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Abstract: Background: We investigated the treatment effects of tight glycaemic targets in a population
universally screened according to the International Association of Diabetes and Pregnant Study Groups
(IADPSG)/World Health Organisation (WHO) gestational diabetes mellitus (GDM) guidelines. As yet
there, have been no randomized control trials evaluating the effectiveness of treatment of mild GDM
diagnosed under the IADPSG/WHO diagnostic thresholds. We hypothesize that tight glycaemic
control in pregnant women diagnosed with GDM will result in similar clinical outcomes to women
just below the diagnostic thresholds. Methods: A multiple cut-off regression discontinuity study
design in a retrospective observational cohort undergoing oral glucose tolerance tests (OGTT)
(n = 1178). Treatment targets for women with GDM were: fasting capillary blood glucose (CBG)
of ≤5.0 mmol/L and the 2-h post-prandial CBG of ≤6.7 mmol/L. Regression discontinuity study
designs estimate treatment effects by comparing outcomes between a treated group to a counterfactual
group just below the diagnostic thresholds with the assumption that covariates are similar.
The counterfactual group was selected based on a composite score based on OGTT plasma glucose
categories. Results: Women treated for GDM had lower rates of newborns large for gestational age
(LGA), 4.6% versus those just below diagnostic thresholds 12.6%, relative risk 0.37 (95% CI, 0.16–0.85);
and reduced caesarean section rates, 32.2% versus 43.0%, relative risk 0.75 (95% CI, 0.56–1.01).
This was at the expense of increases in induced deliveries, 61.8% versus 39.3%, relative risk
1.57 (95% CI, 1.18–1.9); notations of neonatal hypoglycaemia, 15.8% versus 5.9%, relative risk
2.66 (95% CI, 1.23–5.73); and high insulin usage 61.1%. The subgroup analysis suggested that
treatment of women with GDM with BMI ≥30 kg/m2 drove the reduction in caesarean section rates:
32.9% versus 55.9%, relative risk 0.59 (95%CI, 0.4–0.87). Linear regression interaction term effects
between non-GDM and treated GDM were significant for LGA newborns (p = 0.001) and caesarean
sections (p = 0.015). Conclusions: Tight glycaemic targets reduced rates of LGA newborns and
caesarean sections compared to a counterfactual group just below the diagnostic thresholds albeit at
the expense of increased rates of neonatal hypoglycaemia, induced deliveries, and high insulin usage.
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1. Introduction

The International Association of the Diabetes and Pregnancy Study Groups (IADPSG) [1]
gestational diabetes mellitus [1] (GDM) diagnostic thresholds, endorsed by the World Health
Organisation (WHO) [2], are not universally accepted [3]. The ongoing lack of consensus reflect
concerns of the increasing costs of higher GDM prevalence using the one-step universal screening with
lower oral glucose tolerance test (OGTT) cut-offs and the limited evidence on the clinical effectiveness
of treating milder disease [4]. Indeed, there is disagreement between those suggesting new randomised
controlled trials (RCT) are required and those who believe existing RCTs, which did not use the
current IADPSG/WHO guidelines, with observational studies, are sufficient [4,5]. In rural communities,
access to specialist care may be limited and the clinical impact of increased GDM prevalence by
lowering diagnostic thresholds in these cohorts are yet to be clarified.

In centres where the IADPSG/WHO GDM guidelines have become the standard of care,
RCTs comparing outcomes of new to old guidelines may be ethically difficult to perform. Moreover, RCTs for
mild GDM can be challenging as the act of randomisation may reduce treatment effects by affecting the
behaviour of control groups [6]. This is salient in GDM, as the primary interventions are behavioural
modification: dietary and lifestyle.

Variations in obstetric practises challenge the external validity of RCTs. For instance, the reduction
of caesarean section rates is purported to be a driver of the cost-effectiveness of treating GDM [7].
Since caesarean section rates differ widely around the world [8], results from multi-centre RCTs may
not have local applicability.

We propose a new method of estimating GDM treatment effects in local observational cohorts.
GDM is unusual as there is no natural threshold differentiating disease and non-disease populations.
There is a continuous relationship between OGTT plasma glucose levels and clinical outcomes [1].
We use a multiple cut-off regression discontinuity study design analysing the clinical outcomes
around the IADPSG/WHO diagnostic thresholds to estimate treatment effects, utilising the continuous
relationship of OGTT plasma glucose to GDM outcomes.

Regression discontinuity studies use variations in assignment methods to emulate random
treatment assignment, analogous to RCTs [9]. For instance, when diagnostic tests are used to assign
patients, random analytical/pre-analytical variations of test results around the threshold acts to
quasi-randomise patients to an intervention [9]. This quasi-random allocation of patients based on
OGTT is pertinent given the poor reproducibility of OGTT for individuals [10]; nonetheless, there are
robust correlations of GDM outcomes to OGTT plasma glucose for a population [11].

2. Methods

We received Ballarat Health Services and St John of God Healthcare Human Research Ethics
Committee approval for this study (LNR/18/BHSSJOG/16).

2.1. Study Population and Sampling Design

This single-centre retrospective cohort study searched records of women birthing at Ballarat
Health Services (BHS) between 1 January 2017 and 31 December 2017. BHS is a regional public
hospital in the state of Victoria, Australia with a population of approximately 100,000. BHS delivers
approximately 70% of births in Ballarat. Additionally, women with GDM requiring intensification of
therapy with medications are referred to the antenatal clinic from up to 150 km away.

We used the Australasian Diabetes in Pregnancy Society [12] (ADIPS) guidelines, which recommend
single-step universal screening for GDM by 24–28 weeks gestation using 75 g anhydrous glucose oral
glucose tolerance test. The ADIPS guidelines follow IADPSG GDM thresholds. A GDM diagnosis was
based on one or more results meeting the following plasma glucose levels: fasting plasma glucose
5.0–6.9 mmol/L, 1-h ≥10.0 mmol/L, or 2-h 8.5–11.0 mmol/L. The pre-analytical and analytical OGTT
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methods were described in a study by Song D et al. [13]. Women diagnosed as having GDM had OGTT
at any time during pregnancy consistent with local practises.

