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RESEARCH ARTICLE

Do maternal haemodynamics have a causal influence on treatment for 
gestational diabetes?

Abigail R. Annessa, Michael Fosterb, Mohammed W. Osmana, David Webbc, Thompson Robinsond, Asma Khalile, 
Neil Walkinshawb and Hatem A. Mousaa 

aMaternal and Fetal Medicine Unit, University Hospitals of Leicester NHS Trust, Leicester, UK; bDepartment of Computer Science, University 
of Sheffield, Sheffield, UK; cDiabetes Research Centre, College of Life Sciences, University of Leicester, Leicester, UK; dCollege of Life 
Sciences, University of Leicester, Leicester, UK; e Fetal Medicine Unit, St. George’s University Hospital (University of London), UK 

ABSTRACT 
Background: Arterial stiffening is believed to contribute to the worsening of insulin resistance, and fac-
tors which are associated with needing pharmacological treatment of gestational diabetes (GDM), such 
as maternal obesity or advanced age, are associated with impaired cardiovascular adaptation to preg-
nancy. In this observational study, we aimed to investigate causal relationships between maternal 
haemodynamics and treatment requirement amongst women with GDM.
Methods: We assessed maternal haemodynamics in women with GDM, comparing those who 
remained on dietary treatment with those who required pharmacological management. Maternal 
haemodynamics were assessed using the ArteriographVR (TensioMed Ltd, Budapest, Hungary) and the 
NICOMVR non-invasive bio-reactance method (Cheetah Medical, Portland, Oregon, USA). A graphical 
causal inference technique was used for statistical analysis.
Results: 120 women with GDM were included in the analysis. Maternal booking BMI was identified as 
having a causative influence on treatment requirement, with each unit increase in BMI increasing the 
odds of needing metformin and/or insulin therapy by 12% [OR 1.12 (1.02 − 1.22)]. The raw values of 
maternal heart rate (87.6 ± 11.7 vs. 92.9 ± 11.90 bpm, p¼ 0.014) and PWV (7.8 ± 1.04 vs. 8.4 ± 1.61 m/s, 
p¼ 0.029) were both significantly higher amongst the women requiring pharmacological management, 
though these relationships did not remain significant in causal logistic regression.
Conclusions: Maternal BMI at booking has a causal, rather than simply associational, relationship on 
the need for pharmacological treatment of GDM. No significant causal relationships were found 
between maternal haemodynamics and the need for pharmacological treatment.

PLAIN LANGUAGE SUMMARY
This observational study is the first to examine relationships between maternal haemodynamics and 
treatment requirement for gestational diabetes (GDM). This is also the first study to demonstrate a 
causative, rather than simply associational, relationship between maternal body mass index (BMI) and 
the need for pharmacological treatment of GDM, with each unit increase in BMI increasing the odds of 
needing metformin and/or insulin therapy by 12%. Maternal heart rate and pulse wave velocity were 
significantly higher among women with GDM requiring pharmacological management, but this finding 
did not remain significant in logistic regression analysis, and no causative relationships between mater-
nal hemodynamics and treatment requirement were identified. Our findings highlight the importance 
of pre- and peri-conception weight control, but do not support a role for measurement of maternal 
hemodynamics in the prediction of women who are likely to require pharmacological management 
of GDM.
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Introduction

Gestational Diabetes Mellitus (GDM) is one of the most com-
mon medical disorders encountered in pregnancy. The inci-
dence is also rising rapidly, driven largely by the increase in 
maternal obesity (Petry et al. 2019). Various factors have 
been implicated with needing pharmacological therapy for 

