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VI. Abstract

Gestational diabetes (GDM) is one of the most common complications of pregnancy. The adverse
perinatal outcomes and consequent need for treatment is well established. However, the long-term
sequelae of GDM includes a six-to-seven-fold increase of type 2 diabetes mellitus (T2DM) which
results in a significant burden of disease to the individual and population. The need to address this is
further amplified by the rising incidence of GDM and T2DM. Lifestyle interventions aimed at diet and
exercise are the current mainstays of treatment of GDM and prevention of progression to T2DM.
However, there is emerging evidence supporting sleep as an additional modifiable risk factor
contributing to T2DM risk and glycaemic control. It has also been shown to influence the currently
target lifestyle factors of exercise and diet. Novel technologies such as commercially available activity
monitors that can track physical activity and sleep are of growing interest in their ability to support
lifestyle programs through their accessibility and interactivity. They also have potential as a useful
research tool to collect data beyond currently validated tools as they are simultaneously objective and

convenient.

The aims of this thesis are to explore the effect of sleep and exercise on glycaemic control in women
with GDM during pregnancy; understand the relationship of sleep on exercise and weight in
postpartum women with GDM and investigate the impact of COVID lockdown on physical activity of
postpartum women. This revolved around the application of activity monitors for lifestyle interventions

and clinical research.

Smart Mums with Smart Phones 2 (SMs2) is a randomised controlled trial that recruited pregnant
women diagnosed with GDM with antenatal care at three teaching hospitals for a postpartum lifestyle
intervention delivered via text messages and supported with a wrist worn activity monitor (Garmin
Vivofitd®). | was involved in the recruitment of participants for SMs2 and their follow-up. The studies
undertaken in this thesis are substudies of SMs2 which examined observational data collected before
completion of the trial and therefore without unblinding of trial randomisation, The data collected for
this thesis comprised demographic, medical and obstetric information obtained at study baseline,
glucose levels performed as part of routine care of GDM, and step and sleep data downloaded from

the activity monitors. The relationship between these data were explored.

A key finding of this thesis is a trend towards improved post prandial but not fasting blood glucose
levels with increased step count during pregnancy. Achieving healthy sleep targets during pregnancy
improved the likelihood of reaching glycaemic targets and increased sleep duration after pregnancy
was associated with more steps being taken. There was a positive relationship between sleep and
postpartum weight but no relationship between steps and postpartum weight. When postpartum
activity was examined in relation to periods of COVID lockdown, a paradoxical increase in step count

was observed during these times.
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This finding of this thesis adds to the accumulating evidence for a relationship between sleep,
glycaemic control and diabetes risk. Sleep is an under-recognised risk factor which should be
considered during GDM and post-partum. Integration of sleep modification into lifestyle intervention
programs for women with GDM during pregnancy and postpartum may potentially can help achieve
glucose management and diabetes risk reduction goals. Evolving technologies such as activity
monitors may support the optimisation of physical activity and sleep and are also a useful research
tool able to collect granular data over prolonged periods of time.
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Chapter 1: Introduction

1.1 Gestational Diabetes
1.1.1 Definition

Gestational diabetes (GDM) is a common complication of pregnancy defined as the first onset of

glucose intolerance occurring in pregnancy (1, 2).

1.1.2 Incidence

In Australia, GDM currently affects approximate 14% of pregnancies (3). It is the fasting growing
subtype of diabetes in Australia with more than twice the number of women affected in 2019 as
compared to 10 years prior. This is compared to prevalence of GDM around the world ranging from
4.5% in Japan to up to 31.5% in Norway(4). However, with variation in screening approaches and
diagnostic criteria used, the global prevalence is difficult to estimate. Factors contributing to the
increasing incidence of GDM in Australia includes increasing obesity up from 56.3% in 1995 to 67% in
2017-18 (5, 6), mean maternal age increasing from 29.9 years in 2007 to 30.6 years in 2017 and
number of women from higher risk ethnic background particularly Asian women (6). As such in
Australia, women in older age groups have up to twice the incidence of the general population and
women born in central and southern Asian more than twice the incidence, affecting 28% of

pregnancies (6, 7)

1.1.3 Diagnostic criteria

Another contributing factor to the incidence of GDM is the changing diagnostic processes and
thresholds.

O'Sullivan & Mahan provided the first data regarding screening, diagnosis and treatment of new onset
hyperglycaemia in pregnant women based on a 3 hour 100g oral glucose tolerance test (OGTT) and
the development of diabetes (8). They also established a reduction in the rate of macrosomia (4.3%
compared to 13.1%) and perinatal mortality in treating gestational diabetes with diet and insulin (9,
10). Their threshold for diagnosis however was based on the risk of developing future diabetes rather
than pregnancy outcomes. Subsequently the 2-hour 759 OGTT that had been established for the
diagnosis of diabetes and glucose intolerance was extended to pregnant women by the World Health
Organisation (WHO) (11). As limited investigation into its use in this cohort had been conducted, a

variety of procedures and criteria were adopted by different organisations.

Following this, the Australasian Diabetes in Pregnancy Society (ADIPS) adopted the 75g OGTT for
the diagnosis of GDM (1, 12). This recommended that all women not previously known to have pre
pregnancy diabetes or hyperglycaemia in pregnancy should undergo a 75g OGTT at 24 — 28 weeks
gestation. The cut-off for diagnosis was established on a statistical basis with fasting glucose based
on the 95" percentile of pregnancy and 2-hour fasting glucose based on that which 4-9% of women

had been found to have in a European multicentre study and from 3 clinics in Melbourne.
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The Hyperglycaemia and Adverse Pregnancy Outcome study (HAPO) (13) was an observational
study conducted in 25,505 women across fifteen centres in nine countries investigating adverse
pregnancy outcomes associated with maternal hyperglycaemia. They were unable to establish a
definitive threshold but instead found a continuous increased risk. The International Association of the
Diabetes and Pregnancy Study Groups (IADPSG) was formed in 1998 to facilitate collaboration
between various groups that focus on diabetes and pregnancy (14). They established threshold
based on the findings from the HAPO study and are the mean glucose levels where the risk of
birthweight >90% percentile, percentage body fat >90™ percentile and cord c-peptide >90™ percentile
is increased 1.5 times. From this a diagnosis of GDM is established if at least one of the following
criteria are met; fasting glucose is = 5.1mmol/L, 1-hr glucose = 10.0mmol/L or 2-hr glucose

> 8.5mmol/L. Subsequently ADIPS and most Australian Centres have adopted these criteria (15).

Although the evolution of GDM diagnosis has resulted in increasing homogeneity, diagnostic criteria
still remains dependent on location of practice (16). The change in diagnostic threshold has

contributed to the increasing incidence of GDM (17).

1.1.4 Adverse Outcomes — long and short term

The HAPO study (13) was a landmark trial that demonstrated some of the well recognised short term
pregnancy outcomes associated with GDM including increased birthweight, cord c-peptide levels,
primary caesarean section and neonatal hypoglycaemia. Other associations included pre-eclampsia,
shoulder dystocia and birth injury, premature delivery, intensive neonatal care and

hyperbilirubinaemia.

Longer term, offspring of mothers with GDM are at risk of abnormal glucose metabolism and obesity
later in life (18, 19). There is also evidence to suggest effects on neurocognitive development with
increased risk of attention-deficit/hyperactivity disorder (20) and low cognitive scores in children of
women with GDM (21).