Inclusion criteria were all singleton births at BHS between 1 January 2017 and 31 December 2017
with OGTTs.

Exclusion criteria were women with overt diabetes mellitus as defined by OGTT levels fasting
plasma glucose ≥7.0 mmol/L and 2-h plasma glucose of ≥11.1 mmol/L; and women with GDM who did
not receive GDM antenatal interventions at BHS. For women below the GDM diagnostic thresholds,
we excluded those with incomplete OGTTs, missing 1 h and 2 h plasma glucose levels; and those with
OGTTs before 24 or after 28 weeks.

Data were collected from the initial antenatal clinic visit until after delivery. The hospital’s electronic
records were searched for OGTT, demographic data (age, ethnicity, gravida, parity, body mass index
(kg/m2) at first presentation, foetal sex), maternal outcomes (induced deliveries, caesarean sections,
gestation age of delivery, diabetes mellitus diagnosis, medication use), and foetal outcomes
(delivery weight, foetal length, neonatal hypoglycaemia, shoulder dystocia).

Large for gestational age newborn (LGA) and small for gestational age newborn (SGA) was defined
as a birth weight greater than the 90th and less than the 10th percentile, for gestational age respectively,
using age based standardised charts [14]. Gestational age was based on either ultrasound reports of
gestational age or the last menstrual period. Neonatal hypoglycaemia was based on documentation in
the database.

2.2. Interventions

Women with GDM typically received initial group education by the diabetes educator and
the dietician. Women were advised to test capillary blood glucose (CBG) at fasting and 2 h after
the beginning of each significant meal. In subsequent appointments GDM women were given
individualised advice on the recommended weight gain in pregnancy and diet, as appropriate.
Recommended weight gain suggestions, for women with or without GDM, in pregnancy were based
on the Institute of Medicine guidelines [15], except for those with BMI >35, where the local consensus
was for minimal further weight gain.

The standard management for women with GDM included attendance at the multi-disciplinary
antenatal clinic one week after the initial education, this clinic included endocrinologists, obstetricians,
midwives, anaesthetists, dieticians, and diabetes educators. For those diagnosed early in pregnancy,
women typically attended four weekly appointments until 28–30 weeks; thereafter, women were
typically seen two-weekly. Most women were encouraged to self-titrate insulin/metformin doses,
within strict parameters, to reach target CBG levels.

2.3. Treatment Targets

Treatment targets and thresholds for intensification were consistent with ADIPS suggestions [12],
which were fasting capillary blood glucose ≤5.0 mmol/L and 2-h CBG after commencing meal
≤6.7 mmol/L. The decision to consider intensification of treatment were based on whether there were
two or more elevated CBG levels at a given time within one week, CBG pattern, ultrasound reports on
estimated foetal weight/abdominal circumference, and women’s preferences.

The basal insulin used was Isophane (Novo Nordisk, Denmark) prescribed nocte. The bolus insulin
used was Aspart (Novo Nordisk, Denmark). The metformin used was the modified-release formulation.

2.4. GDM Classification and Composite Score

Patients were assigned to GDM or non-GDM groups as per IADPSG/WHO guidelines. To further
categorise patients, all were given a Hyperglycaemia and Adverse Pregnancy Outcomes (HAPO)
glucose composite score. Each patient was categorized according to HAPO glucose categories [13]:



Int. J. Environ. Res. Public Health 2020, 17, 7725 4 of 14

Fasting plasma glucose: category 1, <4.2 mmol/L; category 2, 4.2 to 4.4 mmol/L; category 3, 4.5 to
4.7 mmol/L; category 4, 4.8 to 4.9 mmol/L, category 5, 5.0 to 5.2 mmol/L; category 6, 5.3 to 5.5 mmol/L;
category 7, 5.6 to 7.0 mmol/L.

For 1 h plasma glucose: category 1, ≤5.8 mmol/L; category 2, 5.9 to 7.3 mmol/L; category 3,
7.4 to 8.6 mmol/L; category 4, 8.7 to 9.5 mmol/L; category 5, 9.7 to 10.7 mmol/L; category 6, 10.8 to 11.7
mmol/L; category 7, ≥11.8 mmol/L.

For 2 h plasma glucose: category 1, ≤5.8 mmol/L; category 2, 5.9 to 7.3 mmol/L; category 3,
7.4 to 8.6 mmol/L; category 4, 8.7 to 9.5 mmol/L; category 5, 9.7 to 10.7 mmol/L; category 6, 10.8 to
11.7 mmol/L; category 7, ≥11.8 mmol/L.

The range of fasting plasma glucose levels in a population was narrower than the 1 h and 2 h
levels, each patient’s OGTT results were scaled according to a measure with equivalent risks of adverse
outcomes—the HAPO study’s glucose categories (between 1 to 7) [13]. The HAPO glucose composite
score for each patient was the sum of scores of maternal plasma glucose exposure at each OGTT time
point. The HAPO glucose composite score serves as the dependent variable used in linear regression
analysis and the bandwidth selection of the counterfactual group.

The range of possible HAPO glucose composite scores was from 3 (1 + 1 + 1) to the maximum of 21
(7 + 7 + 7). As the GDM diagnostic thresholds intersects category 5 at all OGTT time points, for GDM
patients the theoretical minimum HAPO glucose composite score was 7 (5 + 1 + 1). For non-GDM
patients, the maximum possible HAPO glucose composite score was 15 (5 + 5 + 5). Between GDM and
non-GDM patients, there was a possible overlap of HAPO glucose composite scores from 7 to 15.

2.5. Study Design

Our study is a regression discontinuity design structured on a composite score derived as a
result of OGTT’s multiple cut-offs. The composite score generates an overlap between GDM and
non-GDM patients.