treatment of GDM in addition to dietary intervention, includ-
ing a history of GDM, higher fasting and post-prandial diag-
nostic glucose levels, Black and Asian ethnicity, increased 
body mass index (BMI), and increased maternal age 
(Eleftheriades et al. 2021; Martine-Edith et al. 2021; Pertot 
et al. 2011; Sapienza et al. 2010; Wang et al. 2021).
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During normal pregnancy the maternal cardiovascular sys-
tem undergoes significant changes, characterised by an 
increase in cardiac output (CO) and decrease in total periph-
eral resistance (TPR) and central arterial stiffness (AS) (Anness 
et al. 2022; Meah et al. 2016). Several studies investigating 
the cardiovascular changes in pregnancies complicated by 
GDM have demonstrated cardiovascular maladaptation. Mean 
arterial pressure (MAP) and brachial (BrAIx) and aortic (AoAIx) 
augmentation index are higher amongst women who tested 
positively for GDM compared to women whose screen was 
negative (Osman et al. 2018) and other studies have reported 
reduced CO (Meccaci et al. 2022), increased MAP (Anzoategui 
et al. 2022) and increased AS (Kintiraki et al. 2018; Savvidou 
et al. 2010) amongst women with GDM compared to uncom-
plicated pregnancies, although these conclusions have not 
been unanimous (Mansukhani et al. 2022).

Factors associated with needing pharmacological manage-
ment of GDM are associated with impaired cardiovascular 
adaptation to pregnancy: increasing maternal age is associ-
ated with decreased CO and increased TPR and AS, and 
increasing BMI is associated with increased CO, TPR and AS 
(Anness et al. 2022; Guy et al. 2017; Ling et al. 2021; Perry 
et al. 2019). In addition, the relationship between insulin 
resistance and vascular dysfunction is thought to be recipro-
cal, with endothelial damage and arterial stiffening caused by 
higher levels of nitric oxide and endothelin-1 contributing to 
a worsening insulin resistance, and vice versa (Kim et al. 
2006). Given these associational and biological links, it is pos-
sible that maternal haemodynamics may be associated with 
needing pharmacological management of GDM, however 
there are currently no studies which have investigated this 
hypothesis.

Most studies investigating haemodynamics amongst 
women with GDM have presented women with GDM on all 
treatments as a single study group. Mansukhani et al. (2022) 
compared women with GDM on dietary management with 
those on metformin or insulin therapy reported a higher 
pulse wave velocity (PWV) in those treated pharmacologically, 
but only examined women at a single time point in the third 
trimester and did not examine the women prior to initiation 
of pharmacological treatment. The study therefore only 
described the women on different treatments and was not 
able to comment on whether the need for pharmacological 
treatment arose from the altered haemodynamics seen in 
these groups.

In addition, the designs and statistical methods employed 
by studies identifying maternal characteristics associated with 
needing pharmacological management of GDM, have used 
conventional regression analysis, which will identify confound-
ing variables by testing for statistically significant relationships 
between them. This methodology may therefore misinterpret 
the relationship between variables by failing to identify all 
confounders or including bias - an incorrect interpretation of 
a relationship. Consequently, conventional regression analysis 
can only conclude associational, rather than causal, relation-
ships. Causal Inference (Pearl 2009) is a statistical technique 
which utilises domain expertise, often in the form of directed 
acyclic graphs (DAGs), to draw causal rather than associational 
conclusions. This method is increasingly being used to handle 

observational data (Tennant et al. 2021) to identify casual, 
rather than just associational, conclusions.

The aim of this study was therefore to investigate if any 
causal relationships exist between maternal characteristics, 
including hemodynamics, and the need for pharmacological 
management of GDM. The null hypothesis was that there 
would be no causal relationships between the variables and 
treatment requirement.

Methods

We conducted a study of maternal haemodynamics in 
women with GDM commenced on dietary management, and 
compared women who remained on dietary intervention 
only with those who went on to require pharmacological 
management. Ethical approval was obtained from the East 
Midlands Research Ethics Committee (15/EM/0469, IRAS 
182250) and the University Hospitals of Leicester (UHL) 
Research and Innovation Department prior to commence-
ment. The study was conducted in accordance with the prin-
ciples of Good Clinical Practice, and the Declaration of 
Helsinki (World Medical Association 2013). All women pro-
vided written consent to take part. The Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) 
statement according to the Enhancing the Quality and 
Transparency of Health Research (EQUATOR) guidelines 
(Von Elm et al. 2007) were used in the production of the 
manuscript.