Women with a history of GDM also suffer long term consequences with an increased risk of
cardiovascular events. These findings have been consistent across multiple population groups around
the world. A meta-analysis in 2019 by Caroline et al. pooled nine studies of 5,390,591 women and
showed women with a history of GDM had a twofold increased risk of cardiovascular events
compared to their peers (22). There is also evidence to suggest that women with GDM have an
increased prevalence of microalbuminuria (23) and renal morbidity (24). The increased cardiovascular
risk and renal outcomes may be partly mediated by the increase in risk factors such as hypertension,
metabolic syndrome and type 2 diabetes mellitus (T2DM) (25, 26).

1.1.5 Treatment and effect on outcomes — short and long term

Typically, women with GDM are managed with non-pharmacological interventions such as diet
education, physical activity, and weight control prior to the use of pharmacotherapy such as metformin

and insulin. Crowther et al. (27) conducted a randomised controlled trial in 490 women to investigate if
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treatment of GDM reduced the risk of perinatal complications. Treatment in the intervention group
included dietary advice, blood glucose monitoring and insulin therapy. Compared to the routine care
group there was a reduced incidence of serious perinatal outcomes which was defined as death,
shoulder dystocia, bone fracture and nerve palsy. However, the intervention group had an increase in
induction of labour and admission to neonatal nursery and similar rates of caesarean sections to the
usual care group. Landon et al.(28) conducted a study similarly looking at the outcomes of women
who received treatment for GDM. The treatment group showed reduced birthweight, neonatal fat
mass, frequency of large-for-gestational-age infants, shoulder dystocia, caesarean delivery, pre-

eclampsia and gestational hypertension.

Despite the improvement in neonatal outcomes in women treated for GDM, this benefit may not
translate to long term outcomes. Landon et al. followed up 500 women who were previously enrolled
in a study on the treatment of mild GDM and found that there was no reduction in childhood obesity or
metabolic dysfunction (29). This finding was consistent with follow up of women in the Australian
Carbohydrate Intolerance Study in Pregnant Women (ACHOIS) who had mild GDM where despite
improvements in macrosomia at birth, body mass index (BMI) did not change at age 4 to 5 years old
(30).

1.2 Type 2 Diabetes Mellitus
1.2.1 Risk of T2DM

Another issue of GDM is the long-term risk of developing T2DM in the mother. Although glucose
intolerance resolves following the completion of the pregnancy, approximately half of these women
will develop type 2 diabetes mellitus (T2DM). In several meta-analysis, there was a six to seven-fold
increased relative risk of T2DM in women with prior GDM compared to those that did not have GDM.
This effect had a wide range dependent on duration of follow up and diagnostic criteria used. (31-34).
GDM contributes substantially to the growing burden of diabetes. Based on population attributable
risk, it has been estimated that 10-31% of parous women with T2DM had a history of GDM (33).

1.2.2 The prevalence and impact of T2DM

Type 2 diabetes is the most common form of diabetes. It is a chronic disease where there is insulin
resistance with relative insulin deficiency that results in high blood glucose levels. It requires long-
term management with lifestyle, oral medication, non-insulin injection therapy or insulin or a

combination of these.

The prevalence of diabetes is rising exponentially on a global scale from 108 million in 1980 to 422 in
2014, the majority of which is from T2DM. The International Diabetes Federation have estimated this
to increase to 693 million by 2045 if no effective preventative methods are introduced (35). Diabetes

is associated with increased mortality from infection, cardiovascular disease, stroke, chronic kidney
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disease, chronic liver disease and cancer. In 2017 the global incidence, prevalence, death, and
disability-adjusted life-years (DALYSs) associated with diabetes has been calculated at 22.9 million,
476.0 million, 1.37 million, and 67.9 million, with a projection to 26.6 million, 570.9 million, 1.59 million,

and 79.3 million in 2025, respectively (36).

In Australia, an estimated 1.2 million (4.9%) people had diabetes in 2017-18 based on self-reported
data (37). The increasing rates are likely largely driven by increased obesity, aging population, dietary

changes and sedentary lifestyles.

T2DM also confers significant mortality and morbidity to those affected. According to the Australian
Institute of Health and Welfare (AIHW) National Mortality Database, diabetes contributes to 10.5% of
all deaths in 2018, ranking in the top ten leading causes of death in Australia (37). In 2012, Diabetes
Australia reported that in Australians with diabetes, 13% are affected by peripheral neuropathy of the
lower limbs and 15% suffer from diabetes retinopathy. Diabetes is the leading cause of end stage-
renal failure. Cardiovascular disease is the leading cause of death with 65% of cardiovascular deaths
occurring in those with diabetes or pre-diabetes. In addition, 41% of people with diabetes experience
poor social wellbeing from stress, anxiety and depression associated with managing their disease
(38).

These figures translate into a heavy burden on the economic and health system. In 2017-18, there
were 1.2 million hospitalisations associated with diabetes, T2DM accounted for approximately 90%
with higher risk in males and increasing age (37). The annual cost of T2DM is $6 billion including the
cost of healthcare, carers and government subsidies. The average annual healthcare cost per person
in $4,025 if there are no associated complications however this can more than double to $9645 when
there are micro- and macrovascular complications. Primary prevention can reduce the risk of diabetes
by nearly 60% over a 3 years period which converts to saving a lifetime healthcare cost saving of
$1087 per person (38).

1.2.3 Current interventions for GDM to prevent T2DM

The increased prevalence of T2DM and its associated long-term morbidity and health care costs
prompts the need for preventative interventions. The Diabetes Prevention Program (DPP) (39) and
Finnish Diabetes Prevention study (DPS) (40) are both randomised controlled trials that successfully
reduced the incidence of T2DM in individuals who were at risk with impaired glucose tolerance (IGT)
through lifestyle modification. Both used resource intensive interventions targeted at diet and physical
activity and the DPP resulted in 58% lower incidence of T2DM at 4 years whilst the DPS saw 9% of
the intervention group develop diabetes compared to the 20% of the control group at 3 years follow
up. Given the high risk of T2DM following GDM, and the success of diabetes prevention through
lifestyle intervention, studies have sought the opportunity to explore the effect of lifestyle intervention
on at risk women with a history of GDM to prevent the progression T2DM in this inherently young

population.
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However, outcomes from lifestyle intervention have been variable. In a study of 200 women with
previous GDM who were randomised to either intensive or routine dietary advice, there was no
difference found in the annual incidence of diabetes after a median of 51 months follow up (41). On
the other hand, in another study with 260 women with previous GDM who were randomised to either
Mediterranean lifestyle or usual care, there were fewer women with glucose disorders after 3 years
(42). The largest of these studies was the Gestational Diabetes Effect on Moms (GEM) study which
was a cluster randomised controlled trial including 2280 with GDM. Using lifestyle interventions
modelled after DPP they found more women were able to meet weight goals at 6 weeks and 6
months follow up, but this effect was attenuated at 12 month follow up. Vigorous intensity physical

activity had also significantly increased however there was no difference in diabetes incidence (43).

In an analysis of the women involved in the DPP study, comparison of women 3 years after
randomisation to the placebo group demonstrated an estimated cumulative incidence of diabetes of
38.4% for women with a history of GDM compared with 25.7% of those without GDM (44).
Interestingly, women with previous GDM had similar reductions in the incidence of diabetes of
approximately 50% with either lifestyle or metformin therapy compared to placebo however in the
women without GDM history this reduction was only 49% and 14% respectively. Similar trends were

found at 10 years of follow up for DPP (45).

There are also post-partum interventions that have also been shown to reduce risk factors for the
development of diabetes including weight reduction, improving eating behaviours and physical activity
(46-49). A meta-analysis on 15 randomised control trials investigating lifestyle intervention for women
with previous GDM to prevent T2DM showed most interventions were focused on diet and physical
activity with only one including incentive to breastfeed with follow up of up to 2 years (50). Of the 8
interventions that reported on diabetes, there was a 25% reduction in incidence of diabetes, with
number needed to treat of 25 women, however this was only borderline significant. Furthermore, no
benefit was found in measures of glycaemia. Trials where intervention was implemented soon after

delivery (within 6 months) were more effective.