Treatment effects for mild GDM were estimated by first, comparing outcomes of GDM patients to
a counterfactual group not meeting the diagnostic thresholds for GDM. Bandwidth selection for the
counterfactual group was selected on the basis of HAPO glucose composite scores where it also selects
at least 95% of women with GDM. Second, as obesity is a major independent contributor to clinical
adverse GDM outcomes of LGA and caesarean sections [16], we performed a subgroup analysis of
patients based on BMI: <30 or ≥30 kg/m2. Third, linear regression was applied to LGA and caesarean
sections, as they are known to have linear relationships to maternal glucose levels [13].

For the linear regression, we plotted caesarean section rates and LGA versus HAPO glucose
composite scores. Where there were fewer numbers of non-GDM patients, they were pooled for HAPO
glucose composite scores: 9 to 10, and 11 to 14. GDM patients were similarly pooled at the extremes
of the HAPO glucose composite score categories: 7 to 10, 15 to 19, for the purposes of the linear
regressions. Where there were no LGA events in a HAPO glucose composite category score, we pooled
patients with the adjacent score. The unpooled LGA events across HAPO glucose composite category
scores are disclosed in the supplementary table.

2.6. Statistical Methods

The statistical significance for baseline demographic parametric data was calculated using
non-paired Student t-tests and non-parametric baseline data was calculated using the Mann–Whitney test.
Statistical significance for maternal and neonatal outcomes for proportions was calculated using the
χ2 test; for parametric outcome data we used unpaired student t-test. The non-parametric bootstrap
method was used to determine the 2.5, 97.5 percentile reference interval for OGTT fasting glucose [17].
Clinical outcomes were considered statistically significant at a p value of <0.05. A linear regression of
LGA and caesarean sections versus HAPO glucose composite score was undertaken and the statistical
significance of interaction term effects was determined. Statistics were analysed using Minitab 18,
State College, PA, USA; and STATA 15, StataCorp. 2015, College Station, TX, USA.
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3. Results

3.1. Counterfactual Group

Among 1505 women delivering at BHS, 1174 had complete OGTTs (Figure 1). There were
162 patients with OGTT above IADPSG/WHO GDM thresholds. After excluding overt diabetes and
those patients who did not attend BHS GDM clinic, there were 152 GDM patients. Between 24–28
weeks gestation there were 888 patients after removal of those above diagnostic thresholds or with
incomplete OGTT. There were 135 patients with HAPO glucose composite scores ≥9, which are here
defined as the counterfactual group as more than 95% of GDM patients, except five, had HAPO glucose
composite score ≥9 (Figure 1). The counterfactual group represented the highest of HAPO composite
glucose scores in the non-GDM group.

The lower 2.5th percentile and the upper 97.5th percentile for OGTT fasting plasma glucose
(n = 1178) were 3.7 mmol/L and 5.3 mmol/L, respectively.

Baseline characteristics of all patients with OGTTs, GDM, and the Counterfactual group are
described in Table 1.

Table 1. Baseline characteristics of the study population.

Variable GDM
n = 152

Counterfactual Group
n = 135

All Patients with OGTTs
n = 1178

Age (years) 30.5 ± 5.5 30.4 ± 5.3 29.1 ± 5.4

BMI (kg/m2) 31.4 ± 8.2 * 29.5 ± 7.3 27.7 ± 7.0

Ethnicity%
Caucasian 86 90 91
South Asian 6 4 3
East Asian 3 4 2
Other 5 2 3

Gravida 2.8 ± 1.7 ns 2.6 ± 1.6 2.6 ±2.3

Parity § 1.1 ± 1.2 ns 1.1 ± 1.1 0.97 ± 1.1

OGTT (mmol/L)
Fasting glucose 5.0 ± 0.4 ** 4.5 ± 0.3 4.3 ±0.5
1 h 9.3 ± 1.6 ** 8.5 ± 0.9 7.0 ±1.8
2 h 7.5 ± 1.5 ** 7.0 ± 0.9 5.8 ±1.4

HAPO glucose
composite score ¶,# 13 (11–13) * 10 (9–11) 6 (5–9)

Values are mean ± standard deviation unless otherwise specified. # Median and Interquartile range. p values as
compared to the counterfactual group. ns, non-significant; * p 0.001 to <0.05; ** p < 0.001; Non-paired student
t-test used to compare continuous variables and Mann-Whitney test used to compare non-parametric categorical
variables. § Adjusted for parity at first presentation. ¶ HAPO glucose composite scores are the sum of HAPO
glucose categories at OGTT, fasting, 1 h, and 2 h.
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3.2. The Management of GDM Patients

Almost two-thirds of patients (65.7%), Table 2, required pharmaceutical intervention to meet
treatment targets. The median basal dose was 16 units, (interquartile range 8 to 26), with the maximum
dose of 190 units. Bolus insulin was used in 43 patients (28.3% of all GDM patients); median total daily
dose was 10 units, (interquartile range 4–18) and maximum dose 230 units. Insulin with metformin
was used in 7.2% (n = 11) patients.

Table 2. Interventions reported for women diagnosed with GDM.

Interventions n (%)

Diet and lifestyle only 52 (34.2%)
Metformin only 7 (4.6%)

Insulin (basal, bolus, or with metformin) 93 (61.1%)



Int. J. Environ. Res. Public Health 2020, 17, 7725 7 of 14

3.3. Maternal Outcomes

Compared to the counterfactual group below the diagnostic thresholds (4), women with GDM
delivered earlier (p < 0.001) had 57% higher rates of induced deliveries (Table 3). There was a
non-significant trend (p = 0.06) for lower risk of caesarean delivery, however the interaction effects in
the linear regression were statistically significant (p = 0.015; Figure 2).

The study centre’s overall rate of caesarean births for women with OGTT at BHS was 27.8%
(n = 328/1178).

Table 3. Risk of maternal and neonatal outcomes in women treated for GDM compared to the untreated
counterfactual group.

