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Abstract

Title: Maternal obesity in Gestational Diabetes Mellitus: Investigating its potential use
in identifying women at risk.

Author: Alexandra Cremona

The primary aims of this thesis were to 1) identify the modality of exercise which is
most effective for improving glycaemic control in women at risk and diagnosed with
gestational diabetes mellitus (GDM); 2) to determine the influence of maternal obesity
anddegree of glucose intolerance on neonatal hypoglycaemia aneneight over

the 90th percentile; 3) to design a reliable 4morasive and notime-consuming
technique of measuring abdominal visceral and subcutaneous tissue in early pregnancy;
4) investigte the use of parameters of body composition as an early detector or risk
stratification tool for GDM.

A systematic literature review was undertaken to identify modality of exercise in the
blood glucose control of women with or at risk of GDM. Initial#8 journal articles

were considered, with 12 included in the final synthesis. Interventions in women at risk
of GDM were overall more successful in improving blagdcose parameters, these
lasted a duration of 124 weeks.

As part of a retrospective styin a GDM cohort, data pertaining to pregnancy risk,
biochemistry results from 75gral glucose tolerance test (OGTT), as well as other
maternal and neonatal pregnancy outcomes were abstracted from patient medical
records retrospectivelyn€303). Maternh obesity, but not degree of glucose
intolerance increased occurrence of neonatal hypoglycaemia. Multiparous women had
greater risk of neonates born large for gestational age.

In a prospective observational trial, anthropometric measures includpmnB8
skinfold measurements and abdominal subcutaneous and visceral fat medsured
ultrasound were collectech£234). As part of this, repeated measures of abdominal
adipose tissue and its constituent components were measvdtasound to develop

and define reliability and reproducibility of a technique to be utilized in practic8().

The results from this prospective study, found that parameters of maternal body
composition early in pregnancy, in particular abdominal visceral adiposity could be
used as tool to stratify women at risk of developing GDM. This can be used to identify
women at risk of GDM early in pregnancy to apply targeted preventative lifestyle
interventions. The findings from this thesis can inform future studies in the
development deatop of an accurate prediction model for GDM in early gestation
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Chapter 1- Introduction



1.1 Background

Gestational diabetes mellitus (GDM) is hyperglycaemia with its first onset (or
detection) during gestation without prior diabetes diagnosis and normally resolves
postpartum, as defined by the World Health Organisgidiverti and Zimmet 1998)

It is deteted through riskbased selection for diagnostic testing at week 30 gestation in
pregnancy. Diagnosis involves ingestion of 75¢g of glucose by the pregnant women, and
blood glucose samples taken in the fasted state, followed by one and two hours post
ingeston. Where the response of the blood plasma glucose levels angtlouhe

normal range, then GDM is considered established and treatment begins for this patient.

Medical therapy from diagnosis consists of nutritional therapy and pharmacological
interventon to obtain and maintain glycaemic control. Treatment has been shown to
have positive results in the management of this condition, evidences by the attenuation

of complicationgTieu et al.2014) The importance of prenatal glycaemic control and
weight management engaging in exercise and nutrition manipulation is recognised in
practice too. The 6Royal College of Obste
as the 6American Coll ege of Obstetrician
the participéion of pregnant women in aerobic and strengthditioning (resistance)
exercise, with the goal of maintaining a good fitness level, as part of a healthy lifestyle
duringpregnancy (ACOG 2015, RCOG 20Q1Bespite multiple interventions over the

last decde, the most effective form of lifestyle management of dietary and physical
activity behaviours for the prevention of GDM remains undetern{iBah et al.2015,
Shepherdet al. 2017, Griffithet al.2019)

The cause of GDM is still not known, however gatétection is important in order to
manage the condition and reduce the risks associated with excursions of blood glucose
levels. It is known that lifestyle factors have a large influence on the likelihood of a
person to develop GDM during their pregnandy fact, women who are nen
Caucasian, have a family history of diabetes, advancing age, and obesity all have a

higher risk of developing this disorder.

Maternal obesity has been linked to increased morbidity and mortality in pregnancy
placing both the mother and infant at risk in the short and long(téeatergren 2004,
Doddet al.2011) Large population studies examining pregnancy outcomes, based on
theWorld Health Organisation BMI sutlassifications (WHO, 2013) of obesity, found

a direct relationship with increasing risk of adverse outcomes. These included GDM,
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hypertensive disorders, caesarean section, macrosomia, admission to neonatal intensive
careunit and neonatal hypoglycaentf@atalano and Haugu€le Mouzon 2011, Dodd

et al. 2011, Catalanet al. 2012, ScotPillai et al. 2013) In addition, women in the
highest obesity group are at risk of additional adverse outcomes, including stillbirth, a
longer postnatal hospital stay, and wound problems following caesarean delivery
(Wloch et al. 2012) Maternal obesity has also been linked to negative perinatal
outcomes in glucose tolerant, as well as glucose intolerant pregnancies. Thus,
establishing it aan independent risk fact@Catalancet al.2012, Wahabet al.2014)

These studies are especially relevant as worldwide rates of obesity are increasing
(Galluset al.2015) with this trend exists amongst the pregnant populatio(Gaéfin

et al.2000). This rise in obesity is presenting with a concurrent increase in prevalence
of pregnancies complicated with gestational diabetes mellitus (GDM), with a reported
prevalence of 17.8% globally (Sacktsal. 20123), and 13.2% in Ireland (Alet al.
2013).These figures are of concern, as obesity and GDM are independently associated
with an increased risk of complications in both mother and foetus (MetzgkeR008,
Catalano 2010, Catalamt al.2012).

In addition, both obesity and GDM have been showintrease insulin resistance
(Catalano 2010). The glucose intolerance that develops in pregnancy resulting in GDM
is a combination of metabolic defewia a decreased tissue insulin sensitivity, together
with an inadequate insulin response (Buchanan Jiathg 2005). The Pederson
hypothesis (Pedersen 1952) suggests that this insulin resistance produces high maternal
blood glucose, which subsequently crosses the placenta, stimulating excess foetal
insulin production resulting in excess foetal growdbesiy and the accumulation of
adipose tissue associated with pregnancy is thought to contribute to the development
of GDM through various pathway8uchanan and Xiang 20Q3)uring pregnancy,

both adipose and muscle mass play an antagonistic role in insulin sengitotie

2006, Srikanthan and Karlamangla 2011, Xiahgl.2015) Body fat and muscle tissue

in the body play an important role in how well glucose is utilized in the body.
Subcutanews and visceral adipose and its distribution around the body may play a role
in the level of risk constituted. Despite BMI being criticised due to its inability to
provide information on components of body composition, it is used as a risk
stratification bol in pregnancy to identify women at risk of developing G[drahet

al. 2011, Farahet al. 2012, Mostet al. 2018) Quantifying these parameters may
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provide a more accurate risk factor than the currently used BMI, and therefore
potentially be an earlydentification tool for risk stratification of GDM early in

pregnancy.

In addition to body composition, engaging in exercise is also known to play a role in
insulin sensitivity. Exercisenproves insulin sensitivity and insulstimulated muscle
glucose upke, both of which improve glycaemic cont(Buchat and Mottola 2013)

It lowers blood glucose concentration via two distinct mechanisms: the contraction
mediated pathway, and the insuiimulated pathwayHawley and Lessard 2008)
The physiological mdwnisms involved in increasing insulin sensitivity include
increased number of insulsensitive glucose transporters (GLUJ), enhanced
response of GLUR to insulin and increased glycogen synthase activity, all within
skeletal muscle. These work in comdiion to lower capillary glucose concentrations.
The underlying mechanisms surrounding this are describatkpth elsewhere
(Golbidi and Laher 2013)

Modality, frequency, and duration of exercise are important components of exercise
prescription and neeid be defined in order to be of practical use to be prescribed in
pregnancies both dédat riskoé and those witt
is the major source for insulstimulated glucose uptake, any treatment targeted to
improve glucose ptake in this tissue will improve whel®ody insulin sensitivity.

The metabolic benefits of exercise, specifically during GDM pregnancy, are thought to
be due to changes affecting pathways which influence insulin sensitivity, adipokines
and reductioroxidation reactiongGolbidi and Laher 2013)Aerobic and resistance
exercise trigger various metabolic pathways to elicit metabolic benefits when
performed prior to pregnandBain et al. 2015)and as part of medical therapy for
glycaemic management in type Il diabetic pati¢hteomaset al.2006) Some research

has shown that the metabolic benefits and protective effects aredejosedent
(Warburtonet al. 2006)leading some studies to tuttmeir focus to energy expenditure
(Callawayet al. 2010, Kumareswaragt al.2013) However, studies investigating the
effects of differing modality of exercise on several metabolic markers and
compartmental changes in body composition show that the mietddsoiefits are
specific and diverse according to modalftpanezet al. 2005, Dreyeret al. 2006,
Rattarasarn 2006, Dreyet al.2010, Kuet al.2010)



Aerobic exercise may work best for increased uptake of glucose into the muscle and
reducing fat masgreduced adipokine and leptin production). However, resistance
exercise may be more effective at increasing lean muscle, and thus basal metabolic rate,
and therefore may have its place in the management of GDM pregnancies, in terms of
long-term maternal stcomes and their risk of developing type Il diabetes mellitus
(Kim et al. 2002) Previous studies have suggested that the maternal environment, in
particular reduction in maternal insulin sensitivity, contributes significantly to foetal
growth (Scholl et al. 2001) Regular aerobic exercise, through an effect on maternal
insulin sensitivity, may influence offspring size by regulating nutrient supply to the
foetus. Given the importance of exercise highlighted above, in this thesis, exercise is
considered tloughout this thesis. Initially, it is considered in the systematic review
(chapter 3), posing the question of which modality might be best for women with or at
risk of GDM, and later (chapter 6) as a potential confounder when exploring the
association of &ly pregnancy maternal body composition and development of GDM
and LGA.



1.2 Thesis aims

1.

2.

3.

4.

To determine which modality of exercise is best for controlling blood glucose
parameters in women at risk of GDM and diagnosed with GDM.

To understand the relationptbetween maternal obesity and degree of glucose
intolerance on occurrence of neonatal hypoglycaemia and birth weight within a
GDM cohort.

To design a reliable, neinvasive and noitime-consuming technique of
measuring abdominal visceral and subcutanéesge in pregnancy.

To investigate the use of parameters of body composition as an early detector

or risk stratification tool for GDM.

1.3 Thesis Objectives

1.

To conduct a systematic review on the different exercise modalities to
determine their effect oblood glucose parameters in women at risk of GDM
and diagnosed with GDM.

2. To determine the pregnancy risk and outcomes in a GDM cohort.

To examine the relationship between risk of neonatal hypoglycaemia between
women with obesity (BMIBOkg/n?) versus nonobese (BMI<30kg/rf)
women, in a GDM cohort.

To examine the relationship of maternal BMI to glucose intolerance (PGAUC
of OGTT) in a pregnant cohort with GDM.

To examine the relationship between maternal BMI, and maternal glucose
intolerance (PGAUC of QGTT), to neonatal percentile birth weight in a
pregnant cohort with GDM.

To test the intetester and intréester reliability of measuring abdominal
subcutaneous and visceral fat via ultrasound.

To describe the anthropometrics and activity levels of @egwomen at ~12

weeks gestation.

. To explore the association between measures of body composition in early

gestation, on maternal glucose intolerance level later in gestation and neonatal
weight at birth.
To determine a prediction model built with body qaosition parameters to be

used as an early risk identification tool for GDM.



1.4 Thesis structure

This thesis explores the use of body composition measurements as a risk stratification
tool in early pregnancy. Each chapter informs subsequent chapterseagibre the
direction of the thesis. A brief introduction to the topic was provided in this chapter. A
broad overview of the current literature is presented in Chapter 2; outlining the
pathophysiology underpinning GDM, diagnostic criteria, managemenhgekain

body composition, and methods as well as challenges of quantifying body composition
during pregnancy and early predictors of GDM. Chapter 3 contains a focused piece of
writing on the effect of exercise on blood glucose control in a pregnant populat
identified to be at risk and diagnosed with GDM. This was publisheté&sity Science

in Practice (Appendix Jand presented at thBIP2017 Diabetes in Pregnancy,
Barcelona Chapter 4 presents data from a retrospective cohort study on pregnancies
affected by GDM (=303). In this chapter, maternal obesity and degree of glucose
intolerance are examined in relation to their association with neonatal pregnancy
outcomes, namely the occurrence of neonatal hypoglycaemia and infants born large for
gestationakhge (LGA). This chapter has been published inBbepean Journal of
Paediatrics (Appendix K)Chapter 5 delves into the components of abdominal fat
(subcutaneous and visceral adipose) and their relationship to metabolic health, and tests
the intratester and intertester reliability of a specific methodology for the
measurement of abdominal adipose tissue in a pregnant cohort at 12 weeks gestation
(n=30). This technique was employed in chapter 6. These findings have been published
in BMC Medical ImagingAppendix L) Findings from both chapters 4 & 5 have been
presented aDIP2019 Diabetes in Pregnancy, Florenéghapter 6 presents data from

a large prospective observational study in pregnans235). This chapter explores

the relationship between measuref body composition and physical activity with
degree of glucose intolerance and adjusted birth percentile initially, and subsequently
using binary classifier of GDM diagnosis and infant born LGA. A further analysis with

a prediction model built with kivan risk factors and parameters of body composition

for the prediction of GDM is presented. This work will be presented aRffe
European Congress of Endocrinolo@yCE 2020). Finally, Chapter 7 concludes the
thesis with a summary of the research presgntackling study limitations, and

highlighting potential areas of future research.



Chapter 2- Literature review



2.1 Overview of pathophysiology of Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is hyperglycaemia with its firstetorfsr
detection) during gestation without prior diabetes diagnosis and normally resolves
postpartum, as defined by the World Health Organisgfdiverti and Zimmet 1998)

The placenta is the foetal organ which connects mother and foetus and serves as a
source of life for the unborn baby during its development by transporting maternal
nutrients for foetal growth, providing an immunological barrier and thermoregulation
for the foetus by dissipating energy resulting from foetal metabo(iditlen and
Desoye P10) The placenta also exerts its influence on the mother, by synthesizing
hormones and growth factors to facilitate maternal adaptation to pregnancy. The
position and role of this organ implies that it will influence and be influenced by
hormones, growthlactors and metabolites present in both circulatiiislen and
Desoye 2010)

Pregnancy induces decreased insulin sensitivity of tissues through diabetogenic effects
of placental hormonesmainly cortisol and progesteronthat interfere with post

insulin receptor signalling pathways. Howevduring normal pregnancy, research
demonstrates that there is an increase in insulin resistance which starts from mid
gestation and increases throughout the third trimétethanan and Xreg 2005) The
increase in insulin resistance is thought to be as a result of increased maternal adiposity
(adipokines), as well as the insulin-slensitizing effects of placental produdisese

being human placental lactogen, placental growth hormond@®id U (Buchanan

and Xiang 2005) T o c¢ o mp e n scelis spedalsed cdlldlocated inbthe
pancreasdisplay an element of plasticity by increasing the production of insulin to
counteract these effects resulting in small changes in circulatind blucose relating

to the large changes in insulin sensitiiBuchanan and Xiang 20Q9) pregnancies
affected by GDM, excess maternal adiposity contributes to more adipokine production
by adipocytes, as well as increased placental hormones comigibutncreased insulin
resistance, which is already present I n
cells will compensate for this up to a certain extent, at which point insulin resistance
out we i gdelscompénsation, resulting in increasdolod glucose in the mother.
The st r escellsovara torgeesial cduses them to exhibit a loss of function,

resulting in weight gain. The weight gain further exacerbates the now persistent insulin



resistance. If this vicious cycle is not brokémough pharmacological or lifestyle
interventiontoreducepeptar t um wei ght r e t-cellslibseasmmuche v e nt
function resulting in the development of type Il diabéischanan and Xiang 20Q5)

The process is illustrated kFigures 2.1 ad 2.2
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Figure 2.2 Diagrammaticrepresentation of euglycaemia throughout normal pregnancy and dysglycaemia resultant of
i nsuf f-celtdorapertsatidn during GDM pregnancy
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2.2 The diabetic intrauterine environment: Short andlong-term adverse

maternal and foetal outcomes in pregnancies complicated by GDM

Overt diabetes mellitus during pregnancy is associated with significantly increased
risks of adverse perinatal and maternal outcofBasonaVentura and Chircop 2003,
Metzgeret al.2008, Metzgeet al.2009, Hod 2011, Kessoes al.2013, Scifre®t al.

2015)

It i s thought that the excess glucose 1in
crosses the placenta entering the foetal circuld@atalano and Hauguéle Mouzm

2011) promoting thrifty gene integenerationally (Edwards 2017) The foetal
compartment is insulinotrophic and therefore produces insulin in response to the
presence of glucose in the blood. This hyperinsulinaemia in the foetal compartment
alters placetal development resulting in deranged gene expression and metabolism
(Hiden and Desoye 2010, Edwards 2017)

The expansive HAPO study performed in the US took place between July 2000 and
April 2006 in order to examine the adverse outcomes associated withf@Tboth
infant and mother. The International Association of Diabetes in Pregnancy Study

Groups (IADPSGwww.iadpsg.org is a working group analysing the results from this,

which is shedding light on clarifying cemt unanswered questions concerning

diagnosis and adverse effects of hyperglycaemia throughout pregnancy.

In one study looking at the adverse pregnancy outcomes relating to hyperglycaemia
during pregnancy, the four primary outcomes looked at were birthhivabove the

90" percentile for gestational age, primary caesarean delivery, clinical neonatal
hypoglycaemia, and cofolood serum &peptide level above the 9(ercentile (a
marker of foetal hyperinsulinemia). Secondary outcomes were premature delivery
(before 37 weeks of gestation), shoulder dystocia or birth injury, low APGégtes

at five minutes post birth with need for intensive neonatal care, hypebohimia,

and preeclampsi@Metzgeret al.2008)

L APGAR score is a score derived from a quick test performed by the doctor, midwife or health provide
at 1 and 5 minutes after birth. The 1 minute score determines how well the infant tolerated the birthing
process and the score taken at 5 minutes indicdtes well the infant is coping to conditions outside

the mothers womb. The categories scored are breathing effort, heart rate, muscle tone, reflexes and
skin colour Apgar, V. (1953) 'A proposal for a new method of evaluation of the newborn in@unt’,

Res Anesth Analdg32(4), 26607.)
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The HAPO study demonstrated a graded relationship between maternal glucose and
the primary outcomes of the study, including foetal insulin (as expressed by-cord C
peptide at birth) and macrosonfMetzgeret al. 2008) Later, the same HAPO Study
Cooperative Research Grouletzger et al. 2009) showed strong statistically
significant gradients across increasing levels of maternal glucose and cord serum C
peptide against measures of neonatal adiposity (dithekinfolds or derived percent

body fat at birth), which persisted after adjustment for potential confou¢Metsger

et al.2009)

GDM is not associated with an increase in congenital anomalies, but is linked to a
variety of pregnancy complications,clnding macrosomia, increased prenatal and
perinatal mortality, and perinatal complicatio(@rnoy et al. 2001) The adverse
outcomes measured relate closely to their clinical significance of obstetric and neonatal
complications in the short and long terttme latter of which warrant further attention
(Catalancet al.2012) Macrosomiai ndi cated by a neonat al w
may cause complications relating to the size of the infant. This can cause obstructed
labour, whereby the delivery of thedtk the anterior shoulder of the infant, cannot (or
requires significant manipulation) pass below the pubic symphysis. This type of
obstructed labour is termed shoulder dystocia and is diagnosed when the shoulders fall
to deliver shortly after the foetakhd. A large for gestational age (LGA) infant may
also be at risk of complications in the short term, including perinatal death, which may
require obstetric intervention (for example induction of labour, or caesarean section)

or admission to the neonataténsive care un{iMetzgeret al.2008)

Complications also extend to the mother, where incidence otgiaepsia a
pregnancy complication characterized by high blood pressure and signs of damage to
another organ system, often the kidneys, resultimgateinuria is higher in mothers

with obesity and GDMDennedy and Dunne 2010)

Longterm complications also pose a threat to these mothers and their infants. Mothers
have a higher risk of developing type Il diabetes following their GDM pregnancy, with
reported prevalence being double for obese women as it is for lean women with 60 and
30% respectively shown by original studies in this are@®yllivan (1982) This has
implications for the mothers own health and implications for any subsequent
pregnana@s, as the complications and major anomalies of pregnancy affected by type

Il diabetes mellitus are well knowfOrnoy et al. 2015) These include anomalies
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pertaining to the central nervous system and those of the cardiovascular system. Those
of the centrh nervous system include: anencephaly, acrania, meningomyelocele,
arrhinencephaly, microcephaly, exencephaly, holoprosencephaly and spina bifida; the
cardiovascular system: hypo plastic right or left heart syndrome, AVSD and VSD,
tricuspid atresia and miél atresia, double inlet left ventricle, double outlet right
ventricle, transposition of great arteries, tetralogy of Fallot; and anomalies of
craniofacial structures such as: hemifacial spasm macrosomia, cleft lip/palate, microtia,
micrognathia, microoghlmia, frontal nasal dysplasia and lens opaynoy et al.

2015)

Foetal origins of adult disease is on the agenda of many health related conferences
(Nolan 2011) with growing strong epidemiological evidence linking intrauterine
growth restriction wit later adult diseases such as obesity, hypertension, type Il
diabetes mellitus and cardiovascular dise@a&rker et al. 1993, Mi et al. 2000,
Simmons 2011) The link between childhood obesity and later chronic disease is
difficult to establish, howeverp&demiological studies have indicated that foetal
hyperglycaemia poses a risk for later infancy and adolescence obesity risk with higher
adiposity early in lif§Gillmanet al.2003, Hillieret al.2007, Boerschmaret al.2010,
Thawareet al. 2015) In addition, there is evidence that the environmental milieu in
pregnancy can influence the phenotype of the infant due to GDM, presenting with or
without obesity(Silvermanet al. 1998) This work correlated amniotic fluid insulin
levels and increasedoly mass index in adolescents agedlT¥, postulating an
association between islet cell activatiomteroand development of childhood obesity.
Indeed Catalanoet al. (2003) showed that infants of mothers with GDM have
increased fat mass when compatedwveightmatched infants. The increased birth
weight of these infants tends to normalize by 12 months before increasing again during
early childhood. This obesity during childhood tracks into adulthood predisposing, thus
predisposing these children toesity during their adulthoo@atalancet al.2003).
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2.3 Diagnostic test and current criteria of disease

The clinical detection of GDM is generally accomplished by a combination of criteria
from aspects of clinical risk assessment, glucose toleraoa®ersng (such as
urinalysis) or formal glucose tolerance testing with the means of a fasted 75g Oral
Glucose Tolerance Test (OGTT). Universal screening for GDM remains controversial
(Gillespieet al.2012, Neelakandan and Shankar Sethu 2014, Salmeen Zol@jte

the AmericanDiabetes Association (ADA the International @betes Federation
(IDF) and the National Institute for Health a@tinical Excellence (NICErecommend
selective screening for GDM between2d weeks gestation based on one or moke ris
factors(Raniet al, 2016) However, the case for Universal screening to be applied has
been made by various research centres based on discrepancies between detection and
true prevalencé€Griffin et al. 2000, O'Sullivaret al.2012)

In addition to the problem surrounding screening, developing diagnostaffsifor

GDM diagnosis has been an issue of considerable controversy over the past three
decadegSalmeen 2016)Many national bodies have derived their own criteria based

on localexperience and their healthcare delivery systems (HSE, 2010). This lack of
consensus has recently been addressed by recommendations arising from the
International Association of Diabetes in Pregnancy Study Groups (IADPSG), a
working group analysing the selts of the Hyperglycaemia and Adverse Pregnancy
Outcome (HAPO) study. The recommendations from this group form the basis of the
updated guidelines by the World Health Organisation (WHO, 2013) are therefore
considered by relevant national bodies and ipo@ted into local health care service

pathways.