2.1. Study population

Participants for this study were identified as an opportunistic 
sample from women recruited to a larger study of longitu-
dinal maternal haemodynamics conducted at UHL NHS Trust 
in the United Kingdom. The current study presents results 
not considered in our previous report of this project [Anness 
et al. 2023]. The previous report includes a full description of 
the eligibility criteria for inclusion. In short, women with 
GDM were eligible for inclusion if they had a viable singleton 
pregnancy without known foetal aneuploidy or anomaly. In 
contrast to the inclusion criteria for the previous study, where 
women were required to undergo serial assessments of their 
haemodynamics, women were eligible for inclusion in the 
current study if they underwent at least one assessment of 
their haemodynamics, whilst on dietary management for 
GDM, between 20þ0 and 33þ6 weeks gestation. All partici-
pants were followed up until delivery to establish whether 
they remained on dietary intervention throughout the preg-
nancy, or if they required additional pharmacological man-
agement, as well as their pregnancy outcomes.

The screening protocol for GDM at the UHL is adapted 
from UK national guidance (National Institute for Health and 
Care Excellence, 2015) and is presented in Table S1. GDM 
was defined as a fasting glucose of �5.6 mmol/L, and/or a 
serum glucose level of �7.8 mmol/L 2 hours after a 75 g oral 
glucose load. Women were started on a dietary intervention 
plan within 2 weeks of diagnosis. Adequate glucose control 
was defined as a fasting glucose of <5.3 mmol/L and 1 hour 
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post prandial glucose levels of <7.8 mmol/L (National 
Institute for Health and Care Excellence, 2015). Women in 
whom 3 consecutive blood glucose readings (either all within 
one day, or across three days at the same testing time) 
remained above these targets after completing 2 weeks of 
dietary management, or who did not maintain their blood 
glucose levels within these limits, were commenced on met-
formin or insulin therapy, at the discretion of the consulting 
physician.

2.2. Study measurements

We collected demographic data including maternal age, eth-
nicity, height, parity, and BMI at booking, as well as fasting 
and post prandial glucose levels at diagnosis of GDM. 
Gestational age at diagnosis and at haemodynamic assess-
ment was calculated based on the dating scan performed 
between 11þ0 and 13þ6 weeks gestation.

Maternal measurements of heart rate (HR), stroke volume 
(SV), CO, MAP, TPR, AoAIx, BrAIx, and pulse wave velocity 
(PWV) were assessed using the ArteriographVR (TensioMed 
Ltd, Budapest, Hungary) and a non-invasive bioreactance 
method (NICOMVR , Cheetah Medical, Portland, Oregon, USA), 
using methodology described in previous descriptions of the 
study (Anness et al. 2023).

2.3. Statistical and Causal analysis

Baseline data and unadjusted values for each of the haemo-
dynamic variables were first compared using parametric and 
non-parametric tests performed using Stata (Version 15.0, 
StataCorp LLC, College Station, TX, USA). Results were consid-
ered statistically significant if p< 0.05.

Causal analysis was then performed using a graphical 
causal inference approach. Conventional logistic regression 
utilises an adjustment set identified through mathematically 
significant relationships between the variables. It is therefore 
unable to conclude causality as this process is subject to 
Type I and Type II errors, and it does not account for system-
atic biases. These occur when confounding variables are not 
identified, causing an overestimation of the relevance of the 
relationship between the variables of interest, and when a 
variable is falsely identified as a confounder, which may 
cause an underestimate of the relationship.

The graphical causal inference method aims to eliminate 
this potential for misinterpretation of the relationship 
between two variables, by using DAGs to visually represent 
the relationships between the considered variables (nodes) 
and the direction of known relationships between them 
(edges). Parent nodes are those at the start of an arrow, and 
child nodes are those are the end. Rather than identifying 
the adjustment set for use in logistic regression analysis 
mathematically, this method of casual analysis identifies the 
adjustment set from the graphical model.