Outcome GDM Treated
n = 152

Counterfactual Group §

n = 135
Relative Risk

(95% CI)

Maternal outcomes
Gestational age at delivery (weeks) 38.2 ± 1.2 * 38.8 ± 1.2 NA
Caesarean sections (%) 32.2 (n = 49) 43.0 (n = 58) 0.75 (0.56–1.01)
Primary caesarean sections (%) 24.3 (n = 33) 30.7 (n = 35) 0.79 (0.52–1.18)
Induced delivery 61.8 (n = 90) 39.3 (n = 53) 1.57 (1.18–1.9)

Neonatal outcomes
Birth weight (g) 3224 ± 499 * 3516 ± 509 NA
Newborn BMI (kg/m2) 13.4 ± 1.5 * 14.0 ± 1.4 NA
Large for gestational age (%) 4.6 (n = 7) 12.6 (n = 17) 0.37 (0.16–0.85)
Small for gestational age (%) 4.6 (n = 7) 1.5 (n = 2) 3.1 (0.65–14.7)
Neonatal hypoglycaemia (%) 15.8 (n = 24) 5.9 (n = 8) 2.66 (1.23–5.73)
Admission to special care nursery (%) 19.8 (n = 30) 17.0 (n = 23) 1.15 (0.71–1.9)
Shoulder dystocia (%) 1.3 (n = 2) 0 (n = 0) NA

Values are mean ± standard deviation unless otherwise specified. Relative risk as compared to the counterfactual
group. * p < 0.05. Non-paired student t-test used to compare continuous variables and Mann-Whitney test used to
compare non-parametric categorical variables. NA not applicable. § Counterfactual group selected from women
with OGTT just below the diagnostic thresholds, HAPO glucose composite categories ≥9.
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Figure 2. Frequency of (A) large for gestation age (birth weight >90th percentile) and (B) caesarean
sections across HAPO glucose composite scores with 95% confidence intervals. HAPO glucose composite
scores were calculated by adding the HAPO glucose categories for fasting, 1 h, and 2 h plasma glucose.
A. Large for gestational age: GDM HAPO glucose composite score were pooled for scores: 7 to 11, 13 to 14,
and 15 to 19.
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3.4. Neonatal Outcomes

GDM treated neonates had lower mean birth weight, 3224 g versus 3516 g (p < 0.001), and lower
neonatal mean BMI 13.4 versus 14.0 kg/m2 (p = 0.001) (Table 4). GDM patients had lower rates of LGA
(4.6% versus 12.6%) and RR 0.37 (95%CI, 0.16–0.85). Increases in SGA rates did not reach statistical
significance. We note that five of six patients with SGA were from GDM women managed with
diet/lifestyle only.

Table 4. Risk of maternal and neonatal outcomes in women treated for GDM compared to the untreated
counterfactual group, stratified by obesity.

Outcome GDM BMI ≥ 30
n = 79

Counterfactual
Group BMI ≥ 30

n = 59

Relative
Risk

95% CI

GDM
BMI < 30

n = 73

Counterfactual
Group BMI < 30

n = 76

Relative
Risk

95% CI

Caesarean sections (%) 32.9
(n = 26)

55.9
(n = 33)

0.59
(0.4–0.87)

31.5
(n = 23)

32.9
(n = 25)

0.96
(0.6–1.15)

Primary caesarean sections (%) 26.4
(n = 19)

45.8
(n = 22)

0.58
(0.35–0.94)

20.6
(n = 13)

20.3
(n = 13)

1.02
(0.51–2.0)

Large for gestational age (%) 5.1
(n = 4)

13.6
(n = 8)

0.37
(0.12–1.18)

4.1
(n = 3)

11.8
(n = 9)

0.35
(0.1–1.23)

Small for gestational age (%) 6.3
(n = 5)

0
(n = 0) NA 2.7

(n = 2)
2.6

(n = 2)
1.04

(0.15–7.2)

CI, confidence interval. NA, not applicable.

Neonatal hypoglycaemia increased in GDM patients 15.8% versus 5.9%, RR 2.66 (95% CI, 1.23–5.73)
but with no difference in the admissions to the special care nursery (Table 4).

3.5. Subgroup Analysis

The women with GDM and BMI ≥30 had reduced absolute caesarean section rates (32.9% versus
55.9%), RR 0.59 (95% CI, 0.4–0.87); and primary caesarean section rates (26.4% versus 45.8%), RR 0.58
(95%CI, 0.35–0.94) when compared to the counterfactual group with BMI ≥30. For women with BMI
<30, there were no statistically significant differences in total and primary caesarean section rates
(Table 4).

3.6. Linear Regression

Figure 2 demonstrates a change in the gradient suggesting discontinuity for GDM treated
compared to non-GDM patients for LGA and caesarean sections. Linear regression interaction term
effects were significant for LGA (p = 0.001) and caesarean section (p = 0.015).

4. Discussion

4.1. Study Design

Regression discontinuity studies assume that there is a continuous relationship between outcome
variables [9] such as rates of LGA, caesarean sections and the dependent variable, the HAPO glucose
composite scores. We demonstrate a linear continuous relationship between LGA and caesarean
sections and HAPO glucose composite scores in non-GDM patients (Figure 2).

Regression discontinuity studies typically estimate treatment effects proximate to the diagnostic
cut-off [9]. However, the diagnosis of GDM is unusual in having multiple diagnostic cut-offs at OGTT
fasting, 1 h, and 2 h plasma glucose. Furthermore, the heterogeneity of OGTT plasma glucose trajectories
with multiple cut-offs resulted in overlaps in the HAPO glucose composite scores, between GDM and
non-GDM patients. This allowed inference of treatment effects to wider bandwidths than other forms of
regression discontinuity designs. Nevertheless, the counterfactuals represent those with milder GDM.
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4.2. Population Characteristics

Our GDM prevalence of 13.5% was similar to Australian HAPO centres: 12.4% to 15.3% [18].
GDM patients compared to the counterfactual group had higher BMI. Expectedly, as OGTT were
used to determine diagnosis, GDM patients had higher OGTT plasma glucose levels. As covariates
associated with adverse outcomes were higher for GDM patients, the interventions had to overcome
these selection biases to show improved outcomes.