1.3 Sleep and diabetes

Modifiable lifestyle factors such as diet and physical activity are the two major risk factors for diabetes
and targets of interventions however there is increasing evidence that sleep might also play a critical

role.
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Total sleep time (TST) / Sleep duration Time spent sleeping during sleep episode

Sleep fragmentation Interruption of continuous sleep

Sleep chronotype Time of day preference for sleep

Sleep regularity Consistency of sleep habits

Sleep onset latency (SOL) Time to transition from wakefulness to sleep
Sleep efficiency (SE) Ratio of TST to time in bed

Wake after sleep onset (WASO) Duration of wakefulness after sleep established
NREM sleep Non-Rapid eye movement sleep

REM sleep Rapid eye movement sleep

Table 1. Sleep Definitions
1.3.1 Normal sleep architecture

Sleep architecture is the structural organisation of sleep. Sleep stages 1, 2 and 3 are categorised into
non-Rapid eye movement sleep (NREM) and sleep stage 4 is rapid eye movement sleep (REM) sleep
(51). These stages represent a continuum of sleep depth and vary in characteristic brain wave
patterns, eye movements and muscle tone. Normal sleep cycles through these sleep stages with
NREM sleep representing 75 to 80 percent of sleep and REM sleep account for the remainder 20 to
25 percent. The first cycle is typically 70 to 100 minutes with subsequent cycles becoming longer at
approximately 90 to 120 minutes. The duration of REM sleep progressively increases with each sleep
cycle (52).

1.3.2 Prevalence of sleep problems

The Sleep Health Foundation of Australia recommends 7-9 hours of sleep for adults (53, 54). A
national survey conducted in 2016 on 1011 adults above 18 years of age reported that 30-45% of
adults had sleep problems including difficulties sleeping a few times a week or daytime sleep-related
symptoms. Symptoms varied with age with older age groups more likely to report adequate and
refreshing sleep and snoring and breathing pauses more common in middle age groups. Sleep
duration was reported at approximately 7 hours on average with significant variability in younger

adults. Overall, it was found 12% sleep less than 5 ¥z hours and 8% over 9 hours (53).

1.3.3 Sleep duration

Sleep duration is the most widely studied sleep parameter regarding diabetes risk, glucose
intolerance and glycaemic control. In a study where sleep was restricted in 11 men aged 18-27 years
to 4 hours per night for 6 nights then followed by 6 nights with 12 hours allowed in bed, glucose
tolerance was significantly poorer in the shorter sleep setting. The rate of rate of glucose clearance
40% lower, acute insulin response to glucose was 30% lower and glucose response after breakfast
was higher (55). Further studies reproduced the association between short sleep and T2DM (56, 57).

The correlation between sleep duration with T2DM and glucose intolerance was further explored in a

cross sectional study of 722 men and 764 women, aged 53 to 93 years. A U-shaped relationship was
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demonstrated with increased prevalence of IGT and T2DM sleep duration less than 6 hours or greater
than 9 hours (58). A meta-analysis looking into the relationship between sleep duration and risk of
diabetes included 10 prospective studies with at least 3 years follow up to produce a total of 107,756
participants demonstrated an increase risk with both short and long sleep durations (59). Short sleep
duration had a greater effect in men with a relative risk of 2.2 and in women 1.07. When sleep was
greater than 9 hours the relative risk of T2DM was 1.38. Definition of short and long sleep varied
between studies complicating interpretation of these results. Similar results were found in another
meta-analysis of ten prospective studies with the lowest risk was observed in the 7-8hr duration. For
every hour of reduced sleep there was a 1.09 relative risk of T2DM when compared to 7 hours of

sleep and a 1.14 risk for every hour increment (60).

An analysis comparing the risk of sleep disturbances to traditional risk factors for T2DM found the
pooled relative risk with sleeping <5 h, 6 h, and 29 h/d was 1.48, 1.18 and 1.36 respectively. This is in
comparison to the pooled relative risk of being overweight, having a family history of diabetes, and
being physically inactive which were 2.99, 2.33 and 1.20. This demonstrates that sleep has a

comparable risk to some of the risk factors typically associated with development of T2DM (61).

Risk factor Relative Risk
<5 hrs sleep per day 1.48
6 hrs sleep per day 1.18
29 h per day 1.36
Physical inactivity 1.20
Family History 2.33
Overweight 2.99

Table 2. Risk of Sleep Duration and Other Factors on T2DM

1.3.4 Sleep duration and mortality

There not only appears to be an association between the duration of sleep and the risk of developing

T2DM but there has been data to suggest that sleep duration is associated with mortality.

A meta-analysis of prospective studies of sleep duration and all-cause mortality included 16 studies
correlating sleep duration derived from questionnaires and death. Definitions of sleep duration varied
between studies with short sleep at least less than seven hours and long sleep at least more than
eight hours across all studies. There was a 1.12 relative risk of death in short sleep and 1.3 relative

risk with long sleep. (62)

Furthermore, there was a study that specifically assessed mortality in relation to sleep duration in

those with T2DM. It reviewed the self-reported sleep hours obtained from the 273,029 adults included
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in National Health Interview study 24,212 of whom had type 2 diabetes. They found that extremes of
sleep duration were associated with higher all-cause mortality in non-diabetes and diabetes but to a
greater degree in the latter group. For non-diabetics, there was a hazard ratio of 1.74 when sleep was
less than five hours and 2.72 with more than 10 hours sleep when compared to 7 hours of sleep

whereas for the diabetes this was a hazard ratio of 2.78 and 3.67 respectively. (63)

1.3.5 Sleep chronotype

Circadian rhythms are thought to be generated through expression of designated ‘clock genes’ and
their timing varies amongst individuals (64). Chronotype is the preference for the time of day for sleep
and daily activities in relation to the circadian rhythm. An individual’s timing of this rhythmicity falls on
a continuous spectrum where early chronotypes prefer to wake up and perform activities earlier in the
day compared to evening chronotypes who wake and are most active in the evening (65, 66). It is
also dependent on age with adolescents tending to have a later chronotype that becomes earlier as
they age (65). This genetic predisposition can be impacted by environmental factors including light
exposure and the impact of sleep debt from working days on work free days (67). The Dietary
Lifestyle and Genetic determinants of Obesity and Metabolic Syndrome (DILGOM) substudy of the
2007 National Finland Cardiovascular Risk Study (FINRISK) was a cross-sectional analysis that found
an increased risk of T2DM with evening chronotype when compared to morning chronotype (OR 2.6).
This was found to be independent of sleep duration and sleep quality (68). Similarly it was found that
patients who had T2DM and were evening chronotypes had poorer glycaemic control however this

was partially mediated by a larger caloric intake for dinner (69).

1.3.6 Sleep fragmentation

Sleep fragmentation is the disruption in continuity of sleep that can be seen in depression, sleep-
disordered breathing, and from other environmental factors. Observations of the number and duration
of nocturnal awakenings in 97 participants with T2DM over 7 days and was correlated with the

variation of fasting blood glucose (70).