Directed paths, in which all arrows point in the same 
direction, represent potential causal pathways. Open, or 
backdoor, pathways in which two or more child nodes share 
the same parent node represent relationships that are 

non-casual, where the two child nodes are associated with each 
other, and the effect mediated by the parent node. The variable 
identified as the parent node is a confounder which need to be 
controlled for in the logistic regression analysis. Closed, or 
blocked, pathways in which two or more parent nodes have 
the same child node, also represent a non-causal relationship, 
but there is no association between the two parent nodes via 
the child node. Controlling for the child nodes would introduce 
bias and create a false interpretation of the relationship, and so 
they should be excluded from the adjustment set.

In this way, the adjustment set selected from a DAG for 
the regression analysis mitigates all sources of confounding 
and bias by identifying necessary confounders and omitting 
unnecessary ones, allowing the analysis to identify relation-
ships which are causal in nature. We used the R package 
Dagitty (Textor et al. 2016) to electronically select a suitable 
adjustment set for each relationship of interest from our cas-
ual DAG. Due to the difficulty in adjusting a small data set 
for categorical variables, we converted ethnicity into a binary 
value defined as White or Non-White ethnicity. We also used 
the smallest adjustment identified by Daggity for each vari-
able. We then used logistic regression models (Sharma & 
DoWhy 2020) to investigate the relationship between each 
maternal characteristic or haemodynamic measurement and 
the need for pharmacological management of GDM. Women 
with missing data for a particular variable were excluded 
from the logistic regression analysis involving that particular 
variable. To quantify the size of the effect of the variable 
on the need to initiate pharmacological treatment, we 
converted the logistic regression coefficients into an odds 
ratio using the following equation: Odds Ratio¼ elogistic regres-

sion coefficient. Logistic regression coefficients and odds ratios 
were considered statistically significant if the 95% confidence 
interval did not include zero, or 1.0, respectively.

Results

The recruitment and inclusion processes are shown in 
Figure 1. A total of 120 women with GDM were included in 
the analysis. Data regarding BrAIx, AoAIx, and PWV were 
missing for 4 women, and regarding CO and TPR for 7 
women. After assessment, 62 women remained on dietary 
intervention alone, and 58 required pharmacological manage-
ment. Of these 58 women, 44 were treated with metformin 
alone, 2 with insulin alone, and 12 with metformin and insu-
lin in combination.

3.1. Baseline characteristics and pregnancy outcomes of 
the study groups

Baseline characteristics of the women in each group are 
described in Table 1. Compared to women who remained on 
dietary intervention alone, those who required pharmaco-
logical management were significantly heavier (p¼ 0.004) 
and had higher BMI at booking (p¼ 0.003), but there was no 
significant difference in maternal age, height, parity, or ethni-
city between the two groups. Fasting oral glucose tolerance 
test (OGTT) results were significantly higher in women who 
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went on to require pharmacological management (p< 0.001) 
but there was no significant difference in 2-hour OGTT glu-
cose levels or in gestation at diagnosis. None of the women 
had chronic hypertension and there was no difference in the 
rates of gestational hypertensive disorders between the two 
groups.

3.2. Haemodynamic measurements

Unadjusted mean haemodynamic variables for each group 
are described in Table 1. On comparison of the raw values, 
mean maternal heart rate (87.6 ± 11.7 vs. 92.9 ± 11.90 bpm, 
p¼ 0.014) and aortic PWV (7.8 ± 1.04 vs. 8.4 ± 1.61 m/s, 
p¼ 0.029) were significantly higher amongst women who 

Figure 1. Flow chart demonstrating inclusion and exclusion of recruited participants.

Table 1. Baseline demographic details, maternal haemodynamics, and pregnancy outcomes of the study groups. Data presented as mean þ standard deviation 
or n (percentage).