Our centre’s overall caesarean section rate of 27.8% was similar to the Organisation for Economic
Co-operation and Development rate of 27.9% [19]; but below the Australian rate of 34% [19].

Presumably, higher maternal glucose levels are the driver of adverse clinical outcomes in
GDM [11] and that moderating elevated maternal glucose levels improves outcomes. Therefore, it is
important to discuss clinical outcomes with the understanding of treatment targets and thresholds for
treatment intensification. ADIPS [12] suggested treatment targets were fasting CBG ≤5.0 mmol/L and
the post-prandial ≤6.7 mmol/L. Ostensibly the aim was to have maternal CBG levels within the
reference range of a healthy population [9]. This is tighter than RCT CBG targets in the Australian
Carbohydrate Intolerance Study (ACHOIS) [20]: fasting ≤5.5 mmol/L, and 2 h post-prandial of
≤7.0 mmol/; and the Maternal-Fetal Medicine Unit study (MFMU) [21]: fasting ≤5.3 mmol/L, and 2 h
post-prandial of ≤6.7 mmol/L.

The threshold for intensifying treatment will also impact medication usage. ADIPS [9] suggested
intensification if two out of seven results (29%) were above target; in comparison, the MFMU study [21]
intensified treatment if more than 50% of CBG were above target. Glucometer imprecision will
affect treatment intensification; the median coefficient of variation (CV) among of 18 commercial
glucometers in recent survey was 9.3% [22]. To illustrate this point, take a theoretical woman with
‘true’ consistent fasting CBG levels within recommended levels at 5.0 mmol/L, but due to glucometer
imprecision 95% (2 sd or 2CV) of results would be between 4.1 to 5.9 mmol/L, of which half would be
>5.0 mmol/L. Therefore, it is probable that more than 29% of fasting CBG will be above 5.0 mmol/L,
necessitating treatment intensification.

Notwithstanding glucometer imprecision issues, our population’s upper reference interval
(97.5th percentile) of OGTT fasting plasma glucose was 5.3 mmol/L. Our OGTTs were collected using
sodium fluoride collected at room temperature and batched centrifuged [13]. This pre-analytical
method has been recently documented, via the process of glycolysis, to lower reported OGTT fasting
glucose levels by approximately 10% [13,23]. Therefore, the adjusted lower and upper reference level
of fasting glucose should be 10% higher—approximately 4.1 to 5.8 mmol/L. A fasting glucose target of
5.0 mmol/L is well within our population’s reference intervals.

4.3. Medication Usage

Of women with GDM, 61.1% were treated with insulin (Table 2). Nearly all of those on insulin were
on Isophane insulin, aimed to treat elevated fasting CBG. Our usage of insulin is higher than reported
in randomised control studies: ACHOIS [20] of 20%, and MFMU [21] of 7.6%. ADIPS treatment targets
were tighter and so were the thresholds for the intensification of therapy. Moreover, as the effective
treatment target for the fasting CBG level was well within our population’s reference intervals the
extent of basal insulin usage was unsurprising.

4.4. Clinical Outcomes

Treated GDM patients had a relative risk of LGA of 0.37, reducing the absolute risk from 12.6 to
4.6%. The RCTs, ACHOIS [20] and MFMU [21], reported a decrease in LGA rates from 22% to 13%,
13% to 7.1%, respectively. As our CBG targets were lower it was not surprising that our rates of foetal
overgrowth were also lower. The Pedersen hypothesis that states that maternal hyperglycaemia results
in foetal hyperinsulinemia, glucose utilization, and subsequent foetal adiposity [24]. The HAPO study
demonstrated the continuous linear associations between maternal glycaemia and cord c-peptide levels
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and rates of LGA [11]. It follows that lowering maternal glycaemia should lower rates of LGA and
tight maternal glycaemic control should result in lower rates of LGA. Our study further supports the
Pedersen hypothesis by demonstrating that tight glycaemic targets lower rates of LGA, even when
compared to patients just below the diagnostic thresholds.

The relative risk for caesarean sections for GDM as compared to the counterfactual group was 0.75,
the absolute risk reduced from 43.0% to 32.3%. Subgroup analysis suggests the reduction of caesarean
section rates were driven by women with BMI ≥30, where the relative risk was 0.58 compared to
counterfactual group with BMI ≥30. The absolute risk decreased from 55.9% to 32.9%. In contrast,
GDM women with BMI <30 did not demonstrate a reduction in caesarean section rates. Our study
suggests the treatment response upon caesarean section rates is modified by obesity.

The two randomised led trials of GDM had shown contrasting caesarean section rates.
ACHOIS [20], showed no effect of treatment on caesarean section rates, but in the MFMU study [21],
treatment resulted in a relative risk of 0.79 (p = 0.02). Although these studies differed in treatment
targets and selection of patients, our BMI subgroup analysis may partly explain the differences in
caesarean section outcomes. The baseline BMI of patients differed between these two RCTs, the trial
not showing caesarean rate reduction had lower median BMI of 26.8 [20], the other had a mean BMI of
30.1 kg/m [2,21].

Apart from tighter treatment targets, another factor that may have contributed to the larger
absolute and relative caesarean risk reduction seen in our study compared to the RCTs is the marked
differences in the baseline risks of caesarean sections. Our counterfactual group had caesarean section
rate of 43.0%, driven primarily by women with BMI ≥30; this is in the context of the overall study
centre rate of 27.8%. In contrast, the RCTs had rather muted untreated GDM (control) caesarean section
rates of 32% and 33.8%. This is in the context of national caesarean section rates in Australia (2004) [25]
of 29.4% and the United States (2005) [26] of 30.3%. We note the established linear correlation of
caesarean section rates with increasing maternal plasma glucose [11]. Therefore, in women with very
high maternal plasma glucose levels, as in untreated GDM, we would have expected much higher
caesarean section rates than the centre or national levels. In our study, obesity was a strong driver of
higher caesarean section rates; and our rates for the counterfactual group are consistent with the odds
ratios seen in a meta-analysis investigating obesity’s impact on caesarean sections: 2.05 and 2.89 for
obese and severely obese women, respectively [27].