Sleep has been experimentally fragmented to study the effects on glucose metabolism in 11 healthy
volunteers. Subjects underwent one night of uninterrupted and two nights of fragmented sleep. Sleep
was monitored with polysomnography and fragmentation was induced with auditory and mechanical
stimuli until microarousal was elicited on electroencephalogram (EEG) whilst maintaining sleep
duration. Frequently sampled insulin-modified intravenous glucose tolerance test (IVGTT) was
obtained at baseline and after 2 nights of fragment sleep which involved glucose administration
followed by insulin and multiple measurements of glucose thereafter. Sleep fragmentation was shown
to significantly reduce the effect of insulin and glucose on glucose disposal by 25.2% and 20.9%
respectively (71). Other studies have been conducted looking at deep sleep suppression with similar

levels of reduction in insulin sensitivity (72, 73).
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1.3.7 Sleep onset latency

Sleep onset latency (SOL) is the duration of the transition from wakefulness to the first sleep stage. In
a case control study of 867 people, sleep characteristics of those with diabetes were compared with
age and sex matched controls using a self-administered questionnaire. They found that the number of
participants with sleep disorders was higher in diabetics and they also had longer SOL (20.2 +/-0.8
compared to 13.7 +/- 0.5) (74).

The impact of sleep quality including SOL has also been assessed in patients with T2DM. The
Pittsburgh Sleep Quality Index (PSQI) is a reliable and validated sleeping tool where the participants
rate various features of their sleep. This index was administered to 220 participants and a logistic
regression analysis was conducted on their global score against their glycated haemoglobin (Hbalc).
SOL, sleep disturbance and daytime dysfunction were significantly associated with poorer glycaemic
control with an odds ratio (OR) of 2.14, 5.09 and 3.50 respectively (75).

In a study of 92 subjects, sleeping questionnaires were administered as well as fasting glucose, post
glucose challenge plasma glucose and homeostatic model assessment-insulin resistance estimation
performed. Sleeping parameters were analysed against presence of diabetes and obesity. Diabetic
non obese individuals had increased SOL, earlier wake times, more sleep fragmentation, increased
shoring and daytime dysfunction compared to their non-diabetic counterparts. Using the Sleep Heart
Health Study Sleep Habits Questionnaire, comparison of sleep duration on weekdays in diabetic
obese individuals was shorter than their non-diabetic obese counterparts. This may represent the
shorter duration of sleep associated with patients with diabetes who may take longer to sleep and
wake up earlier, exacerbated during the workdays where extension of sleep time is limited by
conventionally wake times that are dictated by work commitments. Across the entire group, SOL was
significantly positively associated with fasting glucose, post glucose challenge plasma glucose and

homeostatic model assessment-insulin resistance and waist circumference (76).

1.3.8 Daytime napping

Although napping may occur to compensate for short overnight sleep duration, research shows that
this is also implicated in poorer health outcomes. Analysis of data obtained from the prospective
Sister Study which had 50, 8884 enrolled women aiming to identify environmental and genetic risk
factors for breast cancer sought to determine the risk associated with napping. After excluding women
with Type 1 diabetes, implausible sleep data, cancer, stroke, transient ischaemic attack or heart
disease, there were 39, 071 women included in the study. Data on self-reported sleep duration,
latency, awakenings and naps was correlated against the presence of diabetes. Napping was
associated with a significantly increased risk of T2DM. Short sleep (<7hrs), latency >30minutes and
frequent night awakenings were also positively associated with T2DM risk but this was not statistically
significant (77). This association has been reproduced by multiple studies (78-81). Self-reported
napping is also associated with poor glycaemic control as evidenced by worse Hbalc (82). A meta-

analysis of observational studies on daytime napping and diabetes risk showed napping less than one
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hour did not increase diabetes incidence however napping over 1 hour per day was associated with a
31% increased risk of diabetes (83). A dose response meta-analysis demonstrated a J-curve
relationship between nap duration and the risk of diabetes or metabolic syndrome where risk began
and sharply increased from 40 minutes onwards (84). Another meta-analysis of prospective studies
also reported a dose-response relationship between daytime napping with an 11% increased risk of

T2DM for each 30 minute per day increment in napping (85).

1.3.9 Sleep regularity

Sleep consistency is often impacted by various lifestyle factors including shift work, jet lag and social
norms. This can result in rapid variation in sleep patterns across consecutive days. Variation in sleep
can cause circadian misalignment as the rapid day to day variation in sleep schedules is not met by
the slower to accommodate intrinsic circadian rhythm (86). Studies of shift workers have shown

increased risk of diabetes, suggesting sleep regularity may be an important component of sleep (87).

Associated with this is the concept of social jetlag which occurs when late sleep onset, whether
voluntarily or from endogenous chronotype is combined with early arousal from external influences or
social demands. This causes an accumulation of sleep debt over the working week that is
compensated for by sleep extension during weekends.(88) It is a sleep habit that is related to
chronotype and sleep regularity. Shift work is a common form of this that has been shown to be

associated with diabetes and poor glycaemia control. (89, 90)

Phillips et al. (91) developed a sleep regularity index to explore circadian function and effect on
academic performance. The index determines the probability of an individual being asleep at the
same timepoint across different days. Using the sleep regularity index, relationship between sleep
regularity and daytime sleepiness, daytime sleep as well as 10-year projected risk of cardiovascular
disease, obesity, hypertension and risk of diabetes was examined. This study was based on the Multi-
Ethnic Study of Atherosclerosis (MESA) which was a longitudinal observational study of 6814 45-84
year old patients in the United States. Sleep was measured with actigraphy, sleepiness was assessed
with self-reported Epworth Sleepiness scale and cardiovascular risk factors of blood pressure, lipid
levels, BMI, Hbalc and fasting glycose assessment. Sleep irregularity was associated with delayed
sleep timing and evening chronotype irrespective of sleep duration. There was also an association
with reduced physical activity, increase daytime sleep and sleepiness. Sleep irregularity was also
significantly associated with increased BMI, fasting blood glucose and Hbalc, the directionality of

which was not established (92).

A cross-sectional study with 1986 older adults measured sleep parameters through actigraphy over 8
days and showed that sleep variability was independently associated with prevalence of T2DM

irrespective of sleep duration (93).
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1.3.10 Sleep treatment

The association between sleep and diabetes has been established with investigation of various sleep
parameters. However, there are limited studies into whether treatment with sleep prescriptions would
be able to address this. Obstructive sleep apnoea (OSA) which is characterised by sleep disturbance
with snoring, apnoeic episodes and subsequent daytime sleepiness is associated with T2DM. In the
Wisconsin Sleep cohort, severity of OSA was associated with increase prevalence of T2DM (94) and
conversely, those with T2DM frequently suffered from OSA. Habitual snoring itself has also been
associated with glucose metabolism in both diabetic and non-diabetic patients (95, 96). Babu et al.
(97) studied the effect of treatment of OSA with continuous positive airway pressure on changes in
glucose levels and Hbalc. They found that continuous positive airway pressure (CPAP) use was
associated with significantly decreased 1-hour post prandial BGs. Those with HbAlc greater than 7%
had a significant improvement (9.2% + 2.0% to 8.6% * 1.8%), the degree of which was correlated with

days of use in participants using CPAP at least four hours per day.

Investigation of improvement in sleep found that it could result in improved insulin sensitivity. Sixteen
participants were included who had an average self-reported time in bed during the week of 6.5
hours. These participants were all included as they had increased self-reported time in bed during the
weekend suggesting sleep restriction during the week and attempted sleep recovery on weekends.
Participants were monitored with actigraphy which showed average sleep time of 6 hours at baseline.
After instruction to increase their time in bed, participants increased their sleep time by 54+ 33
minutes over the 2 first weeks of the intervention, by 48 + 31 minutes over the 2 middle weeks of the
intervention, and by 44 + 34 minutes over the 2 last weeks of the intervention. The increased sleep
time was associated with improved fasting glucose levels and higher insulin-to-glucose ratio

suggesting better insulin sensitivity. (98)

Overall, the evidence for the relationship between sleep and its various parameters are increasing

however causality and directionality still requires investigation.