The diagnostic test, which takes place, is a two hour 75¢g oral glucose tolerance test
(OGTT). Women are asked to consume their usual dietday8 prior to test without
altering their current diet durinbis period. Twelve hours prior to the test, woman fast
(no flood or fluids except water) for 12 hours prior to the test. The woman receives a
759 oral glucose solution to ingest over alBdminute period whilst at rest and without
smoking. A venous sampl# blood is collected and blood glucose measured at one
and two hours from the commencement of the test. A diagnosis of GDM is made when
one or more of values set out for each tipoént are met, or exceeded, according to the
updated clinical guidelines\(HO, 2013). WHO (2013) indicate that the diagnosis of
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GDM at any time during pregnancy should be based on any one of the following values
resulting from a 75g Oral Glucose Tolerance Test (OGTT): Fasting plasma glucose =
5.1-6.9 mmol/L; th post 75goralgicose | oad O1i0post 75qonal | / L o
gl ucose iMllo0anmnol/08 . 5

Recommendations on diagnostic guidelines were recently updated in response to
findings from a fiveyear prospective singlelinded observational study, which
investigated pregnanvomen during their third trimester, to examine the adverse
outcomes associated with varying degrees of hyperglyca@iaegeret al. 2008)

Results from the HAPO study were analysed and recommendations derived from these
findings(Metzgeret al.2008) The International Association of Diabetes in Pregnancy

Study Groups (IADPSG) Consensus Panel defined diagnostic values for dichotomous
classification of hyperglycaemia, which occurs on a continuum. This was based on
odds ratio for adverse outcomes compargdth mean values for fasting plasma
glucose, 1h and 2h OGTT plasma glucose concentrations and selected an odds ratio
relative to the mean glucose of 1.75. The recommended diagnostic thresholds for
fasting plasma glucose;H, and 2h plasma glucose coantration, are the average
glucose values at which odds -peptbide(hO@&é
percentil e), and neonat al percent body f
estimated odds of these outcomes at mean glucosesvaluese were based on fully
adjusted logistic regression mod@setzgeret al.2008) The WHO then disseminated

these in 2013 to be implemented in practice globally (WHO, 2013).

These criteria are implemented with the intention that timely diagnosssatiealth
providers to optimise interventions and therefore pregnancy outcomes. A recent
Cochrane collaboration Bieuet al.(2014)synthesized data from four trials involving
3972 women concluded that not enough evidence was present to determine which
current methods of screening provided the best pregnancy outcomes. Despite the
HAPO study shedding light and insights into this area, there is still a need to establish
diagnostic criteria in order to maximise effects pregnancy outcomes, as the earlier one
is diagnosed the more time available for referral management of GDM for lifestyle and
pharmacological therapy to improve perinatal outcomes of the index pregnancy (HSE,
2010).
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2.4 Lifestyle management as part of medical therapy in management

Patients withthis diagnosis are provided with appropriate dietary modification, and this
is followed with insulin therapy if adequate glycaemic control is not achieved, as
evidenced by two or more failed glucose target levels (fasting blood gla€o3e
mmol/l or posprandial > 7.0 mmol/l, following a minimum of two weeks of dietary

therapy).

It is agreed that dietary management is the cornerstone of care in pregnancies
complicated by GDMTieu et al. 2014, DuarteGardeaet al.2018) Medical nutrition
therapy is an integral component of lifestyle treatment for GDM to improve maternal
and foetal outcomes. Through nutrition therapy, dietitians assist patients in obtaining
blood glucose and weight gain targets and adequate foetal gvavwidn meeting
pregnancy requirements for essential nutrients. Guidelines for health practitioners
indicate that all women with GDM should receive individualised nutritional advice by
a dietitian who is trained to take into consideration all componentsab&tes and
pregnancy, as well as any-owrbidities or complications they may present with
(DuarteGardeaet al. 2018) Despite this, a recent systematic review comparing
international GDMspecific medical nutrition therapy clinical practice guidelines
revealed high heterogeneity in terms of structure and content of guid@isiesu et

al. 2019) Stakeholder involvement, rigor, transparency, and applicability are among
the domains that have to be improved when developing medical nutrition therapy
clinical practice guidelines for patients with GDM. Patients and dietitians were not
involved in the development of the majority of clinical practice guidelines and this

presents an important area for improvement.

In a study of pregnant women with GDM, thoseeiging dietetic intervention had a
decreased likelihood of infant admission to a neonatal intensive care unit compared to
those who did not receive dietetic intervention [aOR = 0.41, 95% CIFQ.2Zp =

0.004). Women requiring pharmacotherapy were ntikedy to experience maternal
complications (aOR = 3.13, 95% CIl = 2i2341;p < 0.001) and had a greater number

of dietetic consultationsbfcoefficient = 0.28, 95% CI = 0.10.39; p < 0.001)
compared to women managed through (Adtsalomet al.2019)

Dietetic intervention plays a key role in optimising maternal and neonatal health
outcomes for women with GDYAbsalomet al.2019) The focus of nutrition in this

group remains in the pursuit to achieve normoglycaemia through monitoring of
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carbohydrate itake, whilst avoiding starvation ketosis. Adequate energy intake should
be recommended which is aimed at achieving weight gain based on the
recommendations for appropriate weight gain according tepqagnancy BMI as
advised by the Institute of MedicirtEdM 2009)

Good clinical practice through evidence synthesis by the Academy of Nutrition and
Dietetics indicate the all women with GDM should be referred to a dietitian to receive
personalized medical nutrition theragfpuarteGardeaet al. 2018) The recat
guidelines recommend the nutrition care process should commence with a nutrition
assessment to determine nutrition diagnosis and formulate a nutrition plan that is
individualized. Adjustments should be made through ongoing dietetic counselling. This
input should be regular and frequent throughout the index pregnancy. Medical nutrition
therapy by a dietitian as part of a comprehensive nutrition intervention that includes
individualization of medical nutrition therapy is effective in improving blood glacos
control and neonatal and maternal outcomes in women with GDM. The goal of this
dietetic input is to promote adequate foetal and maternal health, through achieving
glycaemic control goals, maintaining appropriate gestational weight gain, and reduce
the risk for adverse outcomes. Specifically, adequate amounts of calories,
macronutrients, and micronutrients to support pregnancy should be provided, with
guidance from the reference intake guideline for example in Ireland guidelines from
the European Food S#yeAuthority (EFSA). Dietitians should individualize the
nutrition prescription based on thorougt
glucose parameters and responstr@atment goals; physical activity; medication, if

any (e.g., insulin); and patieneeds. The amount and type of carbohydrates at meals
and snacks should be individualized and distributed into three meals and two or more
shacks per day to reduce postprandial blood glucose excursions. In the case that a
patient continues to experienekevated posprandial hyperglycaemia after breakfast,
further modification to the amount or the type of carbohydrate (glycaemic index) at
breakfast may be incorporated to achieve therapeutic tafifatste Gardeaet al.

2018) On top of this, dietitianshould encourage women with GDM to make healthy
food choices and consume a variety of foods to meet the increased micronutrient
requirements related to pregnancy. In some cases a dietary supplement within the
reference ranges for pregnancy may be congidieréhe case that a patient is unable

to meet micronutrient needs through diet.
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Other dietetic considerations in a GDM pregnancy are the use of artificial sweeteners
and alcohol. In the case that high intensity sweeteners are considered, dietitiashs shoul
only encourage selection of those approved or generally recognized as safe by
regulating bodies and to limit intake within a known safe range. Abstinence from
alcohol during pregnancy should be reinforced at nutrition therapy visits. Unless
contraindicagéd, daily moderate exercise of 30 minutes or more should be encouraged
to help improve glycaemic control and facilitate achieving weight gain
recommendationgDuarteGardeaet al. 2018) Benefits of physical activity for
glycaemic management have been long known and recent strong evidence showing
physical activity is beneficial in prevention and management of GDM through
improved weight management and blood glucose control, diet préscripmains a

larger part of lifestyle management in this population in pra¢i€OG 2015, Duarte
Gardeeet al.2018)

Lifestyle management during pregnancy complicated by GDM is effective, however
considerably research has been done in preventing sia¢ @ihGDM through lifestyle
interventions prenatallyBain et al. 2015) These interventions focus on educating
mothers to reduce weight to a health BMI prior to conceiving. A large Cochrane
collaboration looking at the role of diet and exercise intergrstin preventing GDM

is ongoing and is regularly updat@giain et al.2015)

2.5 Quantification of burden on a Global and National level

Frequency of gestational diabetes was reported for the sites participating in the HAPO
study across the glob&ackset al. 20129). The overall frequency across sites was
17.8%, with substantial centte-centre variation ranging from 9.3 to 25.5%. Adjusting

the results for maternal age, BMI, height, chronic hypertension, frequency of family
history of diabetes arfuypertension accounted for some of these differences; however,

it did not eliminate centréo-centre differences entirelfable 2.1overleaf shows the
location of the centre, number of participants per centre and percentage sample
diagnosed with gestatal diabetes according to the International Association of
Diabetes in Pregnancy Study Groups (IADPSG) critSackset al.20129).
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Table 2.1 Location of HAPO centres and figures for number of participants
diagnosed with GDM according to IADPSG criteria, as well as percentage.
Adapted from Sackset al, (2012).

Centre No. of No. of participants % GDM
participants in  diagnosed withGDM
centre
HAPO overall 23,957 4,264 17.8
Bellflower, CA 1,981 505 25.5
Singapore, Singapore 1,787 449 25.1
Cleveland, OH 797 199 25.0
Manchester, U.K. 2,376 577 24.3
Bangkok, Thailand 2,499 575 23.0
Chicago, IL 753 130 17.3
Belfast, U.K. 1,671 286 17.1
Toronto, Canada 2,028 314 15.5
Providence, RI 757 117 15.5
Newcastle, Australia 668 102 15.3
Hong Kong, PRC 1,654 238 14.4
Brisbane, Australia 1,444 179 12.4
Bridgetown, Barbados 2,093 249 11.9
PetahTigva, Israel 1,818 184 10.1
Beershebajsrael 1,631 152 9.3

*HAPO Hyperglycaemia and Adverse Pregnancy Outcomes; IADPSG International Association of the Diabetes and Pregnancy

Study Groups; GDM Gestational Diabetes Mellitus

The reasons for the centir@ centre differences observed are not clear and may partially
relate to frequencies of obesity and degree of abnormal glucose metabolism in the
general populations where HAPO centres were located. However, data on population
chaacteristics are not available for many of the HAPO centres, therefore conclusions
on this cannot be mad&ackset al. 20123). The implications of such varying rates

signifies that specific centres may choose to construct their referral pathway
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accordingy due to resources, as the cost of GDM screening and management is

becoming an increasing economic bur@@rlespieet al.2012)

The prevalence of GDM in Ireland was quantified using the new diagnostic criteria set
out by the IADPSG, which were based be tesults from the HAPO studWetzger

et al. 2010) As part of a Byear research programme, the Atlantic DiP research team
aimed to improve outcomes for diabetes during pregnancy. Initially, they quantified
the prevalence in Ireland by applying Universateening for GDM in pregnancy at
24-28 weeks gestation, with the Z&TT protocol and criteria set out by IADPSG
(WHO, 2013). They found the prevalence of GDM to be 12.4%, or one in 10 women
(O'Sullivanet al.2012) This is much greater than the 2.78é\pously reportedGriffin

et al. 2000) as the latter study was limited by a sample from one site and used the
previously set out by the less stringent WHO criteria for diagnosing GDM. Based on
this finding(O'Sullivanet al.2012)they recommended Universal screening should be
adopted. Subsequentihalifeh et al.(2014) showed a rise in incidence of GDM in

a cohort of over 180k deliveries in Ireland over ay&@r period, and reported a rise in
prevalence of GDM without a congatant rise in preexisting diabetes. These studies

illustrate the extent of the issue and medical burden of GDM in Ireland and globally.

2.6 Healthy changes in body composition during pregnancy

There is significant physiological change during pregnanbiciware accompanied by
changes in body composition to support foetal growth and development. Changes in
total body water (TBW) accretion, protein accretion (i.e-ffeg¢ mass (FFM)) and fat

mass (FM) accretion. There is unique patterns of accretiongdpregnancy with
varying effects on foetal outcom@dostet al. 2018) Figure 2.3depicts the accretion

of various tissues in maternal and foetal compartments throughout predR#kiy

1976) The Institute of Medicine (IOM), makes recommendations oighweyain in
women during pregnancy based on maternal prenatal BMI, and have been developed
and revised based on maternal and foetal health outd@ike2009)
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Figure 2.3 Components of gestational weight gain throughout pregnancy. LMP:
last menstrual period. Reproduced fromPitkin (1976)
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2.6.1 TBW accretion in pregnancy

Total body water accretion is highly variable throughout pregnancy, and mainly under
hormonal control. Across several studies, TBW accretion measured by deuterium
showed an increase of-8L. on average in healthy pregnanci@dytten and
Chamberlain  1991) Maternal plasma volume expands during pregnancy,
approximately 2L in the blood and a further 2L in extracellular fluid. Expansion of the
extracellular fluid (ECF) measured using the tracer sodium thiocyanate is estimated to
be about &7 L. For example, a 12kg gestationalveightgain would consist of a total
water gain at term distributed between several compartments. These being the foetus
(2,414 g); placenta (540 g); amniotic fluid (792 g); bidamk uterus (800 g); breast
tissue (304 g), blood (1,267,@nd ECF (1,496 g) with no oedema or leg oedema and
ECF (4,697 g) with generalized oede(Batteet al. 1997, IOM 2009)
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2.6.2 Protein accretion in pregnancy

Protein accretion is estimated at ~1kg by th& ®@8ek of gestation, with an additional
~2.5kg accumulating in the following 12 weeks. The protein accrued predominantly
distributes itself in the foetus (42%), but also in the uterus (17%), blood (14%), placenta
(10%), and breasts (8%{Hytten and Chambeain 1991) Protein accrual occurs
predominantly in late pregnancy. Protein deposition has been estimated from
measurements of total body potassium (TBK) accretion derived by \whdie
counting in a number of studies of pregnant worleipeet al. 1979, Fosumet al.

1988, Butteet al.2003)

2.6.3 FM accretion

Maternal FM is the most variable component of gestational weight gain in pregnancy.
A wide range of FM change has been reported from net chang@s$db +13.9kg

from 14 to 37 weeks gestatighedermanet al. 1999) There is limited data on the
timing of FM changes in pregnancy due to paucity of data in the literature examining
pregnancy at multiple poin{®lostet al. 2018) Studies have shown a linear increase

in FM throughout pregnancy at a raaeging from 0.5kg reported Butteet al.(2003)

and 2kg per trimestef(&opp-Hoolihanet al. 1999)in healthy pregnancies, with larger
increases in higher pigravid BMI rangegButteet al.2003) The average FM of infant

at birth is 350g, most of wbi is accrued in the third trimester. GWG and infant
adiposity have been shown to have a linear relation@hipl et al. 2011) with
excessive FM gain in the mother resulting in obesity in the ned¢Gatalanoet al.
2003, Hull et al. 2011) However, amore recent study found maternal qgravid
weight status to be correlated to DNA methylation not GWG, indicating an intra
uterine environmental affect propagating obesity tigarserationally not mediated by

weight gain(Sharpet al.2015)
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2.7 Models @& assessing maternal body composition in pregnancy

Models of body composition classify all body tissue in compartments of similar tissues.
These models are based on categorization from human dissection studies carried out in
the 19" century(Fidanza 1987Claryset al. 1999) Figures 2.4 and 2.5eproduced

from Wanget al. (1992) and Fosbgl and Zerahn (2018spectively, illustrates the
tissues contributing to the various component models. At its simplest form; the 2
component (2C) model distinguishes between fat mass (FM) and fat free mass (FFM),
whereas a-8omponent (3C) model further compartmentalizeMRRto lean tissue

and bone. €omponent (4C) models further compartmentalizes lean mass into its
constituent protein and water. Ideally, 4C models are ideal when measuring body
composition; however, each technique of measuring body composition has igsdse

limitation. These techniques are described in the following sections.

Figure 2.4 The five body composition levels, reproduced froang et al.(1992)
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Figure 2.5 Main components of the molecular level of body composition and the
relationship between lipid and fat (molecular level) and the tissuergan-level

component adipose tissue. Reproduced frofosbgl and Zerahn (2015)
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2.7.1 TwoCompartment models (2C) of body composition in pregnancy

The use of this model in pregnancy has been critioisgensively in the literature
(Hopkinsonet al. 1997, KoppHoolihan et al. 1999) The model is based on the
assumption that the hydration of FFM is constant, therefore calculation of FM,
followed by deduction from total body weight to calculate FFM. Tdgsumption
would require a stable hydration constant of hydrated tissue, however, during
pregnancy there is an average increase of 6L of water due to maternal plasma
expansion, in the uterus, amniotic fluid, placenta and fd@tkin 1976) Hydration

of tissues changes drastically from 73% to 90% in the FFM component throughout the
pregnancy. In addition, predicting the extent of hydration for an individual person is
not possible due to variability in hydration, which increases in late pregnancy due to
oedema, which can vary from 47 L (Hopkinsonet al.1997)
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2.7.2 ThreeCompartment models (3C) of body composition in pregnancy

The 3C model divides the body into water, protein and fat. This is achieved via
measurement of water using stable radidladetracer tritiated water 3d20),
deuterium water °H20) or H0 labelled water administered orally. This water
distributes within the body rapidly reaching equilibrium in abedti®ur. Dilution is
measured via urine of blood plasma, in which the concentration of the stable element
and the labelled one is measurdthturally occurring isotopé decay to*K is
measured using a whole boglyadiation counter and total K subsequently calculated.
The use of stable isotopes in pregnancy and measuring endogenous decay of K is
considered safe and without risk in pregnadcCarthyet al. 2004) Cell mass and
therefore protein is then calculated using this figure. Once protein and water
contributions are calculated, these are deducted from overall body weight to quantify
FM. TBW determination employing the dilution techue is timeconsuming and
requires adequate laboratory facilities, which makes this method less applicable in
large-scale studies or in field settings where the necessary equipment is unavailable
(Fosbgl and Zerahn 2015)

2.7.3 FourCompartment models (4Q of body composition in pregnancy

Four component models distinguish and quantify water, fat mass, osseous mass (bone)
and protein. It accounts for biological variability in both TBW and osseous mass,
however assumes a fixed ratio of osseous teasseous mineral of 0.8191:0.1809
(Hopkinsa et al. 1997) The 4C model has been validated against roalmpartment

models involvingn vivo neutron activation analys{sleymsfieldet al. 1990)
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2.7.4 Measuring hydration of FFM in pregnancy via Total Body Water
(TBW)

Distribution of water in th body is traced using isotopes of the stable elemgénsiith

as deuterium oxide @*fO or2H.0). The isotopdabelled water will distribute evenly

in tissue fluid, and eventually reach equilibrium. Time to equilibrate has been
calculated to be five houms various bodily fluids: uringKopp-Hoolihanet al. 1999)
saliva(Forsumet al. 1988)and venous bloofHuston Preslegt al.2000)samples. As

the hydration of FM is assumed to be z@taston Preslegt al.2000) the dilution of

the isotopdabelledwater (tracer) over the time for disappearance of tracer equates to

an estimate of FFM.

As described earlier, there is expansion of hydrated tissues during gestation in both the
foetal and maternal unit, e.g blood volume and amniotic fluid. This meatratiee is

more dilute as it equilibrates across all bodily tissue. This results in an overestimation
of FFM and underestimation of FM in pregnant women due to the assumption that all
lean tissue mass (LTM) has the same level of hydration. This overastirhas been
calculated to be up to 50% in women gaining three to four kg of fat. Adjustments for
expected gestational water gain has been calcufea@dRaaijet al. 1988, Catalanet

al. 1995)

This technique is safe in pregnancy however, it is expenstdquired specialized skill

is and is time consuming for the participant.
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Figure 2.6 lllustration of published values for FFM hydration and density throughout
pregnancy. Reproduced in its entirety frdfostet al. (2018)
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Hydration (a) and density (lof FFM (fat free mass) are shown for specific time points in pregnancy as published by the
presented studies. Individual values are calculated by using body weight, body volume, and total body water (3C models).
Published values are used as estimatesémrete when individually measured values are not available (2C models). The
exponential regression lines are only based on the datrbiRaaijet al. (1988)which are most commonly used in 2C models,
and allow for estimation of FFM hydration/density fawayiven time throughout gestation.
Hydration FFM (L/kg) = 0.724 + 0.00008484 * GA (weeks) + 0.00001435 * GA (weeks) 2
(Where GA = gestational age; R2=0.9880.001, and
Density FFM (kg/L) = 1.1 1T 0.00002988 * GA (weeks) 0.000007
Gestdional age; R2=0.99%< 0.001)
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2.8 Measurement of body composition in pregnancy

2.8.1 Densitometry: Underwater Weighing (UWW)/ Hydrostatic weighing
and Air-displacement Plethysmography (ADP) use in pregnancy

Measurement of density using hydrostatic waigh or airdisplacement
plethysmography (ADP) is based on the 2C model of body composition. In these
techniques, the displacement of air or water is used to calculate volume using
Archi medes principle and Boyl edsdfromw r es
body volume and weight. These are subsequently used to estimate fat mass from
equations derived from cadaver stud{&ri 1956, Brozeket al. 1963) Maximal
expiration and calculation of residual volume in lungs is accounted for in the
measurement of body volume. Airdisplacement plethysmography and
hydrodensitometry have shown narrow Limits of Agreement in reliability studies in
populations of normal weight adults, obese ad(@®mde et al. 2005, Noreen and
Lemon 2006,

Densitometry methods an®t suitable during pregnancy due to lack of distinguishing
from maternal and foetal unit. In addition, estimates of body components with these
methods is affected as a result of shifts in the density and composition of FFM over the
course of the pregnancyn addition, specialized equipment is required making it
difficult to use extensively. However, the technique is-myasive and if further
research is undertaken in this area to validate the technique by combining with other
methodologies for the assasent of TBW (with assessment in various population
groups and amongst various ethnicities), it could potentially be used as a tool in this
field. This has been suggested in a recent revieWiolgn and Gallagher (2014ADP

is more likely to be toleratethan hydrodensitometry due to the methodological
requirement of being submerged underwater, with expelled breath for an extended
period of time(Fosbgl and Zerahn 2015)
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2.8.2 Biecimpedance analysis (BIA) use in pregnancy

Bio-impedance analysis (BIA) iased in various formats, either sindgtequency,
multi-frequency or bioelectric impedance spectroscopy (BIS). In essence, each of these
techniques passes a small alternating electrical current with low amperage throughout
the body via electrodes. This cant uses the water content of the body as a conductor.
The impedance of the electrical flow via tissues estimates the TBW, from which FM
and FFM is derived.