The HAPO study demonstrated that both maternal BMI and glycaemia have strong independent
associations with caesarean section rates [16]. However, the HAPO study could not conclude that
there was a causal relationship between increased maternal BMI and caesarean sections rates [16].
Our subgroup analysis of patients based on BMI may suggest tight glycaemic targets in women with
BMI <30 kg/m2 does not reduce the risk of caesarean sections. As caesarean section rates decreased
in women with GDM with BMI ≥30 kg/m2, it is obesity coupled with maternal glycaemia that are
possibly the important factors in determining rates of caesarean sections.

In RCTs, the act of randomisation and patient selection processes may have recruited women with
better baseline prognoses relative to the target population [28]. RCTs select for particular types of
willing participants [28]. Moreover, inclusion in a study may have affected the behaviour of patients,
especially as the primary interventions in GDM are behavioural change. This may have resulted in
RCTs lowering adverse outcomes in comparator controls thereby attenuating the treatment response.

As our counterfactual group represents those borderline for GDM, we likely understated the overall
treatment response. If the counterfactual group were to represent untreated GDM, mild and severe,
we would expect higher baseline adverse outcomes. Linear regression (Figure 2) visualises treatment
effects beyond mild OGTT maternal plasma glucose levels.

GDM women had the relative risk of neonatal hypoglycaemia of 2.66. This may be the result
of detection bias. The local protocol mandates screening for neonatal hypoglycaemia of all GDM
women and neonates with a birth weight >4000 g. In a study of neonates with no risk factors
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of hypoglycaemia, close serial monitoring within the 24 h showed a neonatal hypoglycaemia rate,
as defined by <2.6 mmol/L, of 14%, which is similar to our rate of 15.8% [29].

Increased rates of induced deliveries and consequently lower birth gestational age of GDM
patients is perhaps due to clinicians’ perception of higher risk for GDM women.

4.5. Limitations and Strengths

Our method may not be suitable for centres using the currently recommended citrate tubes for
OGTT plasma glucose. Samples using citrate tubes would report fasting glucose levels of approximately
10% higher [23]. The HAPO glucose categories will no longer represent equivalent risks of adverse
outcomes, as the HAPO study did not use citrate tubes [13]. Furthermore, quasi-randomisation
partially relies on variations in pre-analytical handling, which would be reduced with citrate tubes.

Our study has limitations. As a retrospective design we did not have complete data on GDM risk
factors such as family history of diabetes mellitus or smoking, in addition to data on maternal weight
gain, and maternal hypertension. We did not record adherence to therapy with records of CBG but the
high medication usage rate indicate that our GDM patients were treated to ADIPS suggestions.

As a single centre study design with a predominately Caucasian population (Table 1) our results
may not be applicable to all centres. Obstetric practices such as rates of caesarean section may vary
between and within countries [8] and therefore our risk reduction of caesarean sections may not be
able to be extrapolated.

LGA/SGA outcomes relied on age standardised growth charts not adjusted for ethnic composition.
However, as our population was predominately Caucasian there would have been marginal impact.

Our study may have been underpowered to determine differences in incidence rates for some less
common end points such as shoulder dystocia.

We expect the loss of patients by birthing at other centres to be rare, as our hospital is a referral
centre for high-risk pregnancies for smaller regional hospitals. The closest hospital able to deliver
high-risk pregnancies is more than 90 km from BHS. We did not see women expected to deliver at the
local private hospital.

Patients were analysed on an intention-to-treat basis irrespective of the adherence to therapy.
Since our patients were treated contemporaneously and by the same group of health professionals,
our study is unlikely to be confounded by evolving medical practises.

It is our view that our study design is particularly suited to the study of GDM. This method,
which can be performed in retrospective and prospective cohorts, will allow other centres with differing
populations and obstetric practices to assess the local effectiveness of GDM treatments. Furthermore,
this quasi-experimental design may be suitable to evaluate the effects of GDM interventions on
childhood adiposity and glucose tolerance.

5. Conclusions

Treatment of GDM women screened using IADPSG/WHO guidelines with tight treatment target
reduces LGA outcomes, and caesarean section rates when compared to non-GDM patients just below
the diagnostic thresholds. The treatment response upon caesarean section rates appear to be modified
by obesity with GDM women with BMI ≥30 kg/m2 having reductions in rates, but there was no
suggested benefit in GDM women with BMI <30 kg/m2. This is at the expense of slightly earlier
gestational age at delivery, and increases in induced deliveries, notations of neonatal hypoglycaemia,
and medication usage.

We believe this multiple cut-off regression discontinuity study design is an ideal method to
investigate the treatment effects upon mild GDM when RCTs are impractical. This design is uniquely
suitable for the investigation for GDM due to the unusual feature of GDM: a continuous linear
relationship between maternal plasma glucose and clinical outcomes.
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MFMU Maternal-Fetal Medicine Unit study
OGTT oral glucose tolerance tests
RR relative risk
RCT randomised controlled trials
sd standard deviation
SGA small for gestational age
WHO World Health Organisation

References

1. International Association of Diabetes and Pregnancy Study Groups Consensus Panel. International Association
of Diabetes and Pregnancy Study Groups Recommendations on the Diagnosis and Classification of
Hyperglycemia in Pregnancy. Diabetes Care 2020, 33, 676–682. [CrossRef]

2. Diagnostic Criteria and Classification of Hyperglycaemia First Detected in Pregnancy; World Health Organization:
Geneva, Switzerland, 2013.