1.4 Potential mechanisms for sleep mediating diabetes risk
1.4.1 Appetite hormones

It is thought that shorter sleep duration may result in increased opportunity to eat as well as increased
hedonic perception of highly palatable foods (99). However, appetite hormones may be involved in
increasing caloric intake. Two of these hormones include ghrelin which is a potent stimulator of
appetite and leptin which suppresses food intake and reduces energy expenditure. Spiegel et al.
(100) experimentally manipulated sleep duration in 12 healthy young men with average BMI in the
normal range and measured the plasma leptin and ghrelin levels and subjective hunger ratings. Sleep
restriction was associated with lower anorexigenic leptin levels, increased orexigenic ghrelin levels,

with increased hunger and appetite particularly for calorie dense foods with high carbohydrate
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content. In an observational study on participants obtained from the Wisconsin Sleep Cohort, a
population based longitudinal study of sleep disorders, nocturnal polysomnography, sleep
guestionnaire and diaries were compared with serum leptin and ghrelin measured the following
morning. Sleep duration had a U-shaped relationship with BMI. Short sleep was associated with low
leptin and high ghrelin when comparing 5 hours to 8 hours of sleep, independent of BMI (101).
Interestingly obesity is typically associated with low levels of ghrelin and high levels of leptin owing to
leptin resistance (102). These studies suggest that the effect of short sleep on appetite hormones

may result in an increase intake of foods that may lead to obesity and diabetes.

1.4.2 Hypothalamic-pituitary adrenal axis

The hypothalamic-pituitary-adrenal axis follows a diurnal pattern that is linked to the circadian rhythm
through its relationship with the central pacemaker found in the suprachiasmatic nucleus (103). The
disturbance to circadian rhythm from sleep deprivation resulting in increased levels of cortisol is

thought to be another explanation for the relationships between poor sleep and metabolic outcomes.

A study was conducted to evaluate plasma cortisol profiles in three different sleep conditions; normal
sleep schedule, partial and total sleep deprivation. Evening cortisol was raised in the evening
following total sleep deprivation only (104). These conditions were expanded in a subsequent study
with 6 nights of sleep restriction to 4 hours, followed by sleep recovery with 12 hrs allowed in bed for 6
nights. Glucose tolerance and thyrotropin concentration was lower in sleep debt whilst evening
cortisol and activity of sympathetic nervous system was higher (55). This relationship was also found
when assessing ACTH and cortisol levels in 14 health male subjects. When comparing the half of the
group that slept for a shorter duration (476.9 + 15 minutes) with the half sleeping for a longer duration
(596.9 + 14.4 minutes), plasma cortisol was significantly higher upon waking (105). Interestingly the
“shorter sleep” group’s sleep duration falls within sleep recommendations and would be expected to
have a lower risk of diabetes and better control than the “longer sleep” group whose duration is >9hrs
according to studies on sleep duration. Therefore, a higher plasma cortisol might be expected in the
“longer sleep” group for this pathophysiological mechanism to hold true. Alternatively, this may
suggest the association between longer sleep duration and diabetes is through a different

mechanism.

The studies have been performed on small healthy male cohorts and therefore this relationship is less
established and unable to be generalised to the population. Furthermore, a study in a similar cohort

showed lower cortisol levels in sleep deprived conditions (106).

1.4.3 Clues from the studies between OSA and T2DM

The association of OSA with T2DM suggests that potentially the sleep fragmentation and hypoxia that
results from successive apnoea-hypopnoea episodes mediates metabolic disturbances including
activation of the sympathetic nervous system, oxidative stress, systemic inflammation, in conjunction

with previously discussed alterations in appetite-regulating hormones and activation of the
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hypothalamic-pituitary-adrenal axis, that in turn, favour the development of insulin resistance, glucose
intolerance and ultimately T2DM (107).

1.4.4 Sympathetic nervous system activation

During sleep, the parasympathetic nervous system predominates resulting in slowed heart rate,
reduced blood pressure, respiration, body temperature and basal metabolism (108). Conversely the
inappropriate activation of the sympathetic nervous system may be a mediator of poor sleep and
metabolic health. Studies in animal models have demonstrated that epinephrine inhibits insulin
secretion, augments hepatic glucose output by stimulating gluconeogenesis and glycogenolysis,

impairs skeletal muscle uptake of glucose and decreases metabolic clearance of glucose (109).

The effects of exogenous epinephrine on glucose tolerance in nine normal weighted subjects has
been studied. Using insulin clamp technique, glucose was administered at a variable rate to maintain
euglycemia, whilst insulin was infused with and without epinephrine and insulin and propranolol were
infused with and without epinephrine. The addition of epinephrine lowered glucose metabolism and
delayed the suppression of hepatic glucose production. Propranolol had no effect of insulin mediated
metabolism but restored glucose metabolism when administered with epinephrine (109). Similar
impairments were seen in glucose metabolism with the administration of epinephrine in another study
on six healthy volunteers (110). In assessing measures of sympathetic activity including plasma and
urinary norepinephrine against movement and arousal in 67 subjects with hypertension and OSA,
cortical arousals did not correlate with any of the measured variables. However movement arousals
independently predicted baseline plasma norepinephrine study (111). In a cross-sectional analysis of
the Whitehall 1l study that included 2751 participants, self-reported sleep duration and disturbances

were independently associated with higher evening cortisol. (112)

1.4.5 Hypoxia

Hypoxia can occur secondary to sleep apnoea or hypopnoea or from disrupted sleep with frequent
arousals. In lean healthy mice, intermittent hypoxia was found to reduce insulin sensitivity compared
to exposure to synthetic air due to reduced glucose utilization in oxidative muscle fibres and was not
restored by autonomic nervous system blockade (113). When 13 healthy human volunteers were
subjected to five hours of intermittent hypoxia or normoxia during wakefulness on two separate days,
IVGTT showed worsening insulin sensitivity and decreased glucose effectiveness in the former
condition with changes in heart rate variability suggesting increased sympathetic nervous system
activity (114).

1.4.6 Oxidative stress

Sleep apnoea is also associated with increased concentrations of reactive oxygen species which can
inhibit insulin stimulated substrate uptake in muscle and adipose tissue and may damage pancreatic
B-cells due to their relatively low concentration of antioxidant enzymes (115, 116). Reactive oxygen

species activate pathways that affect cellular signalling such as down-regulation of the cellular
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response to insulin, leading to a reduced ability of insulin to promote glucose uptake, and glycogen

and protein synthesis (117).

1.4.7 Underlying inflammation

There have been studies that suggest poor sleep may be related to a pro-inflammatory state.

Inflammatory cytokines such as interleukin-6, tumor necrosis factor-alpha (TNF a), C-reactive protein

(CRP) and interleukin-18 are associated with insulin resistance and T2DM (118, 119). In a systematic

review on 72 studies assessing sleep disturbance, sleep duration and markers of inflammation, sleep

disturbance and long sleep duration was associated with higher levels of CRP and IL-6, short sleep

but not extremes of short sleep was associated with higher levels of CRP but not IL- 6, TNF a was not

associated with either sleep disturbance or duration. Experimental sleep restriction was not

associated with any of these markers (120).

1.4.8 Mechanisms of risk of diabetes associated with long sleep

The underlying mechanisms relating long sleep duration and diabetes risk is less well understood.