Validation of BIA techniques in pregnancy is contentious, due to estimates of TBW,
which the BIAuses to compute FM and FFM as these are influenced by the ratio of
intracellular (ICW) to extracellular water (ECW), which changes substantially during

gestation compared to ngmegnant female@eurenberget al. 1989, McCarthyet al.

2004)

BIS uses extrapolated resistance values at zero and infinite frequency (i.e. varying
frequencies) via the Coléole mode(Wardet al.2006) The model assumes a parallel
arrangement of the ECW and ICW, and provides resistance values for each of these.
Regession equations are used to calculate fluid compartments. Therefore, BIS may not
be suitable for pregnancy, as greater water is located in the trunk region compared with
non-pregnant populations violating the underpinning assumptions to the estimates. A
new model for BIS assessment of TBW in pregnancy has not been develofieuf yet

and Forsum 2004)

Due to the intewvariability of TBW between women of8L increase in TBW over the
course of pregnandy.edermaret al. 1997, KoppHoolihanet al. 1999) coupled with
the sensitivity of TBW to gestational staief and Forsum 2004 )alidating BIA in
pregnancy might not be feasil{@iden and Gallagher 2014)
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2.8.3 Dual Energy XRay Absorptiometry (DXA) use in pregnancy

DXA is a 4C model for the meamment of body composition, accurately quantifying
whole body and regional estimates of FM, LTM and bone mass. Despite DXA gaining
wide acceptance as a body composition reference m@tiichms et al.2006, Marra

et al. 2019) it is not suitable duringrpgnancy as DXA works by generatingrys,

and using a detector to measure the attenuation of the-wast® which is then
modelled into images via the software. The doses of radiation the person being
measured are smalli(Z ¢ SVaryaet al. 2019) is equivalent to one to 10% of
radiation from an Xray (Lee and Gallagher2008) Due t o DXAO6s advanit
of accuracy, simplicity, availability, and relatively low expense as compared to
procedures like TBK, MRI or CT scan, and low radiation expofXéy measurement

Is becoming increasingly important, emerging as reference assessment technique also
in muscle mass evaluatighleymsfieldet al. 2015) This technique has been used in

intensive studies of women postpart(Butte et al. 1997)

2.8.4 Imagng: Computed Tomography (CT) Magnetic Resonance Imaging
(MRI) use in pregnancy

Imaging methods are considered the most accurate methods for quantification of body
composition at the tissue level. CT and MRI both measure adipose tissue, and its
constituentssubcutaneous, visceral and interstitial tissue. Skeletal muscle is measured
and its segmental distribution can be compartmentalized. This level of specificity in
tissue composition is only possible with CT or MRI sc@fasbgl and Zerahn 2015)

CT studies in paediatric and adult populations outwit pregnancy are cor{istrvell
et al. 1985) and utilize the ability of determining visceral fat to determine metabolic
risk associated with obesifizindsayet al.1997) The radiation dose for a whole body

CT is substantial making it a hazard in pregnancy.

MRI estimate of fat mass have been validated against phammsellyet al.2003)
devised from cadaver dissection studi@bate et al. 1994) MRI does not involve
exposure to ionizing radiation and is tire is not contréndicated in pregnancy.

The technique is based on the interaction between the hydrogen nuclei within the body.
The machine produces a powerful magnetic field; the hydrogen nuclei align themselves
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with the magnetic field in a known dirgan. A radio frequency (RF) pulse is then
applied causing the hydrogen nuclei to absorb energy. This energy is released as the
nuclei return to the aligned state in the form of a RF signal. This signal is then used to
generate the magnetic resonance isag®sbal and Zerahn 2015Jhere are no
specific concerns of the use of MRI imaging in pregnancy, however unfortunately this
is an expensive specialised equipment, which is not readily available and likely why it

has rarely been used to study maternalytmminposition so fafMcCarthyet al.2004)

2.8.5 Ultrasound use in pregnancy

Ultrasound in not a technical procedure and is-in@asive. It involves the production

of sound waves at varying frequencies to measure adipose tissue thickness during
pregnaey. Ultrasound technique has been used extensively outside of pregnancy to
quantify abdominal fat and its constituefsmellini et al. 1990, Suzuket al. 1993)

with validation against CTSuzukiet al. 1993) Techniques used in studies in a
pregnant population have lacked use of standardized protocols. Further research into
the validity and reliability of body composition measuremeatultrasound, requires
development and is warrant@dost et al.2018) CrosssectionalBarthaet al.2007)

and longitudinal(StevensSimonet al. 2001, Kinoshita and Itoh 2008}udies have

used ultrasound measurements in pregnancy.

Foetal ultrasonography is widely used to assess foetal size and adiposity
(Papageorghioet al.2014, lkenouet al. 2017) In addition, predication of newborn
adiposity assessed by US at 30 weeks gestation where validated against DXA and ADP
at birth(Mooreet al.2016, lkenouet al.2017)
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2.9 Summary of challenges and limitations in quantifyng body composition

in pregnancy

All the methods described in detail can be applied in pregnancy however each have
their limitations during pregnancy due to estimates based on assumptions of various
tissue properties relative to each otfigeymsfieldet d. 1990) In pregnancy and in

the postpartum phase, these tissue changes in properties are very dynamic throughout
pregnancy and indeed postpartf®@MPWG 2009, Mostet al. 2018) The main
limitation of application of these techniques is the large praporof water
accumulation relative to the gestational weight gain, which leads to an increase in
relative hydration of the FFM throughout pregnafitgggartet al. 1967, van Raaigt

al. 1988) This accumulation of fluid is highly variable throughout géstaand
amongst individual women, ranging from-80% of FFM. Limitations of other
methods include exposure to radiation, which has known teratogenic effects, such as in
CT scan and DXA; cost and use of specialist equipment for MRI, and technique for
TBW and TBK methodology; difficult procedure such as UWW,; and more use of
expensive equipment with ADP.

34



2.10 Anthropometric techniques in pregnancy
2.10.1 Skinfold thickness (SFT)

The use of SFT measurements in pregnancy has been widely used over the past four
decade¢Taggartet al. 1967, Pipeet al.1979, Durnin 1991, Villaet al. 1992, Catalano

et al. 1998, Paxtoret al. 1998, Huston Preslegt al. 2000, Soltani and Fraser 2000,
Sidebottomet al. 2001, Ehrenberegt al. 2003) There is some research attempting to
validate this method with UWW, ADP, TBW and TBRipeet al. 1979, Catalanet

al. 1998) Despite this, pregnanaglated hydration changes result in varying
compressibility of tissue. As hydration increases in pragpathe distribution and
compression of subcutaneous tissues could be distorted. This has been shown to result
in overestimating subcutaneous fat as the pregnancy progresses and introduces bias in
the postpartum phase when identifying rate of weight lassshown by studies
comparing agreeability between MRI, US and SFT in a pregnant popy(atdbfstrom

and Forsum 1997, SteveBsmonet al. 2001) The agreement between changes in
total body fat measured via MRI and SFT with TBW measures differed isagmify

during different times in the prenatal and ppattum phase. This was significantly
(1.5-4kg) influenced by the amount of FM gained or lost. There is therefore a risk for
bias when measuring changes in total body fat during reproduction when body
composition is estimated via SFT together with TBW by isotope dil(stevens
Simonet al.2001)

SFT measurements typically include measurements fré@dmadatomical sites (See
Table 2.32. The summation of these skinfold thickness measurements at cgbcifi
identified anatomical landmarks are used to approximate total body subcutaneous fat
(Durnin and Womersley 19743FT measurements together with other anthropometric
measurements (e.g weight, height, mamper arm circumference (MUAC) and waist
circunference), have been utilized in multiple regression predictive equations to
formulate equations which convert the crude SFT measurements from mm to
percentage body f@dPaxtonet al. 1998, Huston Preslest al. 2000) These predictive
equations are speaifto rigid timepoints during gestation and are specific to maternal
age and race. These equations are dated and are not validated in obese population
therefore their applicability in pregnancy with obesity is yet to be clarjfecktonet

al. 1998, Mostet al.2018)
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Paxtonet al. (1998) group undertook a large study of 200 pregnant women and
developed anthropometric equations predicting fat mass from gestational week 14 to
37, validated against the 4C model of UWW combined with TBW by isotope dilution
previously develope@Heymsfieldet al. 1990, Friedket al.1992) These findings were
followed-up and in line with a study yuston Preslegt al.(2000) where UWW and

180 abundances measured by-gasoperatio mass spectrometry to measure TBW
wereused to develop equation model built from weight and four SFT measurements
(n=20). The proposed model explained 91% of variance in FM via UWW and TBW
using maternal weight, triceps, subscapular and suprailiac skinfolds with no statistical
significance inestimation of FM via the two methods (reporting a CF2#76 to
+2.748 kg of fat mass), thus validating the technique in later gestation (30 weeks). To
this day, these remain the landmark studies to date for equations developed in a
pregnant populatioraccounting for changes in hydration of tissue components in the
body that occur in the pregnant stéi#ostet al.2018)

SFT techniques are widely used and accepted by women and researchers due-to its low
cost, portability and no requirement for expessimaterial (relative to other
techniques). Despite this ease of use, most measurement arises frevariatality
amongst researchers. Hence, there is a need for standardised training to consistently
measure within a relative technical error of measuntm€EM) of 5% for intra
evaluator skinfold measurements and 7.5% iateduator SFT measuremeiieerini

et al.2005) such as the specific techniques developed by the International Society of
Anthropometrics and Kinanthropometry (ISAtStewart and Mdell-Jones 2011)

Limitations to this technique include the requirement of extensive training to ensure
inter and intra reliability of measuremer{Rerini et al. 2005, Stewart and Marfell
Jones 2011)Even in cases of extensive training, it has beenrtegdhat it has been
difficult to maintain consistency amongst different wei@hrenberget al. 2003)and

parity (Taggartet al. 1967) Despite all these limitation, SFT measured with precision
could be useful both for clinical use and for the purpdsesearct{Mostet al.2018)

Work by (Kannieapparet al. 2013) developed a tool for obtaining maternal SFT
measurement and assessing Hoteserver variability among pregnant women who are
overweight and obese. They developed and validated an equahich, ie/described

in Table 2.2 and used later on in the thesis in chapter 6 to derive percentage body fat.

36



Table 2.2 Anthropometric equations for estimating body FM (fat mass),

expression of body (%FM), and density in pregnancy

Source Measurement Anthropometric equation

Paxtonetal. FM¥kfrom1437w a M( kg) =0. 77 ( eewei gh
(1998) gestation (et high BET (mm))
Paxtonetal. FM at 37w FM(kg)=0.40(weight(kg) at 37w gestation
(1998) gestation + 0.16 (bicep SFT at 37w (mMmQ) 15

(thigh SFT at 37w (mm})0.09 (wrist
circumference at 37w (mm))+0.10 (pre
pregnancy weight (kg)$.5

Huston FM at 30w FM (kg)=0.33529(weight (kg))+0.65664
Presleyetal.  gestation (tricep SFT(mm)) 0.4373 (subscapular
(2000) SFT (mm))+0.43461 (suprailiac SFT

(mm))13.0538
Gurney and Total upper arm TUAA= MUAC?/ (4 * ")
Jelliffe (1973) area (TUAA)
Arm fat area (AFA) AFA(cm?=MUAC-(tricep SFT X 3/ 4-

AMA
Arm muscle area AMA(cm?)=[MUAC-(tricep SFT X )? }4
(AMA) '
Arm fat index AFI (%) = (AFA / TUA)*100
(AFI)

Siri (1993) % body fat (BF) %BF= ([4.950 / BD (kg.r) i
4.500] x 100)
Kannieappan %FM at 1620w BF% = 12.7+0.457 x tricep SFT(mm)

et al.(2013) gestation +0.352 x subscapular SFT (mm) + 0.103
bicep SFT(mm}0.057 x ht(cm) +0.265 x
MUAC(cm)

van Raaijjet  %FM FM = W/100 (497/BD452.3)

al. (1988)

Jacksonet al. Body Density (BD) BD = 1.0994921 (0.0009929 X tricep,

(1980) thigh and suprailiac SFT) + (0.0000023 x

(Z (triceps, thigh & suprailiac SF3))-
(0.0001392 x age)

*FM Fat mass; BBody density; SFT Skinfold thickness; TUAA Total upper arm area; AMA arm muscle area; AFI Arm fat

index; MUAC Mid upper arm circumference; W Weight
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2.10.2 Arm anthropometry

Arm anthropometry is used as an indirect measurement of body composition (FFM and
FM) by assessing the shape of the upper arm in both clinical and field settings. The
measurements used are uppan length, mieupper arm circumference (MUAC) and

tricep SFT Derivations of body mass indices can then be computed from these (see
Table 2.3. This measurement relies on the assumption that the arm is a cylindrical
shape, and the subcutaneous fat layer is evenly distributed around a circular core of
muscle. Whensing tricep SFT in conjunction with MUAC, it also assumes that triceps
skinfold separates subcutaneous adipose and muscle tissue components of the arm
accurately and the SFT is twice the thickness of subcutaneous fat in the arm. In order
to reduce observarar i abi |l i ty, the technique relie
tape at the correct tension, without it being too loose or too tight, and in parallel to the
arm. Population standards are available for healthy adults however have not been
validated n a pregnant population, therefore the-afi$ should not be applied in

pregnancy.

MUAC inisolation is commonly used in nutrition surveillance and screening programs
as it quickly assesses nutritional status. Typically, it is used for the detection and
referral of individuals with acute malnutrition. However, it has been used extensively
as a research measurement in the field of pregn@&micy et al. 2002, Friiset al.2004,
Okerekeet al. 2013) MUAC is also implemented to predict BMI categories, aas h
been proposed as a surrogate measure for BMI in pregrigag&ier et al. 2017)
MUAC can be used in combination with other arm anthropometry such as triceps SFT
to derive the arm anthropometric indices arm muscle area (AMA), arm fat area (AFA),
and armfat index (AFI) which are proxies for lean and fat m@seymsfieldet al.

1982) These are uses for the assessment of regional and total fat mass and fat free mass
in resourcdimited settings, and in the field research settings, where current reference

methods of body composition are not feasible, such as in preg(dosyet al.2018)

Arm anthropometry is quick, inexpensive, Aorasive, and requires no input by
participant and has such no risk of respondent biases. There is good agreement (despite
over- or underestimation) between anthropometric arm muscle and fat area and the
crosssectional area measured by CT and ultrasound in goregmant population
(Chibaet al. 1989, Jordaet al.2004)
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2.10.3 Body Mass Index (BMI)

BMI is defined as weight () divided by height (m), squared. It has been used by the
World Health Organisation (WHO) to categorize individuals as normal 8%
kg/m?), overweight 25-29.9 kg/nf), stage | obese (384.9 kg/n?), stage Il obesity
(35-39.9 kg/mi) or stage Ill obesiy (O 4).0rhekmgin limitation of BMI to classify
obesity is that it is only a surrogate measure of adiposity and does not provide
information on the distribution and components of adiposity, which is known to elicit

varying hormonal affects in the &g (Brissonet al.2013, Balanet al.2014)

In addition, there are challenges when classifying obesity in preg(anayer 2011)

as has been shown Byarahet al. (2011) body composition changes relating to
ethnicity may influence the BMI cudffs in different ethnicities. This raises questions
regarding the suitability of BMI ceffs in pregnancy.

The use of BMI as a surrogate measure of body fat percentage (BR#bified on

the observation that BMI correlates well with BF% and is hardly dependant on height.
The suggestedcat f f points for ova®rawaidglhtbecBMly O (1
kg/m?) are based on observational studies in Europe and the USA on thenséligtio
between morbidity and mortality with BMI in a Caucasian population. Thef€ut
arises due to corr es ptorrdspomding B BF% obdbouB M1 O
35% in young female adults. Various authors have criticized the validity of these cut

offs in various ethnic group®eurenberg 2001, Ket al. 2001) Later studies based

on comparison of BMI to predicted BF% were undertaken. They developed more
suitable cub f f s o f 2f@2r3 okvge/r mv e i2 fgrhobesitPid Bingapgréam
women(Deurenberget al. 2002) O2 #f ag/ ever wei g¥otobesityd O28
in Chinese wome(Zhou 2002) and O%of abdsity kn gnflian womer{Farah

et al. 2011) Despite difficulties in measuring body composition in pregnaRattah

et al.(2010)has shown tat BMI and body composition do not change during the first
trimester of pregnancy, therefore theseaftt could be applied in clinical practice as

well as research however, unfortunately are(fiatner 2011)

Despite this, pr@regnancy BMI remains amportant risk factor for GDM, both
because of its increase in prevalence over recent (@4&usllivanet al.2012) and also

as a modifiable risk factor compared to other established risk factors (e.g parity, family
history of diabetes, age and ethnicifif)m et al.2010, Nelsoret al.2010, Giannakou

et al.2019)
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2.11 Risk factors and early predictors of GDM

Early prediction of GDM is a pertinent topic at this time, as prevalence of GDM is on
the rise, resulting in associated economic implicat{@ilespieet al. 2013, Pooret

al. 2018) Prediction models have been tested based on maternal characteristics
(modifiable and nommodifiable risk factors), blood borne biomarkers and a

combination of the two.

Women with GDM may exhibit metabolic altaats in recognized pathophysiological
pathways early in pregnancy, as evidenced by the association between elevated first
trimester fasting glucose levels, within the rdiabetic range, and increased risk of
GDM diagnosis later in pregnancy and adversgpancy outcomeSweetinget al.

2015) Donovaret al.(2018)postulated that measurement of first trimester biomarkers
representative of these metabolic changes may allow for early detection and
management of GDM, improved understanding of GDM pathajemed enhanced

targeted intervention

Observational studies have identified a variety of both modifiable andnoalifiable

risk factors associated with GDM. These include advanced matern@tagaret al.

2017) increasing parityFarraret al.2017), ethnicity(Li et al.2020) maternal obesity
(Morissetet al. 2010) high gestational weight gaiiMacDonaldet al. 2017, Hashim

et al. 2019) physical inactivity(Zhanget al. 2006b, Chasaitaberet al. 2008) low-

fibre high-glycaemieload diets(Zharg et al. 2006a) history of previous macrosomia

or GDM (Petry 2010) family history of diabetes mellitus, and history of polycystic
ovarian syndrome (PCOS). A history of previous GDM appears to be the strongest
predictor of subsequent GDM (associated vatii6fold increased risk); however,
Teedeet al. (2011) postulated that the increasing prevalence of primiparity and
increased advanced maternal age in current pregnhancy cohorts underscores the

limitations of the current risk factor approach to GDM predicavailable.

Studies assessing the predictive value of traditional clinical risk factor models show
variable success in sensitivity with poor specificity and low positive predictive value
(Teedeet al. 2011) Models using maternal characteristics have $@me success in
detecting women at risk of GDM later in pregnancy. Most recently, a computerized
prediction of GDM using information pertaining to diabetes in first degree relative,
BMI, maternal age, parity and previous GDM was validated and showeddtghacy

in predicting GDM even at the start of gestation (area under the receiver operating
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curve (auROC) = 0. -pesfgrming & ulbdaseline nriski scoré vy
(auROC (Artzilet ab B20) This identified women at low risk that might not
be otherwise identified from risétratification for OGTT screening used in Ireland
(HSE, 2010).