3. Liao, L.-Z.; Xu, Y.; Zhuang, X.-D.; Hong, S.-B.; Wang, Z.-L.; Dobs, A.S.; Liu, B. Evaluation of guidelines
on the screening and diagnosis of gestational diabetes mellitus: Systematic review. BMJ Open 2019,
9, e023014. [CrossRef] [PubMed]

4. Visser, G.H.; De Valk, H.W. Is the evidence strong enough to change the diagnostic criteria for gestational
diabetes now? Am. J. Obstet. Gynecol. 2013, 208, 260–264. [CrossRef] [PubMed]

5. Hod, M.; Kapur, A.; McIntyre, H.D. Evidence in support of the International Association of Diabetes
in pregnancy study groups’ criteria for diagnosing gestational diabetes mellitus worldwide in 2019.
Am. J. Obs. Gynecol. 2019, 221, 109–116. [CrossRef] [PubMed]

6. Black, N. Why we need observational studies to evaluate the effectiveness of health care. BMJ
1996, 312, 1215–1218. [CrossRef]

http://dx.doi.org/10.2337/dc09-1848
http://dx.doi.org/10.1136/bmjopen-2018-023014
http://www.ncbi.nlm.nih.gov/pubmed/31061012
http://dx.doi.org/10.1016/j.ajog.2012.10.881
http://www.ncbi.nlm.nih.gov/pubmed/23103371
http://dx.doi.org/10.1016/j.ajog.2019.01.206
http://www.ncbi.nlm.nih.gov/pubmed/30682358
http://dx.doi.org/10.1136/bmj.312.7040.1215


Int. J. Environ. Res. Public Health 2020, 17, 7725 13 of 14

7. Duran, A.; Sáenz, S.; Torrejón, M.J.; Bordiú, E.; Del Valle, L.; Galindo, M.; Perez, N.; Herraiz, M.A.;
Izquierdo, N.; Rubio, M.A.; et al. Introduction of IADPSG Criteria for the Screening and Diagnosis of
Gestational Diabetes Mellitus Results in Improved Pregnancy Outcomes at a Lower Cost in a Large Cohort
of Pregnant Women: The St. Carlos Gestational Diabetes Study. Diabetes Care 2014, 37, 2442–2450. [CrossRef]

8. Boerma, T.; Ronsmans, C.; Melesse, D.Y.; Barros, A.J.D.; Barros, F.C.; Juan, L.; Moller, M.A.-B.;
Say, L.; Hosseinpoor, A.R.; Yi, M.; et al. Global epidemiology of use of and disparities in caesarean
sections. Lancet 2018, 392, 1341–1348. [CrossRef]

9. Oldenburg, C.E.; Moscoe, E.; Bärnighausen, T. Regression Discontinuity for Causal Effect Estimation in
Epidemiology. Curr. Epidemiol. Rep. 2016, 3, 233–241. [CrossRef]

10. Davidson, M.B. Counterpoint: The oral glucose tolerance test is superfluous. Diabetes Care 2002,
25, 1883–1885. [CrossRef]

11. Metzger, B.E.; Contreras, M.; Sacks, D.A.; Watson, W.; Dooley, S.L.; Foderaro, M.; Niznik, C.; Bjaloncik, J.;
Catalano, P.M.; Dierker, L.; et al. Hyperglycemia and adverse pregnancy outcomes. N. Engl. J. Med. 2008,
358, 1991–2002. [PubMed]

12. Nankervis, A.; McIntyre, H.D.; Moses, R.; Ross, G.P.; Callaway, L.; Porter, C.; Jeffries, W.; Boorman, C.;
De Vries, B. Australasian Diabetes in Pregnancy Society (ADIPS) Consensus Guidelines for the Testing
and Diagnosis of Gestational Diabetes Mellitus in Australia. Available online: http://www.adips.org
(accessed on 3 April 2019).

13. Song, D.; Lia, M.; Hurley, J.C. Recommended pre-analytical plasma glucose sampling methodology may
distort gestational diabetes mellitus prevalence: Implications for diagnostic thresholds. Diabet. Med. 2019,
36, 1226–1233. [CrossRef] [PubMed]

14. Fenton, T.R.; McMillan, D.D.; Sauve, R.S. Nutrition and growth analysis of very low birth weight infants.
Pediatrics 1990, 86, 378–383. [PubMed]

15. Institute of Medicine; National Research Council Committee to Reexamine, I.O.M.P.W.G. The National
Academies Collection: Reports funded by National Institutes of Health. In Weight Gain During Pregnancy:
Reexamining the Guidelines; Rasmussen, K.M., Yaktine, A.L., Eds.; National Academies Press (US),
National Academy of Sciences: Washington, DC, USA, 2009.

16. HAPO Study Cooperative Research Group. Hyperglycaemia and Adverse Pregnancy Outcome
(HAPO) Study: Associations with maternal body mass index. BJOG Int. J. Obstet. Gynaecol.
2010, 117, 575–584. [CrossRef] [PubMed]

17. Linnet, K. Nonparametric Estimation of Reference Intervals by Simple and Bootstrap-based Procedures.
Clin. Chem. 2000, 46, 867–869. [CrossRef] [PubMed]

18. Sacks, D.A.; Hadden, D.R.; Maresh, M.; Deerochanawong, C.; Dyer, A.R.; Metzger, B.E.; Lowe, L.P.;
Coustan, D.R.; Hod, M.; Oats, J.J.; et al. Frequency of Gestational Diabetes Mellitus at Collaborating Centers
Based on IADPSG Consensus Panel-Recommended Criteria: The Hyperglycemia and Adverse Pregnancy
Outcome (HAPO) Study. Diabetes Care 2012, 35, 526–528. [CrossRef]

19. OECD. Health at a Glance 2015. In Health at a Glance 2015; OECD Indicators, OECD Publishing:
Paris, France, 2015.

20. Crowther, C.A.; Hiller, J.E.; Moss, J.R.; Hiller, J.E.; McPhee, A.J.; Jeffries, W.S.; Robinson, J.S. Effect of treatment
of gestational diabetes on pregnancy outcomes. N. Engl. J. Med. 2005, 352, 2477–2486. [CrossRef] [PubMed]

21. Landon, M.B.; Spong, C.Y.; Thom, E.; Carpenter, M.W.; Ramin, S.M.; Casey, B.; Wapner, R.J.; Varner, M.W.;
Rouse, D.J.; Thorp, J.M.; et al. Eunice Kennedy Shriver National Institute of Child Health Human Development
Maternal-Fetal Medicine Units Network. A multicenter, randomized trial of treatment for mild gestational
diabetes. N. Engl. J. Med. 2009, 361, 1339–1348. [CrossRef]