Dietary management (n¼ 62) Pharmacological treatment (n¼ 58) p Value

Maternal age (years) 31 ± 5.3 32 ± 5.2 0.627
Maternal height (cm) 161 ± 5.0 162 ± 7.6 0.511
Maternal weight at booking (kg) 70 ± 16.5 80 ± 21.0 0.004
Maternal body mass index at booking (kg/m2) 27 ± 5.8 30 ± 6.7 0.003
Parity (n) 0.718

Nulliparous 26 (41.9) 25 (43.1)
Multiparous 36 (58.1) 33 (56.9)

Maternal ethnicity (n) 0.706
White British/ European 31 (50.0) 27 (46.6)
Non White 31 (50.0) 31 (53.4)

African/ Afro-Caribbean 2 (3.2) 11 (19.0)
South Asian 21 (33.9) 14 (24.1)
Other 8 (12.9) 6 (10.3)

Diagnostic Factors
Gestational age at diagnosis (days) 180 ± 27.2 185 ± 26.8 0.396
OGTT Fasting glucose (mmol/L) 4.5 ± 0.83 5.0 ± 0.83 <0.001
OGTT 2 hour glucose (mmol/L) 8.3 ± 1.05 8.5 ± 1.47 0.070

Maternal haemodynamic assessment
Gestational age at assessment (days) 206 ± 16.9 201 ± 22.2 0.225
Diet treatment duration prior to assessment (days) 22.5 ± 13.6 19 ± 14.4 0.165
Interval from assessment to initiation of pharmacological treatment n/a 17.7 ± 15.69 n/a
Cardiac Output (L/min) 7.1 ± 1.48 7.4 ± 1.28 0.215
Stroke Volume (mls) 79.5 ± 17.2 79.5 ± 13.84 0.989
Heart Rate (bpm) 87.6 ± 11.70 92.9 ± 11.90 0.014
Total Peripheral Resistance (dynes x s/cm2) 1048.6 ± 265.93 1004.9 ± 159.28 0.302
Mean arterial blood pressure (mmHg) 80.5 ± 10.20 82.3 ± 11.97 0.378
Brachial Augmentation Index (%) −58.7 ± 15.42 −56.2 ± 16.82 0.405
Aortic Augmentation Index (%) 7.6 ± 7.82 9.2 ± 8.55 0.310
Aortic Pulse Wave Velocity (m/s) 7.8 ± 1.04 8.4 ± 1.61 0.029

Pregnancy Outcomes
Gestation at delivery 273.1 ± 8.90 271.7 ± 5.26 0.310
Birth weight (g) 3203 ± 460.1 3432 ± 488.4 0.009
Birth weight centile 42 ± 30.5 60 ± 29.8 0.001
Birth weight category (n) 0.045

Small for gestational age 12 (19.4) 5 (8.6)
Large for gestational age 4 (6.5) 11 (19.0)

Hypertensive Disorder of Pregnancy (n) 4 (6.5) 1 (1.7) 0.195
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required pharmacological management compared to those 
managed on dietary intervention alone but there was no sig-
nificant difference between the two groups in maternal CO, 
SV, TPR, MAP, BrAIx or AoAIx.

3.3. Causal inference analysis

The table of evidence used to construct the DAG is shown in 
Table S1. The DAG, showing the variables (nodes) of interest 
and the relationships between them (edges), is shown in 
Figure 2. Variables included in the DAG were maternal age, 
height, weight, and BMI at booking; parity; ethnicity; history 
of GDM; gestational age at diagnosis and at haemodynamics 
assessment; fasting and 2 hour OGTT result; and haemo-
dynamic measures, including: CO, HR, TPR, MAP, Brachial 
Augmentation Index (BrAIx), Aortic augmentation index 
(AoAIx) and Pulse Wave Velocity (PWV). The adjustment set 
identified by the Daggity program for each variable is pro-
vided in the Supplementary Material.