Other studies looked at multivariate algorithms, which included maternal
characteristics in addition to blddorne biomarkers such as placental proteins PAPP

A and PLGF and found little improvements in their predictive m{dahdaet al.2011,
Syngelakiet al.2015b) This is in contrast t8Bweetinget al.(2017)that found inclusion

of placental protein PARR in the algorithm improved screening efficacy, although
other commonly used first trimester markers were of little added value. This work shed
light on the possibility that different markers may be of use in different settings with
varying results achiedewhen stratified for ethnicitgFarinaet al.2017) Syngelakiet

al. (2015a)also found that inflammatory markers {@R®P and TNFa) only improved
sensitivity by 1% in the model. Adiponectin and sex hormone binding globulin are both
reduced in pregnancigbat continue to develop GDM and these markers improve
screening sensitivity by 6% compared to maternal history alone. Glycosylation and/or
glycation of proteins such as fibronectin and CD59 have recently been shown to have
high auROC score®oonet al.(2018)postulated that further work is needed to see if
these can be combined with other maternal characteristics and investigational tools
(Rasanenet al. 2013, Ghoshet al. 2017) Recent systematic reviews of these
biomarkers and prediction models avai&able in the literaturéDonovanet al. 2018,
Sweetinget al.2019)

As detailed in section 2.10.3, BMI is an important $statification tool in pregnancy

used to identify women at risk of developing GDM (Faethl.2011, Faralet al.2012

and Mostet al. 2018). Excessive accumulation of adipose tissue into the viscera has
been implicated in increased risk of cardwetabolic risk(Ribeiro-Filho et al. 2001,
Barthaet al. 2007, Vlachoset al. 2007) and diabetes mellitus (Barttet al. 2007,
Vlachoset al.2007, Brayet al.2008, Neelanét al.2012). Further to this, some studies
have investigated measures of abdominal adipose tissue in early pregnancy, and
established its ability to predict glucose intolerance and gestational diabetes in later
pregrancy (Martinet al.2009, De Souzat al.2014, Guret al.2014, Yanget al.2017,
Bourdageset al. 2018, D'Ambrosiet al. 2018). These research investigations give

insight into how measures of body composition in early pregnancy play an important
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role inearlier diagnosis and/or intervention, at a time when there is established contact
with healthcare professional (Poehal. 2018). Some recent studies have looked at
maternal anthropometrics in relation to development of GDM later in pregnancy.
MacDonaldet al. (2017)looked specifically at patterns of gestational weight gain in
early pregnancy. They modelled trajectories in the first and second trimesters of
pregnancy using conditional weighain percentileand used multivariable logistic
regression t@ssess independent associations of the trajectory with GDM. They found
that in normalweight women, every standard deviation increase in weight gain in the
first trimester above the maternal predicted gain, was associated with a 23% increase
in the odds ofestational diabetes [95% CI: 0.2%, 51%]. Similar results were found in
another geographic populatigdashimet al. 2019) Another study byrakmazet al.
(2019)looked at weight gain and waist circumference, finding these to be predictive of
GDM later inpregnancy. However, these measurements were taken2at @@eks
gestation. Base on their results in a Turkish population, they determined an optimal
cut-off points for the best predictive value of GDM were a waist circumference of 100
cm (sensitivity 0f84% and specificity of 70%), peregnancy BMI of 25 kg/fh
(sensitivity of 81.8% and specificity of 76%), and gestational BMI of 28.3 %g/m
(sensitivity 75% and specificity of 77.4%). These studies show the potential of
anthropometric data in the predictiof GDM. To date there has been no study that
looked at the predictive ability of body composition on GDM based on the regional
distribution of subcutaneous adiposity, in conjunction with visceral adipose and

maternal characteristics.
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3.1 Abstract

Background: Exercise can be used as a strategy to attenuate hyperglycaemia
experienced during gestational diabetes mellitus (GDM). To maximise its use for

clinical management, the most effective modality should be identified. The purpose of
this review is to elucidate the most effective modality of exercise on insulin sensitivity

and blood glucose control in pregnant women with or at risk of GDM.

Methods: A search was undertaken in MEDLINE, PUBMED, Scopus, CINAHL,
Cochrane library, EMBASE ahMaternity & Infant Healthcare Database. Inclusion
criteria were RCT and casentrolled studies, which compared exercise interventions

to standard care during pregnancy, in women with or at risk of GDM.

Results: Two interventions using resistance exsecieight using aerobexercise and

two using a combination of both modalities were included. The interventions showed
consistently that requirement of insulin therapy; dosage and latency to administration,
were improved in the exercise groups. Less «best results were observed for
capillary bloodglucose measurements; however, both modalities and combination of
modalities were effective at improving blegtlcose control in already diagnosed
patients, and pregnant women with obesity. Discrepancthe tming of intervention,

GDM diagnostic criteria and the different measures used to assess glucose metabolism

make it difficult to draw clear recommendations.

Conclusion: Exercising three times per week for-80 min at 65/5% age predicted
HRmax usingcycling, walking or circuit training as a modality improved glycaemic
control in GDM patients, and reduces incidence of GDM in pregnant women with
obesity. Further studies looking specifically at the effects of different modalities of
exercise on glucoseetabolism with combined strategies to enhance insulin sensitivity
should be explored to maximise benefits for GDM pregnancies. Consistency in design
and delivery of exercisenly interventions is required to make recommendation on
suitable exercise preggtion in this population. In practice, adherence to consensus in
diagnostic cubffs for GDM diagnosis is fundamental for standardising future

research.
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3.2 Introduction

Gestational diabetes mellitus (GDM) is a carbohydrate intolerance resulting in
hypeglycaemia of variable severity with onset or first recognition during pregnancy
and with resolution postpartuif2013) It is recognised that overt diabetes during
pregnancy is associated with significant levels of perinatal morbidity, such as
macrosomianeonatal hypoglycaemia, shoulder dystocia and other birth injiices

et al. 1996) as well as more recently: respiratory, neurological, digestive and cardiac
disorders such as cardiac malformations and hypertrophic cardiomyd@kttnychez

et al.2015.

In addition, exposure to GDM pregnarnoyuterohas also been shown to induce long
term effects in offspringDabelea and Crume 2011, Carclalahet al. 2015) These
included increased incidence of type Il diabetes, cardiovascular alterations such as
hypertension(Simeoni and Barker 2009jnetabolic syndrom¢Clausenet al. 2009)

and obesityKampmannet al. 2015)in the offspring later in adulthood, as well as
increased risk of developing lorgganding diabetes in the motH@'Sullivan 1982)
Complications for pregnancies subsequent to GDM are-estliblished and carry

serious consequenc@drnoyet al.2015)

Stringent new diagnostic criteria have been adopted as usual practice in centres globally
following findings from the prominent Hyperglycaeanand Adverse Pregnancy
Outcomes (HAPO) studgMetzgeret al. 2008) which showed that small degrees of
hyperglycaemia have a significant effects on pregnancy and neonatal outcomes. These
findings have led to improved uniformity in the diagnosis of GDM internationally. Use

of the newly established criter{&ackset al. 20120) has also resulted in a rise of
prevalence of GDM from 2.7% using previous criteria for diagn(Srifin et al.

2000) to figures between 9.3 to 25% across the continents using the newly adopted
and more stringent diagnostic critef@'Sullivanetal. 2011,Sackset al.20123). This
threefold increase in prevalence is accompanied by a concurrent rise in specialist

medical referrals becoming a significant burden on the healt system.

Medical therapy during gestation, through nutritional thgrapd pharmacological
intervention to obtain glycaemic control has had positive results in the management of
this condition and attenuation of complicatigiigeu et al. 2014) The importance of
prenatal glycaemic control and weight management througttisgeand nutrition

mani pul ation is recognised in practice.
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Gynaecologistsdé (RCOG), as wel |l as the
Gynaecologistdé (ACOG), both endor ie t he |
and strengtitonditioning exercise, with the goal of maintaining a good fitness level,

as part of a healthy lifestyle during pregnafdOG 2015, RCOG 2029 Despite
multiple interventions over the last decade, the most effective form of lifestyle
management composed of dietary and physical activity behaviours for the prevention
of GDM remains undetermine@ain et al. 2015) A Cochrane review of lifestyle
interventions for the treatment of GDM reported thetmen exposed to lifestyle
interventions wee less likely to have postnatal depression and were more likely to
achieve postpartum weight gogBrown et al. 2017) Exposure was also associated

with a decreased risk of the neonate being born LGA and decreased neonatal adiposity.
Despite thesgpositive findingsthe contribution of individual components of lifestyle

could not be assessed due to limiting study degigats(Brown et al.2017)

Exercise has long been accepted as an adjunctive therapy in the management of type I
diabetes mellitusn nonpregnant individuals, due to its ability to improve insulin
sensitivity and insulirstimulated muscle glucose uptake, both of which improve
glycaemic contro{Ruchat and Mottola 2013 he adaptations to exercise occur at the
skeletal muscle leveind due to similarities with GDM, the findings may translate to

this population grougColberget al. 2010) Modality, frequency, and duration of
exercise are important components of exercise prescription and need to be defined in
ordertobeofpracticai s e t o be prescribed in pregnan

a clear diagnosis of GDM.

The purpose of this literature review was thi@ld: 1. To identify exercise intervention

studies implemented specifically during pregnancies complicated byadied GDM

or o6at risko6é6 of GDM; 2. To determine whi
at improving insulin sensitivity and glycaemic control; and 3. To make

recommendations for future exercise intervention studies in this population.
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3.3 Methods:

3.3.1 Data sources and search strategy

The PICO framework was applied to formulate the research question and search
(Schardtet al. 2007) This specialized framework is endorsed by the Practitioners of
EvidenceBased Practice (EBRFFineoutOverholt and dhnston 2005)

P (Patient/condition): Women at risk of GDM and diagnosed with GDM

I (Intervention): Exercise only, unless nutrition is part of standard care.

C (comparison): Exercise modalities (on multiple occasions, this excludes acute bouts
of exercise)

O (Outcome): Measure of insulin sensitivity or blood glucose control

A systematic search of the literature was performed to identify journals articles that
examined the insulin and glycaemic effects of exercise intervention during pregnancy,
onwomenatirsk or diagnosed with GDM. The sea
AND Oexercised AND o6interventiondé AND 06g!
was applied to the following seven databases: MEDLINE (Ebsco), PUBMED (NCBI),
Scopus, CINAHL, Cochranebirary, EMBASE and Maternity and Infant Healthcare
Database (Ovid). No date or limits were set, language limits were set for English. RSS
notifications were set up for each database. In addition, bibliographies of existing
reviews, eligible studies, key joals and conference proceedings were manually
scanned. Scholars of various articles were contacted to enquire about protocol.
Publications that did not have follow up publications of the corresponding trial results

were also followed up. The literatureaseh was conducted in April 2018.
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3.3.2 Study selection

All journal articles retrieved from the databases were independently reviewed in a two
stage process by three reviewers. In the first stage, the titles and abstracts of articles
from the database aa& ch were merged into EndNoteE
Studies that met review inclusion criteria and studies where there was uncertainty about
meeting inclusion criteria were reviewed in full text by the main author. In the second
stage, the full textfahe study was read to determine if the study would be included in
the review. The eligible studies were then reviewed by a second independent reviewer.
Ambiguity was resolved by discussion with third reviewer (A.D). Inclusion criteria
consisted of: (1)tady population were women diagnosed with GDM or considered at
risk, with clearly defined risk factors (2) intervention of exercise (on multiple
occasions) including any modality (aerobic, resistance, aquatic etc.); (3) comparisons
of exercise interventiato standard care; (4) outcome measures of insulin sensitivity

or blood glucose control; (5) study design was a randomized control trial or case
controlled trial (6). Studies were excluded if they included a dietary aspect to the
intervention (unless thiwas part of standard medical therapy); participants presented
with co-morbidities; or use of medication to control hyperglycamia, and studies which

investigated the acute response to one bout of exercise.

3.3.3 Data extraction

Data from articles were esicted onto an Excebkpreadsheet. Data extracted on the
details of participants included: number of participants in each intervention and control;
nature of intervention: timing of intervention, duration and type were included.
Outcome measures relevanthe review such as glycaemic measures and measures of
insulin sensitivity were included. Other reported outcomes were listed. Inclusion/
exclusion criteria, setting (supervised or helnased), compliance/ adherence methods

of objectively measuring interigiof exercise where included.

3.3.4 Assessment of risk of bias, data synthesis and analysis

The main author and a second assessor independently assessed risk of bias for each
study using the criteria outlined ithe Cochrane Handbook for Systematic Reviefv
Interventions(Higgins and Green 2011Any disagreement was resolved by a third
assessor (A.DEligible studies did not have combinable outcomes for fap#dysis;

a narrative review was thus undertaken. The eligible articles were summarized and

discussed.
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3.4 Results

3.4.1 Description of the studies

The initial search yielded 685 abstracts, of which thirteen studies met inclusion and
exclusion criteria Kigure 3.1). Twelve of these were included in this review after
reviewing for quality (a summaris shown inSla and [y two were interventions
looking at resistance exerci@i@rankstonet al. 2004, de Barrost al.2010)and eight
studies looked at the effect of an aerobic exercise interve(oery et al. 1997,
Davenporet al.2008, Onget al.2009, Callawat al.2010, Ruchagt al.2012, Halse

et al. 2014, Guelfiet al.2016, Wanget al. 2017). Two studies utilized a combination

of aerobic and resistance exercise (Garreaed. 2016, Sklempe Kokiet al. 2017)

One study was omitted due poor adherence to the intervention, with only 16.4% of
people attending half the sessi¢g@®stdamet al.2012. This study was therefore not
included, as the results did not reflect the effect of the exercise trial, which was a

combination of resistanced aerobic training.

Figure 3.1 PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) flow diagram showing inclusion/exclusion of journal articles

throughout screening procedures

Records identified through database searching : PubMed

Z || (NCBI) (104); Medline (EBSCO) (88); EMBASE (97); Scopus ~ -

o (n=186); CINAHL (68); Cochrane library (1); Maternity and Addltlor::;Li?liiiin(if_li:)through

g Infant Healthcare database (127) (n=670) _

'_

=

w

(=] Records after duplicates were removed (n=428) |

Q Records screened for unrelated fields, foreign text, article type,

= . ) _ Records excluded

= animal studies (n= 409)

= (n=301)

]

w

[a'

Q

[}

E Full text articles excluded if they included a dietary

5 - —— aspect to the intervention (unless this was part of

= Full text articles assessed for eligibility | | standard medical therapy); participants presented with

IG] (n=108) co-morbities; or use of medication to control

= hyperglycamia, and studies which investigated the

= acute response to one bout of exercise.
(n=95)

2

g Studies included in Articles excluded after

3 qualitative synthesis quality review

= (n=12) (n=1)
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3.4.2 Risk of Bias
3.4.2.1 Allocation

Methods to gemate the random sequence were judged adequate in 10 of the 12
included randomized controlled trials and two were unclear risk Tabée S1a

Various techniques were used to randomize participants. These methods included use
of random number tabl@Brankgon et al. 2004), computergenerated random series
produced by a person unrelated to the protddel Barroset al. 2010) and block
randomisation(Ruchat et al. 2012) Others stated they randomized participants,
however did not detail how this was dq@nget al.2009, Callawat al.2010, Halse

et al.2014).

Five trials were judged to have used adequate methods for allocation concealment
(Brankstonet al. 2004, de Barrost al. 2010, Halseet al. 2014, Sklempe Kokiet al.

2017, Wanget al. 2017) Of these five trials, three of them used concealed opaque
envelopes and separate researcher allocated patient according to randomization list, and
one trial allocation was conducted by a third party at another location outside the
hospital(Callawayet al.2010). For the remaining four trials, the risk of bias was judged
unclear due to inadequate allocation concealment, as no methods were (fetailed

et al. 1997, Onget al.2009, Oostdaret al.2012 Guelfiet al.2016).

3.4.2.2 Blinding

For 10 trials, theisk of performance bias due to inadequate blinding of participants
and personnel was judged to be higkiery et al. 1997, Brankstoet al.2004, Ongget

al. 2009, de Barrost al. 2010, Ruchatt al. 2012, Halseet al. 2014, Garnaest al.
2016, Guelfiet al. 2016, Wanget al. 2017). Ondrial did not state details of blinding
(Callawayet al.2010) and one study successfully blinded the persofteeBarroset

al. 2010) However, due to the nature of the interventions blinding participants is not

possble (participants are required to perform exercise).

All trials were considered at high risk of detection bias due to patgotted

outcomes being sethonitored, and also the eqpaint being insulin administration
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3.4.2.3 Outcome data

All studies were considered at low risk of attrition bias with clearly reported attrition
rates and all trials had low risk of reporting bias as they included data from these
participants in their analysis, with the exception of one (Baankstonet al. 2004)
Oostdanet al. (2012 had a low adherence of 16.5%, and as a result a lot of follow up
data were missing. They used a statistical technique, bootstrapping, to analyse

estimates of missing data.

3.4.2.4 Caseontrolled trial

One included study waa casecontrolled trial (Davenportet al. 2008) which was
assessed using a tool specific for its degijggins and Green 2011) he risk of bias
was judged minimal. Detailed of this can be sedalie S1b

3.4.3 Characteristics of studies and patientsncluded in the systematic
review

Table 3.1lasummarises the studies selected, showing author, number of participants
(n), exercise modality utilized, and details of the timing of the intervenfiable 3.1b
describes the characteristics of the patiendided in the systematic review. This table
includes details on the location where the study took place, nature of the population
diagnosed or at risk of GDM, maternal age (y) anepeginancy BMI (kg/rf) for both

the intervention and control groupsesch study included in the systematic review.
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Table 3.1a Characteristics of studies meeting inclusion criteria

Article

Brankston et al, 2004
de Barroset al, 2010

Halseet al, 2014

Ruchatet al, 2012
Davenport et al, 2008
Ong et al, 2009
Callaway et al, 2010
Avery et al, 1997

Guelfi et al, 2016

Wang et al, 2017
Garnaeset al, 2016

Sklempe Kokic et al,

2017

Intervention Control

16
32

20

6
10
6
25
16

85

150

46
20

n

16
32

20

6
20
6
25
17

87

150

45
22

Mode (RT*,
AER**,
COMB***)
RT
RT

AER

AER
AER
AER
AER
AER

AER
AER

COMB
COMB

Timing of intervention

Start point

From GDM diagnosis (282)
From GDM diagnosis (234
weeks)

From GDM diagnosis (wee
28.8+ week ofjestation)
Between 1620 weeks

From diagnosis (228 weeks)
From week 18 gestation
From 12 weeks gestation
From GDM diagnosis (from 3.
weeks or less)

Between 13 to 15 week
gestation

<12 weeks gestation

12-18 weeks gestation

28 weeks

End point Duration
(weeks)
Till end of gestation ~5
Till end of gestation ~5
Till week 34 gestation ~5
34-36 weeks gestatior  14-20
To delivery 06
28 weekgyestation 10
36 weeks gestation 24
Till end of gestation 4-6
28 weeks gestation 14
36 weeks gestation ~24
36 weeks gestation 1824
Till end of gestation 6-10

*RT resistance training, **AER: Aerobic exercise ** COMB Combined resistance and aerobic exercise
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Table 3.1b Characteristics of patients included in the systematic review

Article Location Diagnosed At risk Intervention group Control group
with of GDM
GDM
n Maternal Pre-pregnancy n Maternal Pre-pregnancy
age (y) BMI (kg/m?) age (y) BMI (kg/m?)
Brankston et al, Canada X 16 30.5:4.4 28.0t5.7 16 31.3:5.0 25.9:3.4
2004
de Barroset al, 2010  Brazil X 32 32.45.4 25.4+3.8 32 31.8:4.9 25.3t4.2
Halseetal., 2014 Australia X 20 32.G£3.0 26.4:7.1 20 34.G£5.0 25.2£6.7
Ruchatet al, 2012 Canada X 6 31.8t5.7 24.9+5.3 6 30.#7.3 21.6:1.8
Davenportet al, Canada X 10 33.4£3.3 32.%7.1 20 33.35.3 32.85.9
2008
Onget al, 2009 Australia X 6 30.0t4.0 35.1+3.5 6 30.0t4.0 35.1+3.5
Callaway et al, 2010 Australia X 25 30.4t4.8 >30 (36% 25 30.G£5.9 >30 (36%
BMI O35 BMI O35
Avery et al, 1997 America X 16 32.2¢4.9 28.4t7.6 17 30.4t5.1 25.5:5.5
Guelfi et al, 2016 Australia X 85 33.6t4.1 26.3t5.1 87 33.8t3.9 25.#5.4
Wang et al, 2017 China X 150 31.1+4.6 26.8:2.7 150 32.5:4.9 26.8:2.8
Garnaeset al, 2016  Norway X 46 31.3t3.8 33.9t3.8 45 31.44.7 35.1+4.6
Sklempeet al, 2017  Croatia X 20 32.8t3.8 24.4+4.9 22 32.0t4.9 25.3t4.7
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3.4.3.1 Resistance exercise

Two studies examining the effects of a resistance exercise program during GDM
pregnancy were identifie@Brankstonet al. 2004, de Barroset al. 2010). The
interventions both took place from diagnosiscata week 24, until the end of
gestation, for a period of at least 10 weeks. Details of the design of the intervention,
outcome measures taken and their main findings are summariZadla 3.2below,

with a more comprehensivable S2a.

Both studies had similar exercise interventions, each consisting of a circuit format of
eight exercises working up to 15 repetitions of each exercise using a resistance band,
three times a week. Both showed positivaultss and these differe@rankstonet al.
(2004)showed that the exercise group required less insulin during gestation (43.8%)
in comparison to diet alone (56.3%), but this was not statistically significa@t4@).

The amount of insulin required (urfikg) was less in the exercise intervention group
0.22+0.2 vs. 0.48+0.3€0.05), and women in the intervention group required insulin
later in pregnancy 3.71+3.1 vs. 1.11+0.8 weeks after diagm$)06). No detectable
difference in blood glucose levelsith the exception of pooled pesteal (2h) glucose,

which was lower in exercise group 6.0£0.29 vs. 6.4+0.81 mmp#Q.05).de Barros

et al. (2010)found that fewer patients in the exercise group 21.9% vs. 56.3% required
insulin during gestatiorpE0.005). Moreover, patients in the exercise intervention who
used insulin continued to present adequate glycaemic control according to the target
established for a longer percent period of weeks than control patients who used insulin
(0.63 £ 0.30 vs 0.4184.30 p = .006)). No difference was detected between groups in
mean glucose levels, amount of insulin required and latency to insulin requirement in
those patients requiring insulin. Mean glucose levels were observed between patients
of the two groups whaised insulin, however these were not found to be different
(control: 5.9£0.4 vs intervention: 6.1+0.5 mmolfi5.342).
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Table 3.2 Abridged summary table for resistance exercise interventions, their

main outcomes and findings

Main findings

Article Intervention Main outcome measures (Intervention

group vs.
control)

Brankstoret al, | Circuit session: 3 x per _ _ _ i _

2004 week. 3 rounds of 8 Requirement for insulin z No dif
exercises x 15 . : .
repetitions Amount of msu.llr.l | Z | mprov

Latency ofadministration of .

. . y i mprov
insulin

Pooled post meal glucose Z improv

de Barrost al, | Circuit session 3 x per ) i ) .

2010 week: 3 rounds of 8 Requirement for insulin Z | mprov
EXETCISES X 15 Amount of insulin z No dif
repetitions o _

_Latencyof administration of 5 No dif
insulin
Pooled capillary glucose level§ Z No di f

3.4.3.2 Aerobic exercise

Eight intervention studies were identified which used aerobic exercise as their exercise
interventio(Avery et al. 1997, Davenporgt al. 2008, Onget al. 2009, Callawayet al.

2010, Ruchaet al.2012, Halseet al.2014, Guelfiet al.2016, Wanget al.2017).The

details of the design and findings of the outcome measures are summarizdiein
3.3with a more comprehensive table S2b

The exercise interventions where completely supervised in some(Pasenportet

al. 2008, Onget al. 2009, Ruchatt al. 2012, Guelfiet al. 2016, Wanget al. 2017)
partially supervised in othe(éwvery et al. 1997, Halsest al.2014)and not supeised

at all in one studyCallawayet al. 2010) The methods used and outcome measures
taken vary greatly in each trial making it difficult to compare them directlytédse

S2h), however there seems to be a positive impact of exercise in outcomeeaeadsu
insulin sensitivity and glycaemic control across those studies that had at least three
supervised sessions per week lastingt80ninutes. Two studies found no differences

in various measures of blood glucose control and surrogate measures af insuli

sensitivity between intervention and control group. The first s{adgry et al. 1997)
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had two supervised sessions lasting 20 minutes, and outcome measures were limited to
fasting glucose, HbAlc and use of insulin therapy. The second EBublfi et al
2016)started at 20minutes and increased in duration, the outcome measures used where
OGTT, HOMA-IR, OGIS and HbAlc.