22. Klonoff, D.C.; Parkes, J.L.; Kovatchev, B.; Kerr, D.; Bevier, W.C.; Brazg, R.L.; Christiansen, M.; Bailey, T.S.;
Nichols, J.H.; Kohn, M.A. Investigation of the Accuracy of 18 Marketed Blood Glucose Monitors. Diabetes Care
2018, 41, 1681–1688. [CrossRef]

23. Daly, N.; Flynn, I.; Carroll, C.; Turner, M.J.; McKeating, A.; Turner, M.J. Impact of Implementing Preanalytical
Laboratory Standards on the Diagnosis of Gestational Diabetes Mellitus: A Prospective Observational Study.
Clin. Chem. 2016, 62, 387–391. [CrossRef]

24. Pedersen, J. Diabetes and Pregnancy: Blood Sugar of Newborn Infants; Danish Science Press: Copenhagen,
Denmark, 1951; p. 230.

http://dx.doi.org/10.2337/dc14-0179
http://dx.doi.org/10.1016/S0140-6736(18)31928-7
http://dx.doi.org/10.1007/s40471-016-0080-x
http://dx.doi.org/10.2337/diacare.25.10.1883
http://www.ncbi.nlm.nih.gov/pubmed/18463375
http://www.adips.org
http://dx.doi.org/10.1111/dme.14073
http://www.ncbi.nlm.nih.gov/pubmed/31295362
http://www.ncbi.nlm.nih.gov/pubmed/2117742
http://dx.doi.org/10.1111/j.1471-0528.2009.02486.x
http://www.ncbi.nlm.nih.gov/pubmed/20089115
http://dx.doi.org/10.1093/clinchem/46.6.867
http://www.ncbi.nlm.nih.gov/pubmed/10839780
http://dx.doi.org/10.2337/dc11-1641
http://dx.doi.org/10.1056/NEJMoa042973
http://www.ncbi.nlm.nih.gov/pubmed/15951574
http://dx.doi.org/10.1056/NEJMoa0902430
http://dx.doi.org/10.2337/dc17-1960
http://dx.doi.org/10.1373/clinchem.2015.247478


Int. J. Environ. Res. Public Health 2020, 17, 7725 14 of 14

25. Laws, P.J.; Grayson, N.; Sullivan, E.A. Australia’s Mothers and Babies 2004. Perinatal Statistics Series
no. 18. AIHW Cat. No. PER 34; AIHW National Perinatal Statistics Unit: Sydney, Australia, 2006.
Available online: https://www.aihw.gov.au/getmedia/99179332-5995-4faf-9f8b-f377f7a25c04/amb04.pdf.aspx?
inline=true (accessed on 8 January 2020).

26. Martin, A.J.; Hamilton, E.B.; Sutton, P.D.; Ventura, S.J.; Menacker, F.; Kirmeyer, S.; Munson, M.L.
Births: Final data for 2005. Natl. Vital. Stat. Rep. 2007, 56, 1–103.

27. Chu, S.Y.; Kim, S.Y.; Schmid, C.H.; Dietz, P.M.; Callaghan, W.M.; Lau, J.; Curtis, K.M. Maternal obesity and
risk of cesarean delivery: A meta-analysis. Obes. Rev. 2007, 8, 385–394. [CrossRef] [PubMed]

28. Rothwell, P.M. Factors That Can Affect the External Validity of Randomised Controlled Trials. PLoS Clin. Trials
2006, 1, e9. [CrossRef] [PubMed]

29. Hoseth, E.; Joergensen, A.; Ebbesen, F.; Moeller, M. Blood glucose levels in a population of healthy, breast fed,
term infants of appropriate size for gestational age. Arch. Dis. Child. Fetal Neonatal Ed. 2000, 83, 117–119.
[CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://www.aihw.gov.au/getmedia/99179332-5995-4faf-9f8b-f377f7a25c04/amb04.pdf.aspx?inline=true
https://www.aihw.gov.au/getmedia/99179332-5995-4faf-9f8b-f377f7a25c04/amb04.pdf.aspx?inline=true
http://dx.doi.org/10.1111/j.1467-789X.2007.00397.x
http://www.ncbi.nlm.nih.gov/pubmed/17716296
http://dx.doi.org/10.1371/journal.pctr.0010009
http://www.ncbi.nlm.nih.gov/pubmed/16871331
http://dx.doi.org/10.1136/fn.83.2.F117
http://www.ncbi.nlm.nih.gov/pubmed/10952705
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Song, D;Hurley, JC;Lia, M

Title:
Estimated Treatment Effects of Tight Glycaemic Targets in Mild Gestational Diabetes
Mellitus: A Multiple Cut-Off Regression Discontinuity Study Design

Date:
2020-11-01

Citation:
Song, D., Hurley, J. C. & Lia, M. (2020). Estimated Treatment Effects of Tight Glycaemic
Targets in Mild Gestational Diabetes Mellitus: A Multiple Cut-Off Regression Discontinuity
Study Design. INTERNATIONAL JOURNAL OF ENVIRONMENTAL RESEARCH AND PUBLIC
HEALTH, 17 (21), https://doi.org/10.3390/ijerph17217725.

Persistent Link:
http://hdl.handle.net/11343/252639

License:
CC BY

http://hdl.handle.net/11343/252639
CC%20BY

	Introduction 
	Methods 
	Study Population and Sampling Design 
	Interventions 
	Treatment Targets 
	GDM Classification and Composite Score 
	Study Design 
	Statistical Methods 

	Results 
	Counterfactual Group 
	The Management of GDM Patients 
	Maternal Outcomes 
	Neonatal Outcomes 
	Subgroup Analysis 
	Linear Regression 

	Discussion 
	Study Design 
	Population Characteristics 
	Medication Usage 
	Clinical Outcomes 
	Limitations and Strengths 

	Conclusions 
	References