Regression coefficients for the effect of each haemo-
dynamic variable on the need for pharmacological manage-
ment are shown in Table 2. Amongst the demographic 
variables, maternal BMI at booking significantly influenced 
the need for pharmacological treatment of GDM, although 
interestingly, the effect was significant only amongst the 
women of non-White ethnicity. The size of the effect was 
relatively small, with each unit increase in BMI increasing the 
odds of needing metformin and/or insulin therapy by 20% 
[OR 1.20 (1.03 − 1.39)]. There was no significant causal rela-
tionship between fasting glucose, 2-hour OGTT result or any 
of the haemodynamic variables and requirement of pharma-
cological treatment (Table 2).

Secondary regression analysis using a smaller DAG, demon-
strated in Figure S2, was carried out to explore how a different 
causal structure with a smaller variable set would affect the 
results. The adjustment set identified by the Daggity program 

for each variable on this DAG is also provided in the 
Supplementary Material. Results of this secondary analysis are 
demonstrated in Table 3. The causal influence of maternal BMI 
on the need for pharmacological treatment remained signifi-
cant, with each unit increase in BMI increasing the odds of 
needing metformin and/or insulin therapy by 12% [OR 1.12 
(1.02 − 1.22)]. This secondary analysis did not alter the findings 
for the maternal haemodynamic variables, as none of the rela-
tionships between the haemodynamic measurements and the 
need to initiate pharmacological management reached statis-
tical significance.

Discussion

4.1. Summary of main findings

This observational study of maternal characteristics amongst 
women with GDM who required dietary management alone 
compared to those requiring pharmacological management 
is the first to apply a causal inference approach to this topic. 
We have identified that maternal booking BMI has a causal, 
rather than merely associational, relationship on the need for 
pharmacological treatment. To our knowledge this is also the 
first study to investigate the relationship between maternal 
haemodynamics and treatment requirement for GDM. 
Despite both maternal HR and PWV both being significantly 
higher amongst women requiring pharmacological treatment, 
the relationships did not remain significant in a causal logis-
tic regression analysis.

4.2. Interpretation of main findings and comparison 
with the literature

Our findings agree with several previous studies which have 
identified increasing maternal BMI as an independent risk fac-
tor for needing supplemental insulin in addition to dietary 

Figure 2. Causal directed acyclic graph (DAG). A directed acyclic graph (DAG) representing the causal relationships amongst demographics, haemodynamic varia-
bles, need for pharmacological treatment of GDM. Boxes represent variables of interest (nodes) and arrows (edges) represent the direction of known relationships 
between these variables. The dotted lines represent relationships we wanted to investigate.
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management of GDM (Eleftheriades et al. 2021; Martine-Edith 
et al. 2021; Pertot et al. 2011; Sapienza et al. 2010; Wang 
et al. 2021). Our study, however, is the first to employ a 
causal analysis, meaning that the significant association iden-
tified can be interpreted as a causative and not just an asso-
ciative relationship. Since obesity is associated with insulin 
resistance through increased fatty acid release and altered 
adipokine secretion (Westphal 2008), this causal relationship 
is not unexpected.

The results of the regression analysis derived from the 
larger DAG (Figure S1) found that the causal influence of BMI 
on the need for pharmacological treatment of GDM was lim-
ited to women of non-White ethnicity only, which was unex-
pected. Maternal BMI has a differential effect on the 
prevalence of GDM, with GDM occurring at lower BMIs in 
women of East and South Asian ethnicity compared to other 
ethnicities (Read et al. 2021) and so it is possible that BMI 
might also have a contrasting effect on the treatment 
requirements according to ethnicity. Larger studies will be 
able to assess our findings.

Previous investigators (Eleftheriades et al. 2021; Martine- 
Edith et al. 2021; Pertot et al. 2011; Wang et al. 2021) have 
also identified higher fasting and 2-hour OGTT results as 
independent risk factors for requiring pharmacological 

management of GDM. Although fasting OGTT levels were 
higher amongst the women in our cohort who required 
pharmacological treatment, logistic analysis within our statis-
tical model did not identify a causal relationship.