Three of these studies recruited a population already diagnosed with GDM, two of
which reported improvements in outcome measureniBatenportet al.2008, Halse

et al. 2014) whereas Avery et al (1997) did not detect any changes in outcome
measures. The differences between these studies was the type of exercis, dflalse
(2014) used cycling as a modality, and Davenport (2008) walking, whereas Avery et al
(1997) used arm ergometer. Frequency and duration of exercise was also less; twice
per week for 20 minutg#®\very et al. 1997) as opposed to three times per week for 40
minutes(Davenportet al.2008, Halsest al.2014)

Five of the studies engaged a population at risk of gestational diéDeatpst al.2009,
Oostdamet al. 2012 Ruchatet al. 2012, Guelfiet al. 2016, Wanget al. 2017) The
duration of these interveotis ranged from 10 to 20 weeks in comparison to t6e 4
week duration of intervention in those studies who engaged a population diagnosed
with GDM (Avery et al.1997, Davenport al.2008, Halset al.2014) Improvements

were found in capillary blood ghose(Ruchatet al.2012) blood glucose response to
OGTT (Ong et al. 2009, Wanget al. 2017) insulin resistancéWanget al. 2017)
gestational weight gain and incidence of GDM was reportedly improved in one study
(Wanget al.2017) One study in partidar (Guelfi et al. 2016)reported no difference

in all outcome measures, despite similar frequency, intensity, type and duration of
exercise intervention. This study differed from the above studies in the population
recruited, where women with previous GDMhere recruited as opposed to obesity.
These women had a lower BMI than those women engaged in the other studies, with
44% in the exercise group and 55% in the control group within a healthy BMLI. It is also
worth noting this had sample size powered tdajemal weight gain and not measure

of glucose control or insulin sensitivity.
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Table 3.3 Abridged summary table for aerobic exercise interventions, their main

outcomes and findings

Main outcome

Main findings (control

activity.

Article Intervention .
measures vs. Intervention group)
Mean capillary
blood glucose pre |
and postexercise |[Z | mpr oved
Cycling 5 x per week. | (ex&cise group
3 x a week: supervise| only)

I I 45 minutes (;nor(]jerate Increased in both groups,
Halseet al, | intensity and short HbAlc with no difference betwee
2014 bouts of higher

: . groups
intensity, 2 x a week
30 min moderate OGTT ZNo differer
cycling unsupervised. . o . :
yeling P Insulin sensitivity ZNo differer
Pooled capillary Z Improved
glucose levels
Supervised walking Z I mproved i
program3-4 x per and durations. Longer
Ruchatet week: 40 minutes in | Capillary blood durations of exercise
total with 30 minutes | glucose pre & post | (40min). Improvements in
al., 2012 )
at target HR of 30 or | exercise capilary glucose
70% HRR according attenuated with longer
to group allocation durations of exercise.
Capillary blood Z Improved
glucose
Davenport .
: . | Requirement for
etal, 2008 | 3-4 walking SesSIoNs & s lin Z Improved
week of 40 minutes at ]
30% HRR Amountofinsulin |Z | mpr oved
Blood glucose Z I mproved (
Ongetal, |3y per week 45 min response (OGTT) | hour
2009 cycling ergometer at | Insulin sensitivity
50-60% HRmax (OGISYH Zz No differe
Individualized Insulin resistance 5 No differ e
exercise plan, to reacl (HOMA-IR®)
Callawayet | recommendation of _ .
al., 2010 7 512 5MET-h/weelé | Fasting glucose Z | mproved
of moderate to
vigorous intensity Fasting insulin Z I mproved
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Avery et al,
1997

2 supervised session pe
week 30min 5min warm
up, 20min 70%HRmMax,
5 mincool down on
cycle ergometer. In
addition, 12
unsupervised sessions
the same intensity
walking.

Fasting glucose

HbAlc

Use of insulin therapy

Guelfi et al,
2016

3 x per week at home
supervisean cycle
ergometer. Warm up for
5 min at 5565%HRmax,
intervals alternating
between 655%HRmax
and 7585% HRmax.
Sessions progressed by
increasing in duration by
5min every 23 weeks so
that they started at
20minutes up to a
maximum of 60 min.

Pre and st
intervention OGTT

HOMA-IR

OGIS

HbA:C

Wang et al,
2017

3 x per week superviseq
exercise sessions on
cycle ergometer.

5min warm up (55
65%HRmMax)

30s sprint at 75
85%HRmaxevery 2 min
for 3-5 intervals,
followed by 5min at 60
70%HRmMax. 3 x 1min a
75-85%HRmax
(increased resistance)
2mins at 65
75%HRmax.

5min cool down at 55
65%HRmMax. Exercise
period start at 45min an
increased to 60min
progressively.

Incidence of GDM

Gestaional weight
gain

Insulin resistance

OGTT:
Fasted
1 hour post ingestion

2 hour post ingestion

Z | mproved

Z | mproved

Il nsulin | e

Il nsulin re
remained the same

Z | mproved
Z I mproved
Z

|l mproved

v el

S i

(n

*OGIS Oral Glucose Insulin Sensitivity index; HOMR H

omeostatic Model Assessmensulin ResistancdibAlc Glycated

haemoglobin; GDM Gestational Diabetes Mellitus; OGTT Oral glucose tolerance test; HRmax Heart rate maximum

58



3.4.3.3 Combined aerobic and stngth exercise

Two studies included both an aerobic and resistance training modalities of exercise
(Garnae<t al. 2016, Sklempe Kokiet al.2017) Summary inTable 3.4 below and
more indepth details inrable S2bBoth studies had supervised and 1sapervised
elementsGarnaeset al. (2016) reported an incidence of GDM was less in exercise
group vs. control group (6.1% vs. 27.3%0.04); however no difference was observed
in OGTT, insulin, HbAlc, and HOMAZR. Slempe and colleagues (2017) found an
improvement in posintervention average of three pgstindial measures (4.66+ 0.46
vs. 5.30 £ 0.47p < 0.001), but no difference in fasting glucose between the two groups.
The two interventions varied in durationdapopulation characteristics, with Garnaes
et al. (2016) intervening for 124 weeks in pregnant women at risk of GDM (B®I|
28kg/n?), and Sklempet al, (2017) between-&0 weeks following a GDM diagnosis.
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Table 3.4 Abridged summary table for combinedaerobic and strength exercise

interventions, their main outcomes and findings

elastic bands and 0.5 q

kg hand held weight.

6 exercises x 3sets of 1

10-15reps. 3 different
routines were used
and interchanged.

Exercise group was

also askeda perform
30min brisk walk per
day.

Fasting glucose

Insulin therapy

. , Main outcome Main : findings
Article Intervention Mmeasures (Intervention group
vs. control)
Garnaet al, | 3 x per week AGestat. ON, No diffe
2016 supervised. 35min gain
aerobic exercise 5 I moroved
(Walking/jogging) at | Al nci denc e P
~80%HRmax. . Pt ot
3x10reps squats, AOGTT 2z No di €
pushups, diagonal . .
lifts, oblique, and Al nsulin 2 No diffe
abdominal crunches. 5 No diffe
x30s plank attheend AHb A1l c
Pelvic floor exercise . ot
10 sets of @s hold. | A H O MAR 2 No diffe
50 min home progran
1x per week (same
structure as
supervised session.
Pelvic floor execises
daily.
Sklempeet al, | 2 x per week
2017 supervisedsession. | ¢ Postintervention |Z | mpr oved
(50-55min) 20min
treadmill walking at average of 3
65‘75%HRmaX - postprandia|
Resistance exercise
using body weight, measures Zz No diffe

No participants
required insulin
therapy.

'OGTT: Oral Glucose Tolerance Test. The specific test used is outlined in each?stReR. Heart
Rate Reserve. Target heart rate was determined using the HRR equaKervbgenet al. (1957)
3HRmax: Heart rate maximum established from predicted formula bimsaximal exercise testing
40GIS: Oral Glucose Insulin Sensitivity index which determines insulin sensitivity from the OGTT
(Mari et al. 2001)°*HOMA -IR Homeostatic Model Assessmdnsulin Resistance: method to quantify
insulin resistancéKirwan et al. 2001°MET -h/weekMetabolic Equivalentshours per week.
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3.5 Discussion

Twelve intervention studies met the inclusion criteria for this systematic review and
were included in this revieAvery et al. 1997, Brankstoret al. 2004, Davenporét

al. 2008, Onget al.2009, de Barrost al.2010, Ruchaét al. 2012, Halseet al. 2014,
Garnae®t al.2016, Guelfiet al.2016, Sklempe Kokiet al.2017, Wanget al.2017)
Modalities of these interventions were resistance exe(Bismkstonet al. 2004, de
Barroset al. 2010)and aerobic exercig@very et al. 1997, Davenport al.2008, Ong

et al. 2009, Callawayet al. 2010, Ruchaet al. 2012, Halseet al. 2014, Guelfiet al.

2016, Wanget al. 2017) Some interventions showed that requirement of insulin
therapy(Davenportet al. 2008, de Barrost al. 2010) dosagdBrankstonet al. 2004,
Davenporet al.2008)and latency to administratio(Brankstoret al.2004)improved

in the exercise groups. Capillary blegtlicose measurements also improved
(Davenportet al. 2008, Ruchaet al. 2012, Halseet al. 2014) as well as postheal
glucose (Brankstoret al.2004) and blood glucose respon$nget al.2009) Other
outcomes measured showed no difference in insulin sens{tityet al. 2009, Halse

et al. 2014, Guelfi et al. 2016) insulin resistancéCallawayet al. 2010, Wanget al.

2017) requirement of insulin(Brankstonet al. 2004) amount of insulin require(tie
Barroset al.2010) as well as latency of administrati(de Barroset al.2010) Of note

is that no studies reported any negative outcomes of exercise on blood glucose control.
Discrepancies in the timing of intervention, GDM diagnostic criteria and the variety in
outcome measures used to assess glucose metabolism, make it difficult to draw clear
recommendations but have useful considerations for the design of future exercise

interventions in this patient population.

The details of the exercise (modality, time, intensity) are of high importance during
GDM, as diagnosis occurs around weeks284f gestation, allowing for-80 weeks
opportunity for intervention before parturition. In the studies included in this review,
the timeframe exposed to the exercise intervention, and degree of hyperglycaemia of
the participants varied as a product of diéfg GDM diagnostic criteria used by the
study to define a starting poi(tioffmanet al. 1998, Meltzeret al. 1998, CDA 2003,
Metzgeret al. 2007) These criterion are less stringent than the current guidelines by
the World Health OrganisatiofWHO 2013) derived from the International
Association of the Diabetes and Pregnancy Study Groups (IADPSG) group as a result
of findings from the Hyperglycaemia and Adverse Pregnancy Outcomes (HAPO)
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study. This could potentially have an effect of the outcomes ofettexcise
interventions, as it still needs to be established at which specific point prior or during

GDM can an exercise intervention be most effective

I nterventions del i v(©ngetdl 2009, Calavaet al.2EE& 6 p o p
Ruchatet al. 2012, Garnaest al. 2016, Guelfiet al. 2016, Wanget al. 2017)
commenced earlier in gestation and laste?24@veeks.Ong et al. (2009) recruited
pregnant women with obesity; otherwise not at risk of GDM and the length of time of
intervention was over sixveeks. Commencing exercise intervention earlier gave
positive results to glycaemic control in all cases, bar in a population who had previous
GDM. This is in line with exercise interventions in type Il diabetic patients, where
positive outcomes were attuted to the benefits of metabolic control and adaptation
over 15 weeks or morgoulé et al. 2001) with even one week of aerobic training
known to improve whole body insulin sensitivity in obese individuals with type I
diabetegWinnick et al.2008) In light of this, it is worth considering at which point to
intervene with an exercise intervention, even though it is recognized that exercise prior
to pregnancy is effective at reducing the risk of GIN&n et al. 2012) the most

effective strategies to mamise results have not been identified.

The modality of exercise also needs to be considered in terms of the longer term aspects
of the effects it may have. Most of the studies included in this literature review did not
follow up the women or infants pgestrtum, with the exception éfalseet al. (2014)

who reported followup data separateljHalseet al. 2015) This is very valuable, as

they reported a reduced incidence of macrosomia in the offspring and less maternal
weight gain over the intervention @i in the group who engaged in the exercise
intervention. No other improvements in obstetric or neonatal outcomes were observed,
despite this, it is also positive that no adverse effects where reported consequent to the
exercise intervention. These dat& relevant in understanding what benefits aerobic
activity confer in the longer term. Specifically this population group is at higher risk of
developing type Il diabetes following gestatigéim et al. 2002) and the benefits of
various exercise modais can extend beyond the ac(®volbidi and Laher 2013,
Ruchatet al.2016)

The tests used to assess glycaemic control in the interventions are typicallyal5g
glucose tolerance test (OGTT) results at diagnosis and later in pregnancy, postprandial

blood glucose, random blood glucose and insulin measures, HbAlc, indirect measures
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of insulin sensitivity (OGIS) based from OGT(Mari et al.2001) HOMA-IR, as well

as need for insulin treatment and others as indicators of progression of hyperglycaemia,
however additionally, treatment criteria depends on which criteria the health centre
practices. Sensitivity of these measures needs to be considered, and can explain the
variation in results, sometimes seeing a positive outcome in one outcome with no
changem another, all within the same studBostprandial plasma glucose excursions
have been found to be as importéddrkinet al. 2005)in achieving HbAlc goals in

type Il diabetic patients, and due to the limited timeframe of pregnancy this may be a
more relevant marker than HbAlc, as blood renews itself aft@ \Beeks therefore
missing out the period of the acute interventions dedivEne lack of homogeneity in

measurements across studies makes them difficult to compare.

Adherence was measured in each of the trials, with the use of attendance logs
(Brankstonet al. 2004, Onget al. 2009, Ruchatt al. 2012, Halseet al. 2014)
pedameter readingéDavenportet al.2008) self monitored exercise diari€blalseet

al. 2014)and combination of attendance and-logpk (Brankstonet al.2004, Ruchat

et al. 2012) All included trials reported high attendances with over 90% exercise
sessbns attended by intervention groups. Trials involving supervised components of at
least three times per week with at least 40min of exercise had better outcomes in

glycaemic management, than those who engaged in less.

Measuring adherence is an importarmhponent of exercise interventions in pregnancy

as women typically experience more perceived barriers to exercise during pregnancy
resulting in decreased participation to exer@seensoret al.2008, Gaston and Cramp
2011) These barriers are compoundedwomen at risk of GDMLeppanenret al.

2014) including obesitySeneviratneet al. 2015) as well as those with GDM in a
previous pregnancyinfanti et al. 2014) These women experience more barriers

specific to their condition, and ppregnancy weight.

In a pregnant cohort who had GDM in a previous pregndnfanti et al.(2014)found

that requiring insulin treatment was a barrier to participation in exercise, whilst women
over the age of 34 were more likely to participate. Within a GDM cobamyns and
Ulbrecht (2006)found that the strongest perceived advantage of exercisegdur
pregnancy was controlling blood glucose levels, whilst postpartum was for weight
control. The most common barrier to exercise during pregnancy was fatigue and

postpartum was a lack of time. Women exercised more during the postpartum period
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than beforeor during pregnancy and number of exercise advantages reported was
positively associated with the amount of exercise engaged in whilst pregnant and
postpartum(Downs and Ulbrecht 2006)

In a Finnish cohort of women at risk of GDM, barriers to exercided®d not meeting
physical activity recommendations prior to pregnancy, education level and working
full-time (Leppénenet al. 2014) They found strong predictors of meeting physical
activity recommendations was education level, working -pex¢ and hawg a
physically active spouse. The latter being the strongest predictor and consistent with
findings in another GDM cohofDowns and Ulbrecht 2006)Children, other family
members, weather and gpeegnancy activity levels were also factors that motd/ate
these women to meet physical activity recommendations. Tiredness, nausea, perceived
health, work and lack of time restricted their physical activity level the most, with the

latter three reported as the most common barfiegpéaneret al.2014)

In addtion to these specific populations, women tend to engage in less physical activity
as a whole during pregnan¢yeneviratnet al.2015) A number of pregnaneselated
physiological changes make exercise increasingly challenging and less acceptable
duringpregnancy. These include an increased sense of breathlessness, change in centre
of gravity (with alteration of posture and balance), and increased laxity of ligaments
(Cherni et al. 2019) Furthermore, weight gain in pregnancy due to expansion of
maternalblood volume leads to an increase in the cardiorespiratory effort required to
perform a given amount of physical activity. Perceived barriers to exercise such as
tiredness, low motivation, lack of enjoyment and concerns regarding pregnancy
complications ad foetal harm have also been reported widely in this population
(Seneviratneet al.2015) Additionally, a number of external factors that are important

to pregnant women, such as lack of childcare, lack of time, overly protective family
members, lack obutdoor spaces to be active, and the cost of exercise facilities.
Additional barriers specifically in pregnant women with obesity have been reported by
Seneviratneet al. (2015) These pertain to negative satfage, lack of adequate
antenatal supportomasf e exer ci s e, perception that th
on appropriate exercise in pregnancy was limited, conflicting advice, and lack of access
to correct information. In a recent revieBaueret al. (2018)postulated that pregnant
women shoulde given tailored advice/motivation according to-pregnancy body
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mass index, as they found motivational factors and barriers to be specific amongst

different BMI groups and mostly of a modifiable nature.

Lessons learned from these studies should bsidered in future in the design of
interventions to ensure a targeted intervention design to be more likely for pregnant
women at risk or diagnosed with GDM to participaBaston and Cramp (2011)
outlined demographic and thedbpsed correlates that shdulbe taken into
consideration when developing interventions to increase physical activity among
pregnant women. This body of research should be considered in order to maximize
engagement in this population. In this systematic review, studies with sugervise
exercise had better adherence. Future work into the potential barriers supervision helps
overcome in this population would be useful in guiding further exercise intervention

studies.

When lifestyle changes do not normalise blood glucose levels, phaog@ebl
treatment can be utilized, progressing to insulin treatment as a final course of action.
Delaying and minimising treatment with insulin is of clinical importance not only as
an indicator of progression of hyperglycaemia, but also due to its agsociath
vascular damag@Meigs et al. 2000) Both resistance interventions took measures of
insulin administratior{Brankstoret al. 2004, de Barrost al.2010) and though these
specific interventions were not statistically powered for this outcomasure, they
showed improvements in response to the intervention. Future studies should

incorporate these measures within their trials.

The mechanisms behind impaired insulin sensitivity during GDM are not completely
understood, and therefore remains ey\fertile ground for research. Exercise may be
an effective strategy to optimize glucose homeostasis as it can lower blood glucose
levels, thereby improving insulin sensitivity during pregnancy reducing the burden on
t he ¢ o mp-edaissButhanangandbang 2005) Exercise lowers blood glucose
concentration via two distinct mechanisms: the contraghediated pathway, and the
insulin-stimulated pathway (Hawley and Lessard 20Q08)The physiological
mechanisms involved in increasing insulin sensitivitglude increased number of
insulin-sensitive glucose transporters (GL4), enhanced response of GLi4Tto
insulin and increased glycogen synthase activity, all within skeletal muscle. These
work in combination to lower capillary glucose concentrationse Timderlying

mechanisms surrounding this are describedepth elsewher¢Golbidi and Laher
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2013) As skeletal muscle is the major source for insatimulated glucose uptake,

any treatment targeted to improve glucose uptake in this tissue will impiusie w

body insulin sensitivity. The metabolic benefits of exercise, specifically during GDM
pregnancy, are thought to be due to changes affecting pathways which influence insulin
sensitivity, adipokines and reductiomidation reactiongGolbidi and Laher @13).
Aerobic and resistance exercise trigger various metabolic pathways to elicit metabolic
benefits when performed prior to pregnaiiByin et al. 2015)and as part of medical
therapy for glycaemic management in type Il diabetic pati@itemaset al. 2006).

Some research has shown that the metabolic benefits and protective effects-are dose
dependen{Warburtonet al. 2006)leading some studies to turn their focus to energy
expenditure(Callaway et al. 2010, Kumareswaraet al. 2013) However, studies
investigating the effects of differing modality of exercise on several metabolic markers
and compartmental changes in body composition show that the metabolic benefits are
specific and diverse according to modalftipanezet al. 2005, Dreyeret al. 2006,
Rattarasarn 2006, Dreyet al.2010, Kuet al.2010)

Aerobic exercise may work best for increased uptake of glucose into the muscle and
reducing fat mass (reduced adipokine and leptin production). However, resistance
exercise may be more effeatiat increasing lean muscle, and thus basal metabolic rate,
and therefore may have its place in the management of GDM pregnancies, in terms of
long-term maternal outcomes and their risk of developing type Il diabetes mellitus
(Kim et al. 2002) Previous sidies have suggested that the maternal environment, in
particular reduction in maternal insulin sensitivity, contributes significantly to foetal
growth (Scholl et al. 2001) Regular aerobic exercise, through an effect on maternal
insulin sensitivity, maynfluence offspring size by regulating nutrient supply to the
foetus.

The discrepancies in the results of the resistance exercise intervéBtiankstonet

al. 2004, de Barro®t al. 2010)included in this review may be due to the higher
numbers recruiteth De Barroset al, (2010). Also of note is the difference in delivery

of interventions. Brankstoet al, (2004) supervised three sessions per week, including

a weekly phone call to ensure adherence. This was in contrast to De &aalgs
(2010), whee one session per week was supervised and phone contact was made with
participants to encourage adherence for the two other sessions that took place at

participants home unsupervised. In both trials, resistance was adjusted via the length
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of the elastidband to increase tension, and even though it is speculated this modality is
selflimiting unlike free weights, a shetérm study in women has found elastic bands

to produce the same benefits in body composition changes as free Ematio and
Triplett 2008) The aerobic interventions had varying results, as the delivery of their
intervention and outcome measures were different in each study. Therefore as
previously alluded to, it is suggested that future study designs are homogenised in order
to make omparisons between effectiveness of exercise modality on glycaemic

parameters.