Risk factors including depressive symptoms, low socioeconomic status, unemployment, a low level of

physical activity, poor health has all been shown to be associated with long duration of sleep (121).
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Figure 1. Mechanism of Effect of Sleep Duration on Diabetes Risk
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1.5 Sleep, physical activity and diet

Physical activity and diet are well established targets for intervention in prevention and management
of T2DM. Given the association established between sleep and diabetes, there are studies exploring
how sleep is related to physical activity and diet which adds to our knowledge of the complexity of

their associations with diabetes.

1.5.1 Sleep and physical activity

The relationship of exercise and sleep has been explored for at least the last two decades and is
thought to be bidirectional (122, 123). In a sample of 827 university students, assessment of sleep
quality and physical activity surveyed annually over three years found sleep quality indirectly
predicted increased physical activity over time and vice versa (124). Similar bidirectional relationships
were found in middle age adults who were periodically surveyed over a 2 year period (125). This
bidirectionality was also seen in longitudinal analysis of a mean of 6.9 years on 38601 United
Kingdom biobank participants. Those who had poorer sleep patterns at baseline had higher odds
(1.24 -1.65 OR) of physical inactivity at follow up. Conversely physical inactivity at baseline and

reducing physical inactivity over time resulted in higher odds of poor sleep at follow up (126).

Mechanisms discussed for this bidirectionality suggest that acute or repeated physical activity
increases total sleep time by decreasing insulin resistance and the concentration of inflammatory
markers, better regulation of circadian rhythm and release of brain derived neurotrophic factors. Sleep
deprivation can affect physical activity by increasing cortisol concentration, decreasing growth

hormone and prolactin concentration and stimulating inflammatory markers (127).

Experimentally restricted sleep in 18 patients with history of type 2 diabetes was performed in a
crossover study between eight and a half hours or five and a half hours of sleep. When time in bed
was reduced, total activity reduced by 31%, and reduction in moderate and vigorous physical activity
(MVPA) time decreased by 24%. This effects was seen more in regular exercisers (128). Mah et al.
investigated the effect of 5-7 weeks of sleep extension on the athletic performance in eleven healthy
students in a University basketball team. The mean baseline sleep duration was 470.0 +/- 65.9
minutes and increased to 624.2 +/- 68.4 minutes. Following sleep extension, reaction times improved,

fasters sprint times recorded, shooting accuracy improved and daytime sleepiness decreased (129).

Studies on exercise and sleep vary in the time period over which they assessed participants from
days to weeks which reflects the acute and chronic effects of exercise on sleep respectively with
variable results. Sleep and physical activity were measured over 7 days by accelerometry in 330
young adult women and found that those who woke up later and slept longer had less MVPA
throughout the day (130). Wu et al. reviewed sleep quality in 365 primiparous women post-partum
with PSQI and triaxial wrist accelerometer for seven days (131). Sleep quality was not found to be
associated with 24-hour physical activity. In another study, 112 postmenopausal Iranian women
equipped with a pedometer had improved sleep quality, latency, duration, efficiency and daytime

dysfunction after increasing their walking distance by 500 steps per week for 12 weeks (132). A meta-
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analysis of daily associations between exercise and sleep showed that sleep quality, sleep efficiency
and wake after sleep onset was associated with physical activity however the associations were small
and varied in direction (133). A meta-analysis was conducted on 41 studies on the effects of acute
exercise and 25 studies on regular exercise with the former predominantly within participant designs
and the latter randomised controlled trials (RCTs). The effects of acute and regular exercise on sleep
were both positive however with they were small effects. Acute exercise improved total sleep time,
deep sleep, sleep onset latency and sleep efficiency and wake time after onset. Regular exercise
benefited total sleep time, sleep efficiency, sleep onset latency and sleep quality as assessed by
PQSI (134). These small effects might be moderated by the variation in exercise protocols, and

tendency to study changes in cohorts with good sleepers (135).

Wang et al. explored the effect of physical activity intensity on sleep quality in 14 studies and
concluded that moderate physical activity seemed to be more effective than vigorous activity in
improving sleep quality. However there were only 2 studies exploring vigorous activity in this review

one of which was aimed at assessing how late night vigorous exercise affected sleep quality (136).

Although sleep has been shown to be associated with physical activity in a bidirectional fashion there
is evidence that timing of physical activity may be a crucial factor to consider. Exercise in the evening
risks negatively impacting sleep by increasing arousal, affecting sleep hygiene and stimulating the
autonomic nervous system. Yamanaka et al. (137) experimentally explored the effects of exercise in
the morning or evening on circadian rhythm, core body temperature, sleep stages and heart rate
variability in 22 healthy young males over 4 consecutive days. Morning exercise enhanced
parasympathetic activity whilst night exercise enhanced sympathetic activity as suggested by heart
rate in nocturnal sleep. Sleep stages 1 and 2 decreased by 13% without exercise and REM sleep
decreased by 10.5% after evening exercise. Alley et al. (138) compared the effects of timing of
resistance exercising on sleep found that exercise results in less wake after sleep onset (WASO) time
but timing of sleep did not statistically significantly impact sleep stages or nocturnal blood pressure.
Stutz et al. (139) conducted a meta-analysis of 23 studies in this area and found that evening exercise
did not alter total sleep time but increased REM latency and deep sleep and decreased stage 1 sleep
suggesting perhaps more restorative sleep. A higher body temperature at bedtime and higher
physical stress was associated with lower sleep efficiency and more wake after sleep onset.
Therefore, vigorous evening exercise ending within one hour of bedtime may not be recommended
which may be due to insufficient cardiovascular recovery, resulting in increased HR and blunted

parasympathetic activity.

Promisingly, as a post primary treatment intervention, inactive breast cancer survivors were enrolled
in physical activity intervention that included wearable technology assess sleep over 24 weeks and
found that there were improvements in WASO and number of awakenings at 12 weeks. Within groups

analysis found this improvement in sleep quality may be sustainable over a longer duration (140).
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Overall, it appears that sleep quantity and quality have a reciprocal relationship with physical activity
however these effects may only be modest. Other factors such as the type and intensity of exercise
may also be important as well as avoiding exercise too close to sleep onset.

1.5.2 Sleep and diet

The importance of diet in diabetes management and the emerging association of the effect of sleep

on diabetes raises the question on how sleep may be related to diet.

A study that randomised 27 participants to usual sleep or restricted them to two-thirds of normal found
caloric consumption was significantly increased without increase in energy expenditure nor changes
in circulating leptin or ghrelin levels (141). In a cross-sectional study of 459 women sleep was
measured with actigraphy and sleep diaries and correlated against dietary nutrients derived from food
guestionnaires. This revealed that napping was significantly correlated with increased fat intake and
sleep duration was also negatively associated with fat intake. This may in part account for the
increased caloric intake seen in these circumstances (142). Increased snacking is another source of
calories that is associated with short sleepers. When sleep was reduced by 122 +/- 25 minutes per
night in 11 healthy volunteers, meal intake remained similar between short and longer bedtimes but
sleep restriction was accompanied by an increased consumption of snacks with higher carbohydrate
content particular in the hours from 7pm to 7am (143). Energy expenditure did not increase
significantly. Similar findings were found in a cohort of 240 adolescents when comparing those with
less than 8 hours weekday sleep duration to those with at least 8 hours sleep duration. A high
proportion of calories was from fats, lower proportion from carbohydrates and 2.1 fold increased odds

of consuming at least 475 calories from snacks (144).