Mansukhani et al. (2022) reported higher PWV in women 
requiring insulin treatment, compared to diet alone, at 35– 
37 weeks of gestation. Similarly, when we compared the raw 
values of aortic PWV between the two groups, mean PWV was 
significantly higher amongst the women who went on to 
require pharmacological treatment, compared to those who 
remained on dietary management. However, when the raw val-
ues were entered into the logistic regression analysis, using the 
adjustment sets identified by the Daggity package, the differ-
ence was no longer significant. Our hypothesis that maternal 
haemodynamics may influence the need for pharmacological 
management of GDM was therefore not supported.

4.3. Strengths and limitations

Previous studies (Eleftheriades et al. 2021; Martine-Edith et al. 
2021; Pertot et al. 2011; Sapienza et al. 2010; Wang et al. 
2021) which have investigated factors associated with the 
need for pharmacological treatment amongst women with 
GDM have been able to conclude only association, and not 

Table 2. Effect of maternal characteristics, diagnostic factors, and haemodynamic variables on need for pharmacological management. Logistic regression coeffi-
cients were converted into the odds ratio using the following equation: (Odds Ratio¼ elogistic regression coefficient) to quantify the effect size.

Variable Effect Logistic Regression Effect Coefficient (95% CI) Odds Ratio (95%CI)

Mean Arterial Pressure (White) Total 0.010 (−0.036−0.056) 1.01 (0.965−1.058)
Mean Arterial Pressure (Non-white) Total −0.026 (−0.077−0.024) 0.97 (0.926−1.024)
Mean Arterial Pressure (White) Direct 0.034 (−0.066−0.133) 1.03 (0.936−1.142)
Mean Arterial Pressure (Non-white) Direct −0.005 (−0.077−0.066) 1.00 (0.926−1.068)
History of GDM Total 0 (−1.240−1.240) 1.00 (0.289−3.455)
Total Peripheral Resistance Total −0.001 (−0.005−0.002) 1.00 (0.995−1.002)
Cardiac Output Total −0.166 (−0.936−0.604) 0.85 (0.392−1.829)
Cardiac Output Direct −0.445 (−1.350−0.460) 0.64 (0.259−1.584)
Aortic Augmentation Index Total 0.036 (−0.016−0.088) 1.04 (0.984−1.092)
Brachial Augmentation Index Total 0.021 (−0.006−0.047) 1.02 (0.994−1.048)
Aortic Pulse Wave Velocity Total 0.183 (−0.189−0.555) 1.20 (0.828−1.742)
OGTT: Fasting Blood Glucose Total 3.652 (−143.456−150.760) 38.54 (5.062� 10−63 − 2.934� 1065

OGTT: 2 hr Blood Glucose Total −8.823 (−46.371−28.724) 0.0001 (7.302� 10−21 − 2.974� 1012)
Gestation at diagnosis Total −0.001 (−0.003−0.001) 1.00 (0.997−1.001)
Maternal Booking BMI Total 0.053 (−0.120−0.227) 1.05 (0.887−1.255)
Maternal Booking BMI (White) Direct 0.091 (−0.448−0.258) 1.10 (0.639−1.294)
Maternal Booking BMI (Non-white) Direct 0.181 (0.032−0.330) 1.20 (1.033−1.391)

GDM: gestational diabetes; OGTT: oral glucose tolerance test; BMI: body mass index.

Table 3. Effect of maternal characteristics, diagnostic factors, and haemodynamic variables on need for pharmacological management (based on secondary analysis 
DAG shown in Figure S1) Logistic regression coefficients were converted into the odds ratio using the following equation: (Odds Ratio¼ elogistic regression coefficient) 
to quantify the effect size.