Studies have previously shown that greater exercise intensity exercise yields greater
glucose uptake by skeletal muscle cells acutely, and over time through the contraction
mediated and insulin stimulated pathways, to increase insulin sens(tteghel and

Coker 2015)Exercise prior to pregnancy is known to reduce the risk of developing
GDM (Winnick et al. 2008, Ruchat and Mottola 2013h anoverweight/obese nen
diabetic poplation, it has been shown that aerobic exercise was more effective at
reducing fat mass, and resistance training was more effective at increasing lean mass.
However performing both, and hence doubling the time committed to exercise by
participants, did niodouble the benefil@Villis et al.2012) This, as well as the limited
time-frame between diagnosis of GDM and parturition (~8weeks), further highlights
the importance of establishing the most effective modality of exercise as a treatment
for hyperglycaaia in GDM patients during pregnancy, in order to maximise strategies
for minimising hyperglycaemia in the antenatal period.

3.6 Conclusion for practice

This systematic review recommends that patients with GDM and pregnant women with
obesity can improvelgcaemic management and incidence of GDM during pregnancy
through exercise. Evidence collated in this review suggests that women diagnosed with
GDM benefit from exercise performed a minimum of three times per week, resistance
exercise consisting of eighkercises of 1820 repetitions each using major muscle
groups, or aerobic exercise using major muscle groups such as cycling, and walking,
performed at 124 RPE (65/5% age predicted HRmax) for 40 minutes. For
adherence purposes, supervising sessiodsraking these sessions interesting using
brief intervals of increased intensity such as RPEL337585% age predicted

HRmax) using resistance or speed can be undertaken safely with suitable monitoring
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and realistic increments of time and intensity ade to the patients previous ability

and progress. Combinations of aerobic and resistance exercise also confer such benefits
to glycaemic control, in line with the 78.5 MET-h/week (~900kcal) of moderate to
vigorous exercise guideline set out for thagpulation group. Women at risk of GDM

due to high BMI (>2&g/n?) would benefit from similar intervention; however those

at high risk of GDM due to previous exposure to GDM without obesity do not seem to

improve glycaemic control with such interventions.

Despite no studies reporting any negative outcomes of exercise on blood glucose
control, the lack of heterogeneity amongst the studies make it difficult to draw clear
recommendations, however have useful considerations for the design of future exercise
interventions in this patient population. Heterogeneity amongst studies arose due to
discrepancies in the timing of intervention, criteria used for GDM diagnosis and the
variety in outcome measures used to assess glucose metabolism. In light of this, it is
recommended that further research on the effectiveness of exercise interventions needs
to take place, in a standardized manner, in order to compare results and answer what is
the most effective exercise intervention in this population. This includes tiamdg
duration of intervention, as well as methods of measuring glucose control and indices
of insulin sensitivity. It is recommended that dietary intake and physical activity are to
be measured as confounding factors, in order to isolate and observeettte eff
specific exercise interventions. Future studies should also focus on measurements of
hyperglycaemia, as confirmed by the large HAPO study, that small degrees of
hyperglycaemia have a significant effect on pregnancy and neonatal outcomes. The
clinical significance of the outcome measures used should be considezadntions

should aim to followup participants postpartum to understand losigen benefits of

antenatal exercise intervention.

Well-controlled exercise interventions, which are hoeragus in the measures used,
specific gestational period when intervention is implemented, and clinical population
(i.e. all diagnosed at the same diagnostic threshold) are required to understand which

modality, intensity and duration of exercise are mistave in this population.
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3.7 Conclusions

There is a paucity of literature on exercise interventions during pregnancy on women
with GDM, specifically including measures of glycaemic control. The studies included

in this review showed an improvemenbilood glucose measures in two modalities of
exercise: aerobic and resistance exercise. Future studies looking at exercise strategies
to maximise nofinsulin stimulated uptake of glucose through are needed to counteract

the increase in insulin resistandeserved during pregnancy, and especially of GDM.

This systematic review was an important prelude to the work that follows in subsequent
chapters. As we have learnt from this study that the longer the duration of intervention
resulted in better outcomes imsulin sensitivity and glycaemic control, there was a
decision to shift focus to early detection of GDFarly prediction of GDM is a very
pertinent topic at this time as prevalence of GDM is on the rise in Ireland and globally,

and has related econoninplications(Gillespieet al.2011, Pooret al.2018)

In order to do this, we initially explored the relationship between maternal parameters
and degree of hyperglycaemia to neonatal outcomes within a cohort of mothers with
GDM. The next chapter setstda address this (Chapter 4). A focus on maternal obesity

Is taken as exercise affects both maternal fat stores as well as insulin sensitivity, both
of which have been implicated in the pathophysiology of GB\wan et al. 2002,
Jayabalaret al. 2017) This shift in the thesis was undertaken as it is recognised that
early detection of GDM could improve the benefits of medical nutrition therapy and
exercise interventions as well as shed light on who might respond better to various
types of lifestyle and @rmacological preventative interventigqiit©yangaratinanet al.

2012, Koivusaleet al.2016, Syngelaket al.2016)

Despite this shift, the evidence presented in this chapter is carried forward later on in
the thesis, were physical activity levels aretaegx in a prospective study as a potential

confounding factor to predictors of GDM (Chapter 6).

Studies examining specific exercise interventions in this particular population are of
importance on several levels. They help to understand the mechanisimg theh

exercise being performed by discerning which modality and duration is most effective.
This can be used to make recommendations by informing public health policy to

promote derived recommendation to this specific population. Also, economically, as
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effective interventions may reduce the medical burden this condition constitutes to both

mother and infant.

There needs to be a shift in paradigm, si
has been dispelled in recent years through educationinfipizrtant to emphasize to

pregnant women that moderate intensity exercise during pregnancy is safe, healthy and
indeed beneficial to both mother and child, when done in line with guidelines (ACOG,
2015). In recent years, nutrition has taken the roleeastd c or ner st one of |
referred to as Omedi cal nutritional ther
to this reputation, despite the effects it has on multiple metabolic mechanisms in the
body(Keshel and Coker 2019n the months dung pregnancy, mothers are known to

be very receptive to behaviour change an
certainly supported by the studies included with high adherence rates in these studies,
and should be considered a good opportunity foryiebeal change to be maximised

by the allied health professions.
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3.8 Supplemental information

Table Sla Cochrane assessment of risk of bias for randomized control trials

summary figure. '+' low risk, '-" high risk '?* unclear risk
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Ruchatet al, 2012 ? ? - - - + +
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Table S1b Quality assessment for casmontrolled trial

Davenport et al, 2008 (Casecontrolled)

Yes No Other

(CD, NR,
NA)

1. Was the research question or objective in X

paper clearly stated and appropriate?

2. Was the study population clearly specified X

defined?

3. Did the authors include a sample s NR

justification?

4. Were controls selected or recruited from
same or similar population that gave rise to X
cases (including the same timeframe)?

5. Were the definitions, inclusion and exclusi
criteria, algorithms or processes useditntify or
select cases and controls valid, reliable, = X
implemented consistently across all st
participants?

6. Were the cases clearly defined and differenti: X
from controls?

7. If less than 100 percent of eligible cases an NR
controls were selected for the study, were the ¢

and/or controls randomly selected from thc

eligible?

8. Was there use of concurrent controls? X

9. Were the investigators able to confirm that NA
exposure/risk occurred prior to tdevelopment of
the condition or event that defined a participan
a case?

10. Were the measures of exposure/risk cle
defined, valid, reliable, and implement
consistently (including the same time peric
across all study participants?

11. Were the assessors of exposure/risk blinde NR
the case or control status of participants?

12. Were key potential confounding variab

measured and adjusted statistically in the analy

If matching was used, did the investigators accc

for matching during study analysis? X

*CD, cannot determine; NA, not applicable; N

not reported

X
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Table S2a Details of exercise intervention, the outcome measures taken and main findings for the interventions usingssstance

exercise intervention

exercise 3 x per week consisting
8 exercises with short rests (less
than 1 min).

The exercises were 1.plies
2.military press 3. Bench press 4
Lateral pull down 5. Seated row ¢
Triceps pressvith the use of
rubber tubing instead of weights.
Progression of exercise program
started with 2 sets x 12 reps in
week 1, 2 sets x 12 reps in week
3 sets x 15 reps in week 3, and it
week 4 up to delivery 3 sets x 20
reps were performed.

Article Details of exercise intervention | Outcome measures taken Main findings
Brankston | Supervised 3 introductory A Re g u dfinsulimglmsulin EX? intervention required less insulin durir
et al, 2004 | sessions, followed by circuit type| therapy was initiated if any of the | gestation (43.8%) in comparison to diet

following three values were
exceeded consistently at any time
during diet therapy: mean fasting,

05.3 mmol /L (95
hourpostpr andi al

(140 mg/dL); or Zhour post
prandialO06 . 7 mmol / L
mg/dL).)

A Amount of ins
(units/kg)

A Latency to in
(weeks)

A Gestational a
A Rate of caesa
A Birth weight
A Daily fasted
measurement

A - dr 2h postprandial
measirements

alone (CON) (56.3%) however this was n¢
significant (p=0.48).

Amount of insulin required (units/kg) were
less in EX group 0.22+0.2 vs. 0.48+0.3
(p<0.05), and wmen required insulin later
in pregnancy 3.71+3.1 vs. 1.11+0.8 weeks
after diagnosisp<0.05).

No detectable difference in blood glucose
levels, except in pooled pesteal (2h)
glucose, which was lower in EX group
6.0+0.29 vs. 6.4+0.81 in CAp<0.05).

All measures are mearstandard deviation (SD). Abbreviatior’sEXrefers to the specific exercise intervention applied in the study.
3 CONrefers to the control group of the specific intervention
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de Barroset
al., 2010

Circuit style exercise with
resistance band. 8 exercises wer
incorporated in 1 circuit with 15
reps. 3660s rest was taken
between exercises. RPE scale w|
used for exertion, participants
were asked to maintain an
intensity close %o 6, which
corresponds to 'somewhat heavy
Circuits were performed on 3 nof
consecutive days per week 2
circuits in the first and second
week, 3 from there on.

A Requirement o
was introduced when more than
30% of the glucose measuremneent
were above the recommended va
or when 2830% of the
measurements indicated
hyperglycaemia and foetal weight
was above 75th percentile.)

A Amount of ins
(Ulkg)

A Latency to in
(weeks),

A Percentage of
the target glucose range

A Capillary glu

Less patients in the exercise group 21.9%
56.3% required insulin during gestation
(p=0.005). Moreover, EX patient who use(
insulin continued to present adequate
glycaemic control according to the gat
established for a longer percent period of
weeks than control patients who used inst
(EX=0.63 £ 0.30 vs CON = 0.41+ 0.BG=
.006).

No difference was detected between grou
in mean glucose levels, amount of insulin
required and latency to insuliequirement
in those patients requiring insulin.

Mean glucose levels was observed betwe
patients of the 2 groups who used insulin
(CON: 5.9+0.4 vs EX: 6.1+0.5 mmol/L;
p=.342).
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Table S2b Details of exercise intervention, the outcome measures takerdanain findings for the interventions using an aerobic
exercise intervention.

session performed at the upper end of the calculated HR range
week 4.

¢) The session finished withi 50 min of lowintensity pedalling
(55% 65% agepredicted HRmax; RPEJ Q1) and gentle static
stretching of all major muscle groups.

Twice a week unsupervised: 30mins modenatensity aerobic
exercise.

Article | Details of exercise intervention Outcome Main findings
measures
taken
Halseet | Homebased cycling program 5x per week. A Capi || Supervised hombased program:
al., 3 supervised sessions: Warm up: Smitoaf-intensity pedalling | plood glucose | Mean (of 321 sessions) capillary [glucos
2014 | (55% 65% agepredicted HRmak RPE, 9i 11). This was followed pre- and post | 6.3 + 0.8 mmol/L; preexercise to 4.9 +
by a cond@tioning periqd that was broken up into severgl pha§es exercise 0.7 mmol/L:
3 phases mclgded perlods of: a) contlnuogs moderate intensity during postexercise [§ <0.001).
cycling at an intensity of 65045% agepredicted HRmax supervised
(calculated using the formula 22@ge) and a target RPE ofi12 , , , ,
and; b) intervals of varying intensities consisting dfébs of SESSIonS. Requirement for |nsu.I|n therapy:
highekintensity bouts (75965% agepredicted HRmax; RPE, 15 A~ Hb A1l c The mean dose required and latency frd
16) performed every 2 min, interspersed witér intensity A 70&JT® | baseline to insulin treatment was 13 + 1
(55% 65% agepredicted HRmax; RPEj Q1) recovery pedalling | t0 assess units, commenced at 2.3 weeks for
between. The cycling resistance was adjusted accordingly. glucose CON*(n =2), and 7 * 1 units, commence
Warn up: 2530 min sessions at the lower end of the calculated | tolerance, and| at 2.9 weeks for EX(n = 2).
ranges during week 1 to familiarize participants with structured | HpA1c. Percentge HbAlc was higher at the pos
exercise. Intensity and duration of exercise progressively incred A | a t e n intervention assessment in both CON
according to individual ability, with the aim of achieving amb insulin (5.4%= 0.3%,p = 0.029) and EX (5.3%

administration

0.4%,p= 0.012) compared with pre
intervention values, with no difference
between groupgp(> 0.05).

Overall mean postprandial capillary
glucose cacentration was significantly
lower in EX compared with that in CON
(P =0.046).
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Ruchatet
al., 2012

Participants underwent a peak test previously
validated in pregnant womé&Mottola et al.2006)

to determine HR zones.

Thepatrticipants then started the supervised walki
program at their calculated target HR zone of 309
HRR® or 70% HRR 34 times per week according t
their allocated group.

At each exercise session, participants wore an H
monitor (Polar PacerW, USA) to ensuhey were
exercising within the predetermined target HR zo
The first week consisted of 25 min of walking per
session (5 min warfap, 15 min at target intensity
and 5 min coedown). The warrrup started at 4.8
km/h with no incline and was ramped upeothe 5
min warmup to the speed and incline correspond
to 30% HRR or 70% HRR.

The 5min cootdown was done at 4.8 km/h with n
incline. Each subsequent week thereafter, the tim
the prescribed intensity increased by 2 min, until
maximum of 30 m was reached, plus 5 min warn
up and 5 min coetlown. This duration was then
maintained until the end of the program.

A Capill
glucose pre and
post exercise

Capillary glucose responses to exercise
were strongly influenced by an interactio
betwe& GDM risk, exercise duration ang
exercise intensityp&0.006).

Decreases in glucose concentrations we
observed after 25 (4+13%), 35 (21+12%
and 40 min (15+18%) of walking in high
risk-30%I women, with the most
noticeable decline after 35 and 40 nim.
the high risk70%I, glucose concentration
decreased significantly only after 25
(22+14%) and 35 min (7+£23%) and
increasing the exercise time attenuated
glucose concentrations decline. In low ri
women, regardless of exercise intensity
and duration, dgeases in glucose
concentrations were significant and
similar.
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Davenport
et al,
2008

Prior to beginning the walking program, each
participant in the intervention group wore a
pedometer (Accusplit Eagle 120 Activity) for 3
days to define her baseline activity level.

The walking program consisted af8exercise
sessions/week at 30% heate reserve (HRR).
3-4 times per week supervised walking at 309
HRR beginning at 25min/session and building
40 min.

A Capillar
glucose

A lnsulin
A Pregnano

In addition to lower capillary blood
glucose values, the exercg®mup
required significantly fewer units of
insulin per kg of body weight than did th
control group at the end of the study
(CON, 0.50 + 0.37 U.Kg; EX, 0.16 *
0.13 U.kd*; p< 0.05).

Although the women in both groups
initiated insulin around the sameek of
gestation, the exercise group required
insulin less frequently. The control grou
required significantly more slowacting
insulin at bedtime (CON, 0.21 + 0.16
U.kg'l; EX, 0.11 + 0.09 U.Kgd) and fast
acting insulin during the day than did thg¢
execise intervention group (CON, 0.29 ;
0.21 U.kg!;, EX, 0.05 + 0.04 U.Kg) at
the end of the study.
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Ong
et
al.,
2009

The exercise group undertook
10 weeks of hombased
supervised exercise (3 x per
week). Exercise training was
performed on an upright
stationary cycle ergometer thal
each participant kept in their
home for the duration of the
intervention. Each session
involved a 10 min warrup
followed by one or two 15 min
bouts of cycling (with rest
periods if necessary) at an
intensity of 5060%HRmMax.As
the weeks progressed, the
exercise intensity was increas
to 60 70% HRmax, while the
duration was increased toi4b
min. Sessions ended with a 1(
min cooldown period of easy
pedalling.

A Bl o
glucose
response
to OGTT.
A 0OGI
for
insulin
sensitivity

The blood glucose response to OGTT in the exercise group remained sin|
pre-intervention levels. In contrast, the glucose tolerance in control group
worsened, as indicated by a trend towards higher blood glucose levdis at
post glucose ingestion compared with pre intervention lepe3.Q72).
Furthermore, at 2 h of the post intervention OGTT, there was a tendency
blood glucose to remain elevated from baseline in the control gps0RO{7),
whereas glucose levels reted to baseline in the exercise groppQ.480).
Control group blood glucose response to-Z8gTT (mean = SD):

A Pntemention 4.7 + 0.3 (0 min); 6.4 + 1.7 (60 min); 5.9 + 0.9 (120 min)
A Risteviention 4.7 + 0.4 (0 min); 8.5 + 2.5 (60 min); 7.2.% (120 min)
Exercise group Blood glucose response to 75 g OGTT (mean = SD):

A Mtemention 4.8 + 0.5 (0 min); 6.9 + 1.3 (60 min); 5.6 + 1.1 (120 min)
A PRiatesviention 5.0 + 0.5 (0 min); 7.8 £ 0.7 (60 min); 5.4 + 1.1 (120 min
Although insulin levés were higher post intervention in both groups, the
difference was not significant. Despite these observations, there were no
significant differences between groups in glucose or insulin after the
intervention.

Likewise, there was no significant interiact of time and group

on insulin sensitivity based on the OGIS mogel(.638), despite a noticeabl
greater decline over the intervention period in CON (pre intervention: 354
mL.min' 'm'2; post intervention: 324+44mLnditm' ) compared with the EX
group(pre intervention: 369+50 mL.nlitm'?; post intervention:
363+62mLminim'?).
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Callaway
et al,
2010

An individualized exercise plan was provided to each
participant in the exercise intervention. The
individualised exercise plan wdssigned to meet the
exercisespecific energy expenditure requirements an
suit each womanos | ifest
This was based on a PPA@regnancy Physical
Activity Questionnaire) walking, jogging, prenatal
classes, swimming and dancing are assg€3easan
Tabe et al.2004)

To calculate weekly energy expenditure using the PP
the duration of time spent in these exercise activities
multiplied by specific intensities (i.e MET values) and
scores are expressed as MEdurs per week. The
recommendation forrergy expenditure was 78.5
MET-h/wk to meet exercise guidelines for weekly
moderate to vigorous intensity activityjaskellet al.

2007)

A Energy e
expressed as MET
hours and kilocalories
per week. Energy
expenditure was
derived from PPAQ
collected at 12, 20, 28
and 26 weeks

gestation.

A Fasting
glucose and insulin.
A lnsulin

from HOMA-IR1C

There was no difference in
HOMA-IR between the
intervention and control groups
at 12, 20, 28 and 36 weeks.

At week 28 fasting gluzse was
higher in CON vs.EX 4.67
(x0.54) vs. 4.384£0.48) mmol/L,
p=0.03. Fasting insulin was les
in EX vs. CON groups 14.59
(£8.51) vs. 20.28410.8) mIU/L,
p=0.05 at week 36.
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Avery et
al.,1997

Exercise group undertook aerobic exercigetBnes per
week till parturition. Submaximal cycle ergometer test
was performed as a measure of cardiorespiratory fitn
Two sessions per week were supervised with matern
(use of heart rate monitor) and foetal monitoring (foet
heart rate and uterine contract®). This consisted of
30min split into 5min warm up, 20min cycle ergomete
or walking (70%HRax), 5min cool down. In addition,
this group where instructed to undertak2 tore
session per week unsupervised. The control group
continued dietary therapy aipthysical activity as usual,
and where asked not to change their usual physical
activity levels. Weekly telephone calls took place to
monitor participants.

3 times per week
fasting blood
glucose levels, ang
2 hour
postprandial blood
glucose levels
HbA:C at baseline
& 4 weeks
intervals

Use of insulin
therapy

Incidence of
neonatal
hypoglycaemia
(<45mg/dL at 1, 3,
5h after birth)
Infant birth weight
APGAR score at

birth

No difference in blood glucose
measures

No change in mean HL& at 4
weeks betweenxercise group
and controls (5.22% vs 5.24)

No difference in insulin use in
both
groups

No difference in all neonatal
measures
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Guelfi et
al., 2016

3 sessions per week horhased program, supervised [
an exercise physiologist to monitor duration and
intensity of exercise. The session consisted of 5min
warm up at 5%5% HRmax (RPEQ1). The
subsequent conditioning period was divided into 5
minute periods of continuous moderateensity cycling
(65" 75% HRmax; RPEI2.3) alternating with Bninute
periads of interval cycling. Two types of intervals weré
used; (1) increase in pedalling rate for 15s and (2)
increase in cycling resistance for 30s to reach a targe
intensity 7% 85% HRmax; RPE 1416) repeated every ?
min. A 5min cool down (5%5% HRmax; RPEiA.1),
followed by light stretching. The duration of each
session progressively increased byiute increments
every 2 3 weeks, as tolerated, from 20 to 30 minutes
maximum session duration of 60 minutes. Sessions V
tailored to progress according lbaseline fitness level o
the woman and her ongoing pregnancy symptoms.

Pre and post
intervention OGTT
HOMA-IR

OGIs

HbA:C

Incidence of
recurrence of
GDM

No difference reported in OGTT|
between groups

Insulin resistance, and sensitivil
did not differbetween groups

Glycated haemoglobin did not
change between groups

No difference in incidence of re
occurrence of GDM: 40.5% in
exercise group and 40% contro
relative risk 1.01
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Wanget
al., 2017

Patients allocated to the exercise group were randon
to exercise 3 days per week in a supervised environn
Each session started with 5 min warm up-§5586
HRmax, RPE 91), followed by 30s rapid pedalling
(sprints, higher intensity efforts) at-B5% HRmax
(RPE 1516) every 2 minutes for-8 intervals. This
sprinting was followed by 5 minutes of continuous
cycling at lowto-moderate intensity (600% HRmax;
RPE 1012) before beginning another period of interve
cycling. During this interval phase, continuous
moderateintensity cycling at 655%HRmax (RPBE.2-
14) was interspersed withriinute periods of pedalling
against increased resistance (hill climb) a8556
HRmax (RPE 13L5); these periods alternated every 2
minutes for 3 repeats. 5min cool do{&Eb65% HRmax,
RPE 911).