The association between macronutrient profile and insomnia was explored in a cross-sectional
analysis of 4435 Japanese non-shift workers. Macronutrient intake was assessed using a diet history
guestionnaire and insomnia symptoms such as difficulty initiating sleep, difficulty maintaining sleep
and poor quality sleep were also self-reported. Low protein intake was associated with poor sleep
quality and difficulty initiating sleep whereas higher protein intake and lower carbohydrate intake was
associated with difficulty maintaining sleep (145). Another study examining sleep quality with dietary
habits amongst 3,129 female workers found poor sleep quality was associated with poorer eating
habits including lower intake of vegetables and fish, higher intake of carbohydrates, confectionary,
noodles, energy drinks and sugar -sweetened beverages. Poor sleep quality was also associated with
skipping breakfast and eating irregularly (146). Using similar measures in 495 participants, sleep
onset latency >60 minutes has been associated higher intakes of food by weight and energy and
lower intakes of wholegrain. Greater insomnia severity was also associated with higher intakes of

food by weight and energy but also lower total and unsaturated fats (147).

The Mediterranean diet which is characterised by high consumptions of plant-based foods and whole
grains, moderation of fish and increase in olive oil is generally considered to be healthy. To review

this, 1596 adults who were at least 60 years of age were assessed on their degree of adherence to a
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Mediterranean diet against sleep quality. Those in the highest tertile of adherence to a Mediterranean
diet were less likely to have changed their sleep duration after a median follow up of 2.8 years and
were at lower risk of poor sleep quality (148). Similar findings were produced when studying 432
women in a prospective cohort study where better compliance with a Mediterranean diet was
associated with better sleep quality, higher sleep efficiency and fewer sleep disturbances. Fruit and
vegetable consumption were predictive of these same sleep characteristics. Higher legume intake
predicted better sleep efficiency (149).

Considering the association between poor sleep and diet, a 4-week randomised feasibility study was
performed on 42 participants to assess sleep extension on dietary intake. Sleep extension reduced

the intake of free sugar, fat and carbohydrates (150).

Dietary carbohydrates are thought to increase the plasma concentration of tryptophan which is a
precursor of serotonin, a sleep inducing hormone (151). Therefore it was investigated how different
glycaemic index (GI) carbohydrates affected sleep in twelve healthy volunteers (152). They found a
significant reduction in mean sleep onset latency with high GI compared with low Gl meals consumed
4 hours before bedtime. A high Gl meal 4 hours before bedtime also showed shorter sleep onset
latency compared to the same meal one hours before bedtime. A randomised double-blind trial was
conducted on 10 young males that explored the effect of a high Gl meal against a low GI meal
following sprint interval training on the sleep parameters that evening and following day’s training.
Total sleep time and sleep efficiency were greater with a high Gl meal and sleep latency was
shortened four-fold with visual reaction time also decreasing by 8.9%. Jumping ability and aerobic

endurance performance was not affected (153).

Given the associations established between macronutrient intake and sleep quality, by manipulating
the composition of isocaloric diets it was shown that a high carbohydrate low fat diet was associated
with decrease slow wave sleep compared to normal diet or low carbohydrate high fat diet. The high
carbohydrate low fat diet and low carbohydrate high fat diet were associated with more rapid eye
movement sleep compared to normal diet (154). It is thought that cholecystokinin which is released
from the duodenum in the presence of lipids and proteins also causes sedation. Following high
carbohydrate low fat meals and low carbohydrate high fats meals, it was found that subjects felt
sleepier after the latter meal with significantly higher cholecystokinin levels (155). Another study which
varied the diets of their 44 participants in a cross over designs found that higher carbohydrate diets
were associated with a lower sleep onset latency and high protein diet decreased number of wake
episodes (156) .

Alongside these studies that explore how dietary contents may influence the hormones involved in
sleep, there is limited evidence that specific food may promote sleep via neurotransmitters and
hormone that promote sleep. Subjects who consumed 2 kiwifruits, which naturally contain serotonin, 1
hour before bed for 4 weeks showed improved sleep quality scores, waking time after sleep onset,
sleep onset latency, total sleep time and sleep efficiency (157). Tart cherry juice, which reportedly has

high levels of melatonin, was administered to 20 volunteers in a randomised, placebo-controlled
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crossover study. The cherry juice group showed significant increase in time in bed, total sleep time

and sleep efficiency (158).

1.6 Barriers to prevention

Despite evidence to suggest that diabetes can be prevented with lifestyle modifications, successful
implementation of these measures can be difficult in practice. Although maternal lifestyle behaviours
are more readily modified during pregnancy to benefit the child, following delivery this is often not
maintained. Barriers to this include tiredness, childcare demands early in the post- natal period as
well as work and family commitment later on (159, 160). In a study performed by Kim et.al examining
perception of risk of future diabetes, 90% of women recognised that GDM was a risk for T2DM
however only 16% believe they themselves had a high risk of developing T2DM. This increased to
39% when estimating risk if they maintained their current lifestyle (161). In addition social supports,
financial constraints and personal preferences influenced postpartum behaviour (162, 163). A study
exploring barriers to a healthy lifestyle in women with previous GDM found that timing, reiteration and
cultural competence of health information can be a barrier (164, 165). These findings suggest that to
increase maintenance of healthy lifestyle behaviours requires increased education with reinforcement

and consistency that is affordable, adaptive and accessible.

1.7 Use of health technology

mHealth refers to mobile technologies, including mobile phones, wearing monitoring devices, digital
health assistance and other wireless devices to support and enhance public health practice (166).
The use of mobile phone devices has increased exponentially over recent years. According to the
international telecommunications union, 93% of the world has access to a mobile broadband network
with an estimated 105 mobile cellular subscriptions per 100 inhabitants in 2020. 88% of Australian
population owns a mobile phone (167). Short message service (SMS) or text messages are frequently
used. Their use for interventions come at relatively low cost and can have a wide reach. They allow
for effective health communication with the ability to tailor and personalize messages and make them
interactive. Because of the low cost, ubiquity and accessibility, frequent reinforcement, mobility,
mobile phone based interventions have been trialed to address a variety of health issues including

cancer screening, smoking cessation, physical activity, medication adherence and diabetes (168).

There have been studies that explored the efficacy of lifestyle directed text messaging interventions to
improve glycemic control in diabetics with modest results. The DTEXT study was a randomized
controlled trial using text message intervention over a 6-month period on 395 adults with T2DM and a
Hbalc of at least 7.0%. There was no improvement seen in Hbalc at 3 months or 6 months. There
was however significant improvement in nutritional aspects with increased self-reported consumption

of vegetables and fruit and less discretionary sweets (169). Text to Move (TTM) was a randomized
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controlled trial conducted on 126 patients with T2DM to improve their physical activity. It incorporated
physical activity monitoring and coaching into text messages to help compared to an active control
arm that received only pedometers. They found that step counts were higher in the intervention group
at 3 and 4 months but there was no significant difference at 6 months. There was no significant
decrease in Hbalc (170). A meta-analysis of 11 RCTs with 1720 participants with interventions using
mobile text messaging addressing diet and physical activity in people with T2DM found 5 studies
showing significant improvement in Hbalc with remaining studies showing trends to improvement.

Overall, there was a significant reduction in Hbalc of 0.38% (171).

There are limited trials that have utilized text messaging to target the at-risk population of women with
GDM to prevent progression to T2DM. Cheung et al. therefore investigated the feasibility of using this
tool as an alternative to the resource intense lifestyle interventions that have been shown to prevent
T2DM. The 6-month pilot study was conducted on 60 women and incorporated customized text
messages focusing on lifestyle changes in conjunction with an activity monitor. There was a trend to
improvements in diet, increased physical activity and weight loss however significant improvements in
dysglycaemia remain to be seen (172).