Variable Effect Logistic Regression Effect Coefficient (95% CI) Odds Ratio (95% CI)

Mean Arterial Pressure (White) Total 0.010 (−0.036−0.056) 1.01 (0.965−1.058)
Mean Arterial Pressure (Non-white) Total −0.026 (−0.077−0.024) 0.97 (0.926−1.024)
Mean Arterial Pressure (White) Direct 0.031 (−0.068−0.129) 1.03 (0.934−1.138)
Mean Arterial Pressure (Non-white) Direct −0.006 (−0.076−0.065) 0.99 (0.927−1.067)
Total Peripheral Resistance Total −0.002 (−0.005−0.001) 1.00 (0.995−1.001)
Cardiac Output Total −0.183 (−0.577−0.211) 0.83 (0.562−1.235)
Cardiac Output Direct −0.420 (−0.944−0.105) 0.66 (0.389−1.111)
Aortic Augmentation Index Total 0.036 (−0.016−0.088) 1.04 (0.984−1.092)
Brachial Augmentation Index Total 0.021 (−0.006−0.047) 1.02 (0.994−1.048)
Aortic Pulse Wave Velocity Total 0.183 (−0.189−0.555) 1.20 (0.828−1.742)
OGTT: Fasting Blood Glucose Total 3.652 (−143.456−150.760) 38.54 (5.062� 10−63−2.934� 1065

OGTT: 2 hr Blood Glucose Total −8.823 (−46.371−28.724) 0.0001 (7.302� 10−21 − 2.974� 1012)
Maternal Booking BMI Total 0.053 (−0.120−0.227) 1.05 (0.887−1.255)
Maternal Booking BMI Direct 0.111 (0.019−0.202) 1.12 (1.019−1.224)

OGTT: oral glucose tolerance test; BMI: body mass index.
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causation. A strength of this study is that we have employed 
a causal inference analysis, meaning that significant relation-
ships can be interpreted not just as associative, but as causa-
tive. By using BMI as a continuous variable, we have also 
been able to quantify the increase in treatment requirement 
caused by each unit increase in maternal BMI.

However, a limitation of this study is that since this was a 
sample of convenience, we had small participant numbers in 
each group and we were therefore unable to perform a sub- 
group analysis to investigate if requiring metformin alone 
versus requiring combination metformin with insulin therapy 
made any difference to the results. We also assessed women 
after initiation of dietary management, and so further work 
in this area may wish to assess women at diagnosis, prior to 
the initiation of any intervention.

4.4. Clinical and research implications

Our findings of a causative relationship between maternal 
BMI and requiring pharmacological management of GDM 
highlight the importance of pre- and peri-conception weight 
control. Meta-analyses have shown that physical activity 
interventions reduce the risk of developing GDM (Russo et al. 
2015) and improve blood glucose levels in women with 
established GDM (Li et al. 2022), although neither study has 
commented on whether these outcomes were associated 
with reduced gestational weight gain. We are not aware of 
any interventions which have reported on gestational out-
comes following pre-pregnancy lifestyle interventions, but 
the results of the forthcoming INTER-ACT study (Bogaerts 
et al. 2017) may be able to shed light on this.

Whilst the benefits of earlier, rather than delayed, achieve-
ment of good glycaemic control in the management of GDM 
have not been investigated, earlier screening and initiation of 
treatment for GDM has been associated with an improved 
primary composite outcome of emergency caesarean section, 
neonatal hypoglycaemia and macrosomia (Ryan et al. 2018). 
Enabling earlier identification of women with GDM likely to 
fail to achieve euglycaemia with dietary intervention alone 
may allow earlier initiation of pharmacological treatment and 
therefore improve maternal and foetal outcomes. Our results 
do not currently suggest a role for maternal haemodynamics 
in the prediction of women who are likely to require pharma-
cological management of GDM.

4.5. Conclusion

In this study, we have identified a causal relationship 
between maternal BMI at booking and the need for pharma-
cological treatment of GDM. No significant causal relation-
ships were found between maternal haemodynamics and the 
need for pharmacological treatment.
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