Additionally, the exercise dation progressively
increased to 460 minutes by adding 5 minutes to the
intervals or the continuous moderate intensity cycling
phases according to individual ability. Cervical length
was assessed before each of the 4 examinations dur
pregnancy, if itvas less than 25mm these women wel
excluded from the study (due to known risk of pretern
birth).

Both exercise and control group received standard

prenatal care.

Incidence of GDM

Gestational weight
gain

Insulin resistance

OGTT

Exercise group had lower
incidence of GDM (22.0% vs.
40.6%;p<0.001)

Exercise group had less
gestational weight gain by 25
gestational weeks (4.G8.02 vs
5.92+2.58 kg;p< .001) and at
the end of pregnancy (8.38.65
vs 10.47+3.33 kg;p < .001)

Insulin levels were reduced in
exercise group (2.921.27 vs.
3.38t 2.00;p =0.033) at 25
gestational weeks, however
insulin resistance levels at 36
gestational weeks were not
different between groups.

The exercise gug had lower
blood glucose levels at all 3
time-points of OGTT post
intervention when compared to
the control group (P=0.001,
P=0.009, P=0.009)

Infants born to women following
the exercise intervention had a
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significantly lower birthweight
compared witlthose born to
Obstetric, infant and | women allocated to the control
pregnancy outcomes. | group (334% 397 vs 345F 446
g; P =0.049). No differences in
all other obstetric and neonatal
outcomes.

All measures are mearstandard deviation (SD). AbbreviatiortsiRmax: Heart rate maximum establishedrfrgredicted formula

or submaximal exercise testiiRPE Rate of Perceived Exertion: A scale used to monitor intensity of exéBrisg 1982F OGTT :

Oral Glucose Tolerance Test. The specific test used is outlined in eacht€Dyrefers to control aneEX to exercise intervention
applied specific to the study interventiShiRR: Heart Rate Reserve. Target heart rate was determined using the HRR equation by
Karvonenet al.(1957) ‘OGIS: Oral Glucose Insulin Sensitivity index whidietermines insulin sensitivity from the OGTT. This tool

has been previously validated in an antenatal populatRPAQ Pregnancy Physical Activity QuestionnafETs Metabolic
Equivalents!®HOMA -IR Homeostatic Model Assessmdnsulin Resistance: methdd quantify insulin resistandcéHOMAZ2 -IR
Homeostatic assessment of insulin resistance calculated as [glucose x insulin]/22.5.
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Table S2c Details of exercise intervention, the outcome measures taken and main findings for the interventions using a

combination of aerobic and resistance exercise intervention

60min of treadmill walking/jogging for 35min (aerobic exercise
~80%HRmax (RPE 1-A5) followed by resistance training (body,
weight) for large muscle groups and the pelvic floor muscles fg
25min. These exercises consisted of squats-ppshdiagonal
lifts on all fours, and oblique abdominal crunches, with 3 sets ¢
repetitions of each exercise separated bynarirest between sets
Participants also did three
Resistance was tailored to ability. The pelvic floor exercises
consisted of three sets of 10 repetitions of pulling eleipfloor
up and holding the contraction foir &.

In addition, the women were asked to follow a 50min home
exercise program at least once weekly (35min of aerobic exer
and 15 min of strength exercises) and to do daily pelvic floor
muscle exercises.

Participants received a weight gain curve showing recommenc
weight gain throughout pregnancy in accordance to 2009 IOM
guidelines, and were encouraged to compare their own weight
with this curve. The women were invited to attend one
motivational nterview session, either individually or in a group,
during the intervention period.

The control group received usual maternity care.

Article Details of exercise intervention Outcome Main findings

measures taken
Garnaes| The exercise group received standard maternity care, in 1 Gestational | No difference in weight gain
et al, conjunction with exercise sessions 3 times weekly. The exerci weight gain | wasreported, also with the
2016 sessions were supervised by a physical therapist. Each sessid proportion of women

9 Incidence of
GDM

1T OGTT

M Insulin
HbAlc
 HOMA2-IR!!

=

exceeding recommended
gestational weight gain being
similar in both groups.

Less women developed GDN
in the exercise group vs.
control (6.1% vs. 27.3%,
p=0.04).

No difference in OGTT
results between the groups
post intervention

No difference in insulin,
HbAlc and insulin resistancg
between groups.
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Sklempe
Kokic et
al., 2017

Women in the EX group received individualised, supervised,
structured exercise programme 2 times per week, along with t
standard prenatal care. This group were also asked to perform
30min of brisk walking per day. The minimum total duration of
exerise programme was set at 6 weeks. Each exercise sessig
lasted for 5055min and consisted of aerobic exercise (20min),
resistance exercises {Zbmin), pelvic floor and stretching
exercises, and a period of relaxation to end the session (10mil
The aerolz part of the session was performed on treadmill (Ax
Runner, Heinz Kettler GmbH, Engarsit, Germany) and aimed
achieve a heart rate within the aerobic zoné 716% HRmax, 13
14 RPE). Resistance exercises incorporated all major muscle
groups, and we performed at each session with the same targ
values as the aerobic componenti (@ HRmax, 1314 RPE).
Six different exercises were performed in 3 sets of.50
repetitions in each set. Three standardized resistance exercisg
protocols were developehd interchanged. These included
exercises for the trunk, and upper and lower limb muscles. Th
were carried out using body weight, elastic bands (TheraBand
Hygenic Corporation, Akron, OH, USA) and hand held weights
0.5 and 1kg (Aerobic Dumbbeldginz Kettler GmbH, Ense
Parsit, Germany). Stretching and pelvic floor exercises were
performed at the end of every session, followed by a short per
of relaxation to allow a thorough cedbwn.

All participants commenced on usual medical nutritionapgr
recommended for women with GDM. This consisted of 1800 k
per day: 20% proteins (90 g), 30% fat (60 g) and 50%
carbohydrates (225 ), distributed over three main meals and
snacks. Women in the CG received standard prenatal care for,
GDM alone, ad were not discouraged from exercising on their
own.

Post
intervention
average of 3
postprandial
measures

Fasting
glucose

Insulin
therapy

Obstetric
and infant
outcomes

Post intervention measures of
average of 3 postprandial glucose
was lower in EX vs. control (4.661
0.46 vs. 5.30 + 0.4H < 0.001).

There was no difference in fasted
glucose measures between grouy

Prepregnancy regular physical
activity negatively orrelated with
fasting glucose level { =-0.429,
p = 0.007). There was a strong
negative correlation between
activity levels in the 30th and 36t
weeks of pregnancy, (r =0.527,p
=0.001; r =0.537,p = 0.001
respectively) and a positive
correlaton between inactivity
levels and postprandial glucose
levels (r = 0.369p = 0.023).

No participants required
pharmacological therapy

No differences were observed
between groups. They report that
percentage of exercise intensity
negatively correlated witheonatal
body mass (r =0.481,p = 0.043)
and body mass index (r-8.469,p
= 0.05), however this is invalid du
to not accounting for gestational
age of neonate.
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Chapter 4: Maternal obesity and degree of
glucose intolerance on neonatal hypoglycaemia
and birth weight: A retrospective observational
cohort study in women with gestational diabetes

mellitus

Publication (Appendix K): Cremona, A., Saunders, J., Cotter, A., Hamilton, J.,
Donnelly, A. E. and O'Gorman, C. S. (2020) 'Maternal obesity and degree of glucose
intolerance on neonatal hypoglycaemia and birth weight: a retrospective obsefvationa
cohort study in women with gestational diabetes mellitus’, European Journal of
Paediatrics, 179(4), 65360.

Author contributions: Alexandra Cremona was the principal author, designed the
study, collected the data, and drafted the first draft and aflesuient drafts. Jean
Saunders provided statistical advice. All other authors provided advice and edited
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4.1 Abstract

Introduction: Gestational diabetes mellitus (GDM) is an increasing problem
worldwide. Poshatal hypoglycaemia and exssefoetal growth are known important
metabolic complications of neonates born to women with diabetes. This retrospective
cohortstudy aims to determine the influence of obesity and gluiciiskerance on

neonatahypoglycaemia and birttveight over the 90t percentile (LGA).

Method: Data were abstracted from 303 patient medical records from singleton
pregnancies diagnosed with GDM. Data were recorded during routine hospital visits.
Demographic data were acquired by facilitated questionnaires and anthropemet
measured at the first antenatal appointment. Blmodhemicalindices were recorded.
Plasmaglucoseareaunderthe-curve (PGAUC) was calculated from OGTT results as

an index of glucose intolerance.

Results: OGTT results of 303 pregnant women aged between 33.6y-379(3,
diagnosed with GDM were described. Neonates of mothers with a BMI of over
30kg/m? were more likely to experience neonéatgpoglycaemia (24(9.2%) vs.
23(8.8%)p=0.016) with oddsratio for neonatahypoglycaemia significantly higher at
2.105, 95% CI (1.108, 4.00p=0.023. ROC analysis showed poor strength of
association (0.587(95% ClI, .487 to .687). Neonatal LGA was neither associated with
nor predicted PEAUC or obesity; however, multiparous women were 2.8 (95% CI
(1.14, 6.78)p=0.024) times more likely to have a baby born LGA.

Conclusion: Maternal obesity but not degree of glucose intolerance increased
occurrence of neonatal hypoglycaemia. Multiparous women haategreisk of

neonates born LGA.

Key words: gestational diabetes, neonatal hypoglycaemia, glucose intolerance,

obesity, risk factors
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4.2 Introduction

Worldwide rates of obesity are increasing (Gaktsal. 2015) and this trend exists
amongst the pregnant population too (Grified al. 2000). The prevalence of
pregnancies complicated with gestational diabetes mellitus (GDM) is increasing
concurrently with a reported prevalence of 17.8% globally (Setls. 2012), and
13.2% in Ireland (Aliet al. 2013). It is of concern as obesity and GDM are
independently associated with an increased risk of complications in both mother and
foetus (Metzgeet al.2008, Catalano 2010, Catalagioal.2012).

Maternal obesit has been linked to increased morbidity and mortality in pregnancy
putting both the mother and infant at risk in the short and long term (Cedergren 2004,
Doddet al.2011). Large population studies examining pregnancy outcomes, based on
the World Health @anisation BMI sukelassifications (WHO, 2013) of obesity, found

a relationship with increasing risk of adverse outcomes, including gestational diabetes
mellitus, hypertensive disorders, caesarean section, macrosomia, admission to neonatal
intensive carenit and neonatal hypoglycaemia (Dagtchl.2011, Catalanet al.2012,
ScottPillai et al.2013). In addition, women in the highest obesity group are at risk of
additional adverse outcomes, including stillbirth, a longer postnatal hospital stay, and
wound problems following Caesarean section (Wlethal. 2012). Maternal obesity

has also been linked with negative perinatal outcomes in glucose tolerant, as well as
glucose intolerant pregnancies establishing it as an independent risk factor (Catalano
et al.2012, Wahabet al.2014).

Obesity and gestational diabetes mellitus (GDM) have both been shown to increase
insulin resistance (Catalano 2010). The glucose intolerance that develops in pregnancy
resulting in GDM is a combination of metabolic defectsasidecreased tissue insulin
sensitivity, together with an inadequate insulin response (Buchanan and Xiang 2005).
The Pederson hypothesis (Pedersen 1952) suggests that this insulin resistance produces
high maternal blood glucose, subsequently crosses tlcenéa stimulating excess

foetal insulin production resulting in excess foetal growth.

Hypoglycaemia at birth is one of the most common metabolic disorders of the neonate
born to mothers with GDM. It occurs due to foetal hyperinsulinaemia in response to
the maternal hyperglycaemia in utero (Kamaal. 2015). In a healthy pregnancy,

the placenta ensures a steady supply of glucose to the foetus primarily by the trans
placental transfer of glucose to the foetus, while birth marks a sudden change in
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substrag@ delivery and a major change in metabolism. Neonatal hypoglycaemia in
pregnancies with glucose intolerance is driven by excess insulin. The effects of these
can be transient or persistent. It can lead to more serious complications such as
disturbances othe CNS and cardiopulmonary system (Kamahal. 2015). The
transition from foetal to neonatal life is a crucial physiological adaptation in the human
lifecycle (Platt and Deshpande 2005, Hillmetral. 2012). It is understood that as the
placental supplyf glucose ceases, the plasma glucose valuesratiain the first

couple of hours postpartum after cord clamping and thus a removal of the maternal
glucose supply, triggering the initiation of normal glucose homeostatic control via
decreased insulinna increased glucagon. The large catecholamine release and
increase in cortisol are probably the major acute regulators of plasma glucose and free
fatty acid levels in the immediate ndwrn period (Kamanat al. 2015), triggering
gluconeogenesis within ghfirst six to 24 hours after birth (Sharreal. 2017). It is
thought that in pregnancies with hyperglycaemia that the resulting pathogenesis of
hypoglycaemia is due to two processes being affected. Continuing foetal
hyperinsulinism results in an exaggtad, or more prolonged, postnatal fall in blood
glucose concentration, as well as defective hormonal cetegatation pospartum.
Plasma glucagon concentrations two hours after birth in insulin dependent diabetes
mellitus were found to be less thanfithbse of term infants born to mothers without
diabetes, indicating a blunted glucagon response (Bloom and Johnston 1972). Chronic
hyperglycaemic stress in utero due to poorly controlled maternal diabetes is thought to
result in foetal sympathoadrenal existion, increasing the risk of hypoglycaemia in

insulin dependent type | diabetes (Platt and Deshpande 2005).

Previous studies in the area include Colkbsl. (2018) who examined 471 singleton
pregnancies affected by GDM finding that women with opesit( B Mkg/mip 3 0
experienced higher rates of neonatal hypoglycaemia, as well as a higher likelihood of
having multiple hypoglycaemic episodes. Makgebal.(2012) observed over twelve
thousand pregnancies and found neonates born to women with GDM pi@gmancy

were heavier, and this was observed across all racial groups. In addition, mothers from

nonwhite origin with higher BMI and GDM had the highest neonatal birthweight.

While both obesity and glucose intolerance are risk factors on occurrencenatale
hypoglycaemia and increased birthweight, the combined effect of both risk factors has

not been previously explored in a GDM cohort. Therefore, the objective of this study
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is to determine the influence of obesity and degree of glucose intolerantkeeand
combined effect on occurrence of neonatal hypoglycaemia and birth weight over the

90" percentile classifying the nelaorn as large for gestational age (LGA).

4.3 Materials and methods:

4.3.1 Procedure

Data were collected as a retrospective obsemal cohort of singleton pregnancies
diagnosed with gestational diabetes mellitus (GDM) born during 2016 at the University
Maternity Hospital, Limerick, Ireland. Ethics committee approval was sought and
granted from the HSE Research Ethics Committee (REQ29/17). Patient medical

records of women diagnosed with GDM were identified through the hospital database.
Retrospective data were anonymised, and abstracted from medical records onto an
Excel E spreadsheet. | ncl usdsaiagnasesofitGEM i a we
according to the diagnostic thresholds set out by the IADPSG guidelines (WHO, 2013)

and born at the University Maternity Hospital, Limerick (UMHL), Ireland. Exclusion

criteria included twin pregnancies, and neonates not born at UMHL.

Data were recorded during routine hospital visits by medics and allied health
professionals at approximately 12 weeks gestation. Demographic data were acquired
by facilitated questionnaires, anthropometrics measured at the first antenatal
appointment, andlbod biochemistry through laboratory diagnostic tests. Percentile
birth weight at specific gestational age was calculated using the Perinatal Ireland centile
calculator (Unterscheideat al. 2013). All data were retrieved and abstracted from
medical notesGlucose intolerance was calculated from plasma glucose area under the
curve (PGAUC) using trapezoidal technique (Sakametal.2013) derived from 75g

Oral glucose tolerance test (collection of samples in fasted state, one and two hours
post glucose ingstion) undertaken at ~30 weeks gestation.
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4.3.2 Definitions of pregnancy risk and neonatal complications

Parameters to define pregnancy risk were
caesarean section (elective and emergency), and vaginal, m&dvhial  Gxg/n&,0

mul tiparous (03), presence of family hi
relative, preexisting insulin resistant condition (PCOS, hypothyroidism, endometriosis

and previous GDM). Neonatal complications were defined as birthwaighthe 90th

centile for gestational age (LGA), admission to Neonatal Intensive Care Unit (NICU),
neonatal hypoglycaemia (<2.2mmol/L in the first 72h of life) (Marles and Casiro 1998),
neonatal jaundice (serum bilirubin level plotted on or above treasmiere of
phot ot herapy chart), preterm delivery (b

distress requiring medical intervention, and low APGAR score of <7 at 1 or 5 minutes.

4.3.3 Statistical analysis

Group differences between nobese (BMI<30) ancthot her s wi t h obesit
were analysed via independentéekts, or nofparametric alternatives if conditions for
normality were violated. Significance was set ap-@alue of <0.05. Equality of
variances was assessed bwarleaewnersds Whegte
assumptions were violated, Fi sherds Exac:
using crosstab functions. Bivariate regression models were used to assess predictive
nature of independent variables; these are presented withwahout potential
confounders (covariates). Where associations were made, ROC analysis was used to
assess strength of association (Hosmierl. 2013). All statistical analyses were

performed using the SPSS program, version 25 (SPSS Inc., Chicago, IL).
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4.4 Results

4.4.1 Demographic characteristics

The demographic composition of the studied population of 303 singleton pregnancies
with GDM diagnosis and their infants are described Table 4.1a and 4.1b
respectively. All scalar data was skewly disttdaliso medians and IQR are given in

the table.

Table 4.1a: Maternal characteristics (=303):

Maternal characteristic Median (IQR) n
Age (y) 33.6 (29.837.7) 303
Weight (kg) 74.0 (64.088.9) 297
Height (cm) 1.64 (1.601.69) 294
BMI (kg/m?) 27.8 (24.032.9)
<18.5 kg/n? 3 (1.0%)

Q 1 8<25.0 kg/n? 97 (32.8%) 295
O 2 5<3mkg/n? 89 (30.1%)

O 3-835 kg/n? 60 (20.3%)

035 kg/ m 47 (15.9%)

Timing of GDM diagnosis (weeks gestation 28.3 (27.432.2) 303
FPG (mmol/L) 4.8 (4.35.2) 303
1h post 75g OGTT(mmol/L) 10.2 (9.110.8) 303
2h post 759 OGTT (mmol/L) 6.8 (6.08.4) 303
PG-AUC 25.0 (23.626.0) 303
Type of delivery:

Elective LSCS 29.4% 89
Emergency LSCS 12.9% 39
Vaginal delivery 57.8% 175
GDM treatment 303
Lifestyle advice 88.4% 268
Insulin 11.6% 35
Gravida 2 (2-4) 303
Parity 1(0-2) 303

*IQR Interquartile range; GDM gestational diabetes mellitus; FPG Fasting plasma gluceag(P@asma glucosarea under

the curve; BMI Body mass index; LSCS Lower section caesarean section; OGTT Oraédhletance test
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Table 4.1b: Neonatal characteristics of infants born to mothers with gestational
diabetes (n=303)

Characteristic Median (IQR) n
152 (50.2%)

Male -

Female - 151 (49.5%)
Birth weight (g) 3395 (31663718) 303

Birth Weight Percentile (5) 51.1 (30.273.4) 300

Head circumference (cm) 35.0 (34.035.5) 255

Length (cm) 51.0 (48.052.0) 134
Gestational age (days) 273 (267277) 303

*IQR Interquartile range

4.4.2 Frequencies and percentages of obstetric risks indicati@GTT

Of the 303 pregnancies analysed, 37 (12.2%) had a maternal age of 35y @ixrtpre.
(19.8%) women were primigravid, whilst 243 (80.5%) had a gravida of two or more.
Out of the women who had a gravida of more than two, 68 (28%) had previously had
GDM and 174 (71.6%) had GDM for the first time. 126 (42%) of these women reported
a famly history of diabetes mellitus, and 103 (34%) had agxisting insulin resistant
condition (IRC). The conditions included: PCOS 16 (5.3%), fibroids 6 (2%),
hyperprolactinaemia 1(0.3%), endometriosis 3 (1%), hypothyroidism 20 (6.6%),
Sarcoidosis 1(0.3%a nd one patient presented with
(0.3%).128 (42.3%) were delivered via Caesarean section, of these 39 (12.9%) were
emergencies. 188 (62%) women had a BMB Kg/n?. Table 4.2 below summarises
these figures.

Table 4.2 Tableshowing pregnancy risk factors indicating OGTT

n (303) %
Mat ernal age 035 37 12.2
BMI O3® kg. m 188 62.0
GDM in previous pregnancy 68 22.4
Mul ti parous (pari 38 12.5
Family history diabetes 126 42.0
Pre-existing insulin resistant condition 103 34.0

*OGTT Oral glucose tolerance test
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4.4.3 Frequencies and percentages of neonatal complications

Neonatal complications included 40 (13.3%) neonates who were born LGA, of which
37 (12.2%) were macrosomic. 60 (19.8%) were admitted to the neonatal intensive care
unit, 47 (17.5%) out of 269 recorded neonatal blood glucose experienced
hypoglycaemia, 51 () neonates had neonatal jaundiog which 38 (12.7%)
required treatment with phototherapy. 27 (8.9%) were borrgone, and 13 (4.3%)

had a low APGAR score at birth.

4.4.4 Obstetric pregnancy risk and neonatal complications stratified

according to maernal BMI category

Pregnant women with GDM who had a BMI of overkgdmPwere more likely to have
GDM in a previous pregnancy (34 (11.6%) vs 32 (10.9940.003). They also had a
higher fasting plasma glucose (5.1 (8.8) vs. 4.6 (4.5.2) mmol/L,p<0.001). They
were more likely to be treated with insulin (19 (6.4%) vs. 16 (5.4%).018).
Neonates of mothers with a BMI of over B§/m?were also more likely to experience
neonatal hypoglycaemia (24 (9.2%) vs. 23 (8.8%6]).016). All other characteriss

were found to be not significantly different. Skable 4.3for full set of results.

Table 4.3: Maternal and neonatal characteristics stratified according to maternal
BMI at 12 weeks gestation.

