–0.67) (0.65–0.91)
0.5 0.44 0.8 0.56 0.73
​ (0.24–0.68) (0.63–0.94) (0.37–0.79) (0.63–0.85)
0.6 0.3 0.91 0.66 0.71
​ (0.11–0.5) (0.8–0.98) (0.43–0.88) (0.61–0.81)
0.7 0.17 0.96 0.69 0.68
​ (0–0.37) (0.89–1) (0.45–0.88) (0.58–0.78)

At the end of the pregnancy, if the predicted probability of requiring insulin is 
larger than the specified threshold, the patient was classified as “insulin 
required”; otherwise, the patient was classified as “no insulin therapy”. Values in 
parentheses indicate 95% confidence intervals.
Abbreviations: Sens, sensitivity; Spec, specificity; PPV, positive predictive value; 
NPV, negative predictive value.
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