BMI<30 kg/m?2 B MI O3 @ p-value
n 188 107 --
Maternal age (y) 33.1(29.636.8) 34.8 (26.138.3) 0.141
Previous GDM 32 (10.9%) 34 (11.6%) 0.003**
Fasting plasma glucose

(mmoliL) 4.6 (4.35.2) 5.1 (4.55.3) <0.001***
1h post 75g glucose challenge 14 5 g 1197) 10.2(8.910.9) 0.885
(mmol/L)

2h post 75glucose challenge 7 5 5284y 66(5.98.3)  0.315
(mmol/L)

PGAUC 25 (23.026.0) 24 (22.027.0) 0.745
Required insulin treatment 16 (5.4%) 19 (6.4%) 0.018*
Macrosomia 18 (6.1%) 17(5.8%) 0.107
LGA 23 (7.9%) 16 (5.5%) 0.542
NNU admission 33 (11.2%) 27 (9.2%) 0.116
Age adjusted birth centile 53.9 (31.177.1) 39.9 (16.479.6) 0.052
Neonatal hypoglycaemia 23 (8.8%) 24 (9.2%) 0.016*

Data presented as median (IQR; interquartile range) or where frequency Count (%)
*denotes significant difference (p<0.05),
**denotes significance p<0.01, ***denotes significance p<0.001
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4.4.5 Effect of maternal BMI and PGAUC on neonatal hypoglycaemia

Maternal BMI was not normally distributed, as assessed by SHafird k 6 s t es
(p<0.05). The notparametric MantWhitney U test was run to determine if there were
differences in maternal BMI between mother of neonates who experienced neonatal
hypoglycaemia at birth, and those who did not. Distributions of the groups were not
similar, & assessed by visual inspection. Median maternal BMI for neonates who
experienced hypoglycaemia at birth was 29.1, IQR (23.1, 36.2), and those with no
hypoglycaemia: median 26.8 IQR (23.1, 31.5). These distributions were not
statistically significantly dferent, U=4140, z-1.855, p=0.064, using an exact
sampling distribution for YDineen and Blakesley 197.3)

A Chi-square test for association was conducted between obesity (maternal BMI
kg/n?) and neonatal hypoglycaemia. All expected cell frequencies gverger than

five. There was a statistically significant association between obesity and neonatal
hypog!l y¢@em$lap=0019. There was a moderately strong association

bet ween obesity and neonatal hypogl ycaemi

PGAUC was found to be not normally distributed, as assessed by Shdpilro k 6 s t e s
(p<0.05). The notparametric ManiWhitney U test was run to determine if there were
differences in maternal RGUC in mother of neonates who experienced neonatal
hypoglycamia and those who did not. The differences were not statistically
significantly different, U=5182, z8.023, p=0.982. In addition, a Kendall's tdwu

correlation was run to determine the relationship between degree of glucose intolerance

and neonatal hypbgraemia. There was no association between degree of glucose

i ntolerance and neochO@tpxl982hypogl ycaemi a, |

A binomial logistic regression was performed to ascertain the effects of BMI and
PGAUC on the likelihood that neonatal hypoglycaeaweurs at birth. Linearity of the
continuous variables with respect to the logit of the dependent variable was assessed
via the BoxTidwell (1962) procedure. A Bonferroni correction was applied using all
eight terms in the model resulting in statisticainsiicance being accepted whprx

.05 (Tabachnick & Fidell, 2014). Based on this assessment, all continuous independent
variables were found to be linearly related to the logit of the dependent variable. The
logistic regression model was statisticallyrsfggant p < .05. The model explained

2.1% (Nagelkerke B of the variance in neonatal hypoglycaemia and correctly
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classified 82.1% of cases. Of the two predictariables only BMI was statistically

significant Table 4.4. When covariates where addedtbh@ model, these were not

significant Table 4.4. The area under the ROC curve was .560 (95% ClI, .500 to .621),
which is a poor level of discrimination according Hosmeret al. (2013) When

maternal BMI was analysed dichotomously using maternal-aftut o f  &*3n0
the model, odds ratio was higher at 2.105, 95% CI (1.108, 4.00) and significant,

p=0.023.

Table 4.4 Logistic regression predicting likelihood of neonatal hypoglycaemia

based on BMI and PGAUC, without cevariates (model 1) followed by intusion

of potential confounders (cevariates) (model 2).

B SE Wald df p Odds 95% CI for
Ratio Odds Ratio

Lower
Upper

Model 1: Without

co-variates

Maternal BMI .061 .024 6.157 1 .013 1.062 1.013 1.114

PGAUC -017 .038 .189 1 .664 .983 912 1.060

Constant -2.873 1.150 6.239 1 .012 .057 - -

Model 2: With co-

variates

Maternal BMI .065 .025 6.665 1 .010 1.067 1.016 1.121

PGAUC -003 .043 .004 1 952 997 916 1.086

Maternal age -039 .030 1.667 1 .197 961 906 1.021

High parity 432 497 755 1 .385 1.541 .581 4.084

Family Hx diabetes -473 .335 2.000 1 .157 .623 .323 1.200

Overall IRC -364 375 .943 1 331 1.440 .790 3.003

Requiring insulin -665 626 1.128 1 .288 .514 .151 1.755

Constant -2.022 1519 1.771 1 .183 .132 - -

kg/ n

*BMI body mass index; PGAUC Plasma glucose area under the curve; SE standard error; CI Confidence interval; df degrees of

freedom; Hx History; IRC Insulin resistant condition
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4.4.6 Effect of maternal BMI and PGAUC on LGA

Scatter plotshowed no relationship between maternal BMI and percentile birth weight
(R?=0.002), as well as unadjusted birth weight£¥B.012). Therefore, we cannot reject
the null hypothesis and cannot accept the alternative hypothesis.

A binomial logistic regressio was performed to ascertain the effects of BMI and
PGAUC on the likelihood that the neonate is born LGA. Both independent variables
and confounders were not linearly related to the logit of the dependent variable. High
parity was the only significant indendent predictor of LGA, OR 2.78, 95%CI (1.14,
6.81),p=0.025. These results are tabulatedatle 4.5.

Table 4.5 Logistic regression predicting likelihood of LGA based on maternal
BMI and PGAUC, including co-variates

B SE Wald df p Odds 95% ClI for
Ratio Odds Ratio
Lower
Upper
Model 1: With co-
variates
Maternal BMI .037 027 1875 1 .171 1.037 .984 1.093
PGAUC .037 044 713 1 .399 1.038 .952 1.131
Maternal age .007 .034 .040 1 .841 1.007 .943 1.075
High parity 1.023 457 5.017 1 .025 2.782 1.136 6.810
Family Hx diabetes .022 363 .004 1 .952 1.022 .502 2.083
Overall IRC 515 412 1564 1 .211 1.674 .747 3.753
Requiring insulin ~ .015 b572 001 1 .979 1.016 .331 3.117
Constant -4.665 1.655 7.947 1 .005 .009

*BMI body mass index; PGAUC Plasma glucose area under the curve; SE standard error; Cl Confidence interval; df degrees of

freedom; Hx History; IRC Insulin resistant condition; LGA large for gestational age
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4.5 Discussion

This study sought to elucidate tleentribution of maternal obesity and degree of
glucose intolerance on the occurrence of neonatal hypoglycaemia and LGA. Our study
confirms a high prevalence of maternal obesity and occurrence of neonatal
hypoglycaemia among a cohort of singleton pregnandignosed with GDM.
Significant findings from this study are that maternal obesity increased the risk of
occurrence of neonatal hypoglycaemia within 72 hours of birth, independent of the
degree of glucose intolerance experienced by the pregnant wothertiate of GDM
diagnosis. Maternal obesity and degree of glucose intolerance did not predict LGA in
neonates; however, multiparous women were 2.8 times more likely to have a baby born
LGA.

Neonatal hypoglycaemia has been confirmed to cause-téong neuréogical
dysfunctionat 4.5 years associated with a ddependent increased risk of poor
executive function and visual motor function, and may thus influence later learning
(McKinlay et al.2017) A recent study by ai et al. (2016)investigated specifichl a

GDM cohort and concluded thataternal blood glucose levels are associated with
offspring neuronal activity during an attention task at both six and eighteen months.
Postulating that such electrophysiological differences are likely functionally iamort
having been previously linked to attention difficulties later in [ffeere have been
large observational studies, which confirmed that increased maternal BMI during
pregnancy was associated with higher risk of GDM during the index pregnancy, as well
as occurrence of macrosomia in neonates, in addition to other detrimental perinatal
outcomegDoddet al.2011, GarcigPattersoret al.2012) Maternal obesity increased

risk of macrosomia in a glucoselerant pregnancy cohofdenseret al. 2003) thus
confirming the independent relationship of maternal glucose tolerance and obesity in
the role of developing macrosomia. In addition, two large observational stRitast

et al. 2005, ljaset al. 2019) also found maternal BMI to have a greater impact of
pregnancy outcome than gestational hyperglycaemia on occurrence of macrosomia and
this was doselependent, however neonatal hypoglycaemia was not reported, and
degree of hyperglycaemia was not accounted for. A limited number of studies have
investigated th occurrence of neonatal hypoglycae@anmonset al. 2000, Collins

et al.2018)and LGA Schneideet al.2011)in a GDM cohort of pregnancies. Forty

six % of the cohort were classified as obese in the current investigation in comparison
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to 25% reportedby Collins et al. (2018) and average of 30.3kd/meported in
O'Sullivan et al. (2012) However, results reporting higher rates of neonatal

hypoglycaemia in women within an obese category are consistent with this study.

As screening for OGTT is indicated by the presence of one or more risk factors in this
hospital, the sample population may not be representative of a typical GDM cohort.
However, an Irish study which described a GDM cohort using universal screening
(O'Sulivan et al. 2012) reported similar occurrence of occurrence of neonatal
hypoglycaemia (17.5%), and lower occurrence of LGA (22.6% vs.13.3%). This
discrepancy in occurrence of LGA could be due to definition of LGA not accounting
for ethnicity in the caldation of percentile at gestational age, a criticism made in the
study and a factor accounted for in this study with the use of the Perinatal Ireland

percentile calculator developed byterscheideet al.(2013)

The study limitations and confounders sladoimform future study designs in the area.

An important limitation of this study is that testing for GDM does not occur universally,
and is indicated for older women, with higher BMI, or with a@xesting condition or
history of GDM or family history ofliabetes. This lack of universal testing of GDM

with an OGTT is a limitation common to studies in this field of reseg@@chneideet

al. 2011),and explains the high rate of obesity found in this cohort. This presents a
source of selection bias, as ttwhort is not representative of all women who develop
GDM, therefore the research questions posed in this chapter would be answered more
accurately in a prospective cohort of women universally screened for GDM via OGTT
at 28 weekOs (e sureaatcohortrepreserttative of the populhtiore af

all patients with GDM, a requirement for avoiding selection ¥&=dgwick 2012)
However, an advantage for both retrospective and prospective study designs is that
exposure to risk factors is recorded lvefthe occurrence of the outcome. This is
important because it allows the temporal sequence of risk factors and outcomes to be
assesse(Sedgwick 2014)

Due to the substantial length of follewp between measurement of BMI and diagnosis
of GDM, and it idifficult to ensure outcomes are measured consistently. Furthermore,
as time elapsed between the measurement of obstetric risk factors and OGTT, the

association between the risk factor(s) and the outcome or condition may have changed
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with time. As is typtal of observational studies, only association and not causation can
be inferred from the results of the above cohort s{&aylgwick 2014)In addition, a
consequence of retrospective cohort studies using health records that have already been
collected isthat not all pertinent risk factors are likely to have been identified and
subsequently recorded. A further disadvantage of retrospective cohort studies is that
many different healthcare professionals will have been involved in patient care, so the
measuement of risk factors and outcome(s) throughout the database would probably
be less accurate and consistent than that achieved with a prospective cohort study
design. In this study, the measurement of BMI by clinicians may present an issue of

accuracy.

In particular, it was not possible to measure and then control for, through statistical
analysis, all factors that may have affected the outcome of neonatal hypoglycaemia or
LGA, despite recording confoundérslespite recording exposure to a wide range of

risk factors. In contrast, experimental studies such as clinical trials use random
allocation of participants to treatment groups, to control for confounding at baseline,
thus overcoming the limitations and biases of retrospective studies. These methods are
therefore recommended as a more robust study design for such research questions
(Sedgwick 2013)

In addition, the use of BMI as a classification of obesity does not provide insight to the
composition or distribution of tissue compartments in the bodys fitay be a more
important factor when looking at perinatal outcomes in GDM population due to
hormonal regulator@~attahet al. 2011, Brissoret al.2013) Using measures of body
composition which distinguish between tissue compartments and distributimh co
potentially further explain why women with a higher parity are more likely to have
neonates born LGA, as was the case in this study. Women with a higher BMI are also
less likely to breastfeed, consistent throughout the liter§Bakeret al. 2007, Sott-

Pillai et al. 2013) This is of note, as breastfeeding has been linked with reduced
postpartum weight retentigiloffmannet al.2019, Pereirat al.2019)and subsequent
prevention of childhood obesit{Dietz 2001) A strength of this study was the
identification of LGA using percentile calculations adjusting for gestational age,
neonate gender and maternal ethnicity based on algorithms definduatdrgcheider

et al.(2013) These are constantly developing to reflect the specific various ethnicities

born in Ireland and these were reflected in this cohort. Degree of glucose intolerance
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was measured using PAJC from 75g OGTT resultSakamoteet al.2013) Future
studies should endeavour to use measures of insulin sensitivity, which capture
metabolic clearance rate during OGTT with the use of plasma insulin measures, such
as the Matsuda index or HOMWR, which are validated in pregnancy against the
euglycamicclamp (AntunaPuenteet al. 2011, Zhanget al. 2013) Future studies
should also note the actual neonatal hypoglycaemia rather than binary values due to
controversy around classification of neonatal hypoglycaé8tenescu and Stoicescu
2014)

4.6 Canclusions

In conclusion, maternal BMI during the first trimester of pregnancy exhibits a strong
influence on neonatal hypoglycaemia but not neonatal birthweight in a cohort of
pregnancies affected by GDM. Women with a high parity are more likely to imave a
infant born LGA. Future studies should examine the relationship between maternal
adiposity, together with accurate markers of insulin sensitiitythe outcome of

neonatal hypoglycaemia.
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5.1 Abstract

Background: Excess abdominal adiposity cause metabolic disturbances, particularly
in pregnancy. Methods of accurate measurement are limited in pregnancy due to risks
associated with these procedures. This study outlines-amasive metodology for

the measurement of adipose tissue in pregnancy and determines thandtnater
observer reliability of ultrasound (US) measurements of the two components of adipose
tissue (subcutaneous (SAT) and visceral adipose tissue (VAT)) withingagorte
population.

Methods: Thirty pregnant women were recruited at the end of their first trimester, from
routine antenatal clinic at the University Maternity Hospital Limerick, Ireland.
Measurements of adipose tissue thickness were obtained using a GE Voluson E8
employing a 15MHz curvilinear array transducer. Two observers, employing
methodological rigour in US technique, measured thickness of adipose tissue three
times, and segmented the US image systematically in order to define measurements of

SAT and VAT using specifically prdefined anatomical landmarks.

Results: Intra-observer and interobserver precision was assessed using Coefficient of
Variation (CV). Measurements of SAT and total adipose for both observers were <5%
CV and <10% CV for VAT in measures by both observererHobserver reliability

was assessed by Limits of Agreement (LoA). LOA were determined t0.48 to
0.46cm for SAT and0.34 to 0.53cm for VAT values. Systematic bias of SAT
measurement was 0.0lcm and 0.10cm for VAT. loteserver precision was also
assessed by cefficient of variation (CV: SAT, 3.1%; VAT, 7.2; Total adipose, 3.0%).

Conclusion: Intra-observer precision was found to be acceptable for measures of SAT,
VAT and total adipose according to anthropometric criterion, with higher precision
repated in SAT values than in VAT. Int@bserver reliability assessed by Lims-
Agreement (LoA) confirm anthropometrically reliable to 0.5cm. Systematic bias was
minimal for both measures, falling within 95% confidence intervals. These results
suggest thaUS can produce reliable, repeatable and accurate measures of SAT and
VAT during pregnancy.

103



5.2 Introduction

Ultrasound (US) has been used effectively to assess body fat for désadelini et

al. 1990) Limitations to its use are due to lack of standardization of technique, and
data on repeatability amongst different operaif@agner 2013, Bazzocctat al.

2016) The current gold standard for the quantitative assessment chbdcaninal
adipose tisseluses computed tomography (CT) scan(8gjdellet al. 1990) Validity

and reproducibility of ultrasound techniques against CT scanning has been previously
assesse@rmellini et al. 1993, Stolket al. 2001, Berkeeet al. 2010, Bazzocchet al.
2011)in non-pregnant populations, and reportedly the haleserver correlation eo
efficient of the mean ultrasound distance was 0.94 (P<0.001), and coefficient of
variation 5.4% within a nopregnant populatio(Stolk et al.2001) Other methods for
quantifying isk using abdominal measures and ratios of these, are; DXA scanning,
waist: hip circumference ratio, and anthropometric skinfold measurements. However,
during pregnancy these three techniques have distinct disadvantages, which render
them inadequate withia clinical setting and in a pregnant populat{ofiR o ktiall

2014, Mostet al. 2018).Limitations include exposure to ionising radiation, expense,
lack of validation of technique, tirr@nsuming techniques and requirement of a
trained skilful measurgiRo b ethkl.2014, Mostet al.2018).

Despite methods of capturing body composition being limited within a pregnant
population, the use of ultrasound to measure abdominal adipose tissue has been
recently reviewed and found to be a useful tool for meastaaly composition non
invasively(Wagner 2013, Bazzoccht al.2016) While US requires skill and training

with a cost implication, pregnant women undergo US by a skilledsdtnagrapher at

the end of the first trimester, as part of routine care, makisga contact point with
healthcare professionals with potential opportunity for measurements to be carried out.
Measuring components of abdominal adipose tis¥@d and SAT, are of particular
current relevance and importance as these depots of adipagéyeen implicated in

the pathogenesis of metabolic and cardiovascular health pregmant populations
(Despres and Lemieux 2006, Hamagatal.2010, Bazzocclet al.2016) as well as

in a pregnant populatiofBarthaet al.2007).

Maternal obesit has been linked to increased morbidity and mortality in pregnancy
putting both the mother and infant at risk in the short and long(€edergren 2004,

Doddet al.2011) Large population studies looking at pregnancy outcomes based on
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the World Health @anisation (WHO) body mass index (BMI) sallassifications of
obesity found a relationship to increasing risk of adverse outcomes, including
gestational diabetes, hypertensive disorders, caesarean section, macrosomia, admission
to neonatal unit and neomhhypoglycaemigDoddet al. 2011, Catalanet al. 2012,
ScottPillai et al. 2013) However, BMI does not provide insight into components of
body composition, such as lean tissue, subcutaneous or visceral adipose tissue, which
are known to exert differemhysiological effects in the pregnancy sttahabiet al.

2014) Crude measures of adipose thickness such as that pogsiblétrasound
provide a nofinvasive technique for insight into subcutaneous and visceral adipose
compartments of body composition. It is understood that visceral fat, specifically pre
peritoneal fat thickness, has been identified in the production of eadgsskines,

which play a role in increased insulin resistance by disruptingipsstin signalling
mechanisms, thus contributing to the pathogenesis of gestational diabetes mellitus
(Kirwan et al.2002, Jayabalagt al.2017) It has also been associateith an increase

in other cardiemetabolic risk factors within various studieéamamotoet al. 1997,
Tayamaet al. 1999, Tadokorcet al. 2000, Hamagawat al. 2010) The role of
subcutaneous fat in the development of obesity related disorders remainsesial
according to a recent review l®azzocchiet al. (2016) The review attributes
contradictory findings from investigations of subcutaneou@atteret al.2009, Patel

and Abate 2013)to the variation in location of the measurement and lack of
consistency in the methods used to capture this specific depot of a@pazecchiet

al. 2013)

To be clinically useful within a pregnant population, reliability and reproducibility of
abdominal fat quantification needed to be assessed within thiffisg®pulation.
Therefore, this study sought to standardise and outline a technically rigorous
methodology used to quantify abdominal adipose tissue in pregnant women, and to
segment this into its constituents, visceral (VAT) measured as thgeptereal fat
thickness, and subcutaneous adipose tissue (SAT) as the minimum abdominal
subcutaneous fat thickness. Subsequently, both- iatet intraobserver variability

were assessed in order to test the reliability of these measures in a pregnant population
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5.3 Methods
5.3.1 Study population

Thirty subjects were recruited prospectively. These subjects were attending the
University Maternity Hospital Limerick (Ireland) for their first routine antenatal visit
atl2Zweeksd gestati on, caatsrowihelyperforraed. Infoimed as o u
consent was sought and granted (REC 082/17) in accordance with the ethical
recommendations of Health Service Executive (HSE) University Hospital Limerick

committee on human research.

5.3.2 Ultrasonography

Measurementsf adipose tissue were taken via abdominal ultrasonography (US) using
a GE Voluson E8 employing a3MHz curvilinear array transducer. This transducer
was a practical choice as it required no changeover from the preceding obstetric scan,
and the frequencwas sufficiently high to provide adequate resolution at the shallow
depth of measurement.

With the patient in a supine position and the transducer perpendicular to the skin, the
required image was obtained in sagittal plane at Xiphisternum,producing a
longitudinal view of the left lobe of liver and the aorta (Begures 5.2 ab). Minimal
pressure was exerted on the skin, in order to avoid compression of the adipose tissue.
The transducer was rocked left to right, in order to identify the narrowgstpon of
thelinea alba The scan depth was reduced, excluding the aorta from the image. The
sector width was reduced to 40 degréaseasing line density. Thus, an image of both
layers of adipose tissue was obtained with the inferior part of tHelbefof liver seen
posteriorly (sed-igures 5.1 and 5.2-h). At this point, the time gain compensation
(TGC) and overall gain were adjusted carefully to allow clear visualisation of
subcutaneous adipose tissue and homogenous echogenicity within ihledeit liver.

The image was then frozen.

Calipers were placed to measure in millimetres. Subcutaneous fatty tissue was
measured from the lower border of the cutaneous layer to the upper borddimafahe
albaand visceral fatty tissue was measured frbenlower border olinea albato the

upper border of the liver capsule.
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The US measurements were performed at the time of routine first trimester ultrasound
examination. Both observers took three measurements each of both VAT and SAT on

30 subjects. A newnage was acquired between each set of measurements. The second
observer entered the examination room on
completed and removed from the screen. All six images were saved using

Vi ewPoint E, GEOS uéntentand reponing solutinaspfevarenand a g
were identified with each observerso ini
by observer one where undertaken by an obstetrician, and measurements by observer
two where undertaken by a trained radiograplBoth observers were regularly

involved in antenatal scanning at this clinical site.

Figure 5.1 Example ultrasound screenshot image at correct position for
measurement of SAT (1) and VAT (2)
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