Text message interventions are also thought to address the economic burden of chronic diseases.
The TEXT ME randomized trial used text messages to support and motivate lifestyle changes in
adults with coronary heart disease. Low-density lipoprotein cholesterol, systolic blood pressure and
BMI were lower at 6 months (173). They estimated the cost effectiveness of such a preventative
program of $10.56 million savings from few myocardial infarction, fewer strokes, and improved quality
of life (174). Wong et al. investigated the cost -effectiveness of SMS intervention to prevent T2DM in
participants with IGT. Using data from previous epidemiological studies and clinical trials, a Markov
model was developed found a savings of 118.39 USD per subject over 2 years, increased to 1020.35
USD in the lifetime model (175).

Another benefit of text messages use as a form of mHealth is their accessibility to the general
population. Nelson et al. explored engagement in a 12-month text message intervention that
supported self- care and medication adherence in 248 patients with diabetes. The median response
rate to interactive texts was 91% over 12 months. Nearly half of patient continued text messages for
the latter 6 months. Those who discontinued text early reports that text messages and improved their
routines sufficiently to not require further texts (176).

1.8 Wearable technologies and monitors

Sleep duration can be measured through a myriad of approaches including self-reported
guestionnaires, polysomnography and actigraphy. Although they are validated measures, the former
tends to be more subjective but able to be conducted amongst larger cohorts for longer time periods

that the latter two which are more objective. Technology advances have not only provided an
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alternative method of delivering healthcare interventions such as via text messages but the
emergence of wearable health technology. Consumer wearable health devices have a variety of
features that can include physiological data such as heart rate and sleep patterns as well as physical
activity such as steps, distance walked and intensity of physical activity. They are also able to provide
feedback, goals and connect to social platforms to improve engagement. The increasing availability
and uptake of these technologies by the public allows data collection on these health physiological
and activity markers to be obtain on a larger scale in terms of number of people and duration. Areas
where wearable technologies are being explored include cardiac monitoring, falls detection and

prevention, physical activity, and continuous glucose monitoring in diabetes.

One of the main considerations when employing these novel technologies particularly for research
purposes is their validity and accuracy. Factors that influence validity include where sensor is worn,
light emitting diode (LED) colour and penetration as well as the algorithm used to process this biodata
and output it to the user (177). There are multiple companies producing these devices with data
derived from a variety of permutations of sensors and formulas that aren’t transparent to the

consumer.

Attempting to address the wide variety of devices now available, a systematic review comprising of
169 studies with 5934 participants examined FitBIt, Garmin, Apple, Polar, Misfit, Withings, Samsung,
and Zioami. They compared these devices to references standard criterion measures such as
accelerometry, electrocardiography and indirect calorimetry. In regard to step count in controlled
conditions in particular, the was an overall tendency for underestimation of steps across all
devices(mean -9%). This was particularly seen with Withings and Misfit wearables whilst Apple and
Samsung devices had less variability although they also had fewer studies. However, in free-living
conditions the steps were overestimated (mean 3%). Despite strong interdevice reliability for step
count, intradevice comparisons showed significant variability within the same device for steps for Fitbit
Charge HR, Fitbit Surge, Fitbit Zip, and Garmin Vivofit. (178).

Consumer sleep tracking devices were compared against the gold standard for research laboratories,
polysomnography and the standard for mobile sleep assessment, actigraphy in 34 young healthy
adults. They assessed four wearable devices which included Fatigue Science Readiband, Fitbit Alta
HR, Garmin Fenix 5S and Garmin Vivosmart 3 and three nonwearable devices. Most of the devices
performed as well or better than actigraphy on sleep/wake measures however the Garmin devices
were worse. Garmin devices tended to overestimate total sleep time and underestimate wake after
sleep onset and the Fithit Alta HR underestimated sleep onset latency. Detecting sleep stages was
inconsistent and performance of the devices was worse on nights with more disrupted sleep(179). A
systematic review of the accuracy of Fitbit Models in assessing sleep compared to polysomnography,
found that more recent generation models that integrate heart rate variability and body movement to
assess sleep stages performed better than earlier generation models that only utilise body movement.

Non sleep staging models overestimated total sleep time and sleep efficiency and underestimate
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wake after sleep onset with no significant different in sleep onset latency. Sleep staging Fitbit models
showed no difference in WASO, TST and SE but underestimated SOL (180).

Aside from using technologies for research purposes and to obtain population level measurement of
data, it has been shown that consumer wearable activity trackers invoke behaviour change such as
increased physical activity. This can translate into beneficial effects on health outcomes and therefore

could be utilised as an adjunct to lifestyle interventions (181, 182).

Comparison of the use of a pedometer that tracks steps against an activity monitor that was able to
display steps and exercise intensity for physical activity was performed on subjects with T2DM (183) .
In their cohort on 187 subjects, there was a significantly greater reduction in Hbalc in the activity
monitor group at 2 months however this effect weakened and was non-significant at 6 months. This
suggests that perhaps the ability of the activity monitor to provide feedback resulted in increased
motivation to reach target step and activity goal. However despite this, less than 40% of both groups
(37.9% activity monitor and 25% pedometer) continued at least 80% of the exercise therapy beyond
six months, suggesting that effects were greatest with the novelty of the monitor but ongoing
motivators are required (183). This may be an opportunity to integrate other mHealth technologies
such as text messaging to increase the durability of the use of activity monitors. Despite these
promising findings, this was not supported by the meta-analysis conducted which included twelve
trials of 1458 participants. It included both accelerometers and pedometers and showed they
increased overall physical activity however there was no significant difference in Hbalc, BMI, blood
pressure or lipid profile (184). Consequently, further studies may need to determine in which cohorts

and for what purposes these increasingly available technologies should be implemented.

1.9 Aims

Although there is mounting evidence about the influence of sleep on diabetes, less is known
regarding this same relationship in GDM. Both during pregnancy and postpartum, physical activity
and diet are the focus of lifestyle modification however it is unclear if sleep is another factor that
should be targeted. In the following studies, we assess the effect of sleep and physical activity on
glycaemic control in GDM and the effect of sleep on physical activity postpartum. Activity monitors are
increasing in popularity and uptake and can be used as tool to encourage lifestyle modification whilst
simultaneously collecting data. Wrist worn activity monitors are used in these studies to assist in data

collection and we indirectly assess their viability as a research tool.
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Chapter 2: Methods

Smart Mums with Smart Phones 2 (SMs2) is a randomised controlled trial of postpartum text
messaging support for women with GDM. It is a multicentre study that recruited 176 women from 3
Sydney metropolitan hospitals; Westmead, Blacktown and Campbelltown Hospitals. It incorporates
the use of a wrist worn activity monitor and integrates the data captured by this device to customize a
structured lifestyle modification program delivered via text messages. This study aims to evaluate
whether this intervention that has been augmented by modern technologies improves diabetes risk

factors, namely weight, physical activity (PA) and diet in postpartum women with GDM.

Recruitment for the study occurred from January to August 2021. Participants underwent
randomisation at delivery and were followed up until 12 months postpartum. Therefore, at the time of
completion of this thesis, SMs remains ongoing and unblinding of randomisation was not available for
analysis. However data captured at baseline, during pregnancy and in the first few months
postpartum for women recruited earlier were available and utilised as substudies in the following
chapters. These include the relationship between physical activity and sleep and blood glucose levels
during pregnancy, the effect of sleep on physical activity postpartum and the effect of a COVID

lockdown on physical activity postpartum.

The following methodology describes my involvement in the study design, recruitment,

implementation and follow up of SMs2 that allowed for the completion of my substudies.

2.1 Study protocol

SMs2 began recruitment of pregnant with GDM in January 2021. Participants were then randomised
at birth to the lifestyle intervention with text message support or usual care and followed up

intermittently with self-completed evaluations up until 52 weeks postpartum (Figure 2.)

i Durin .
T"T'e g Birth 4 weeks 12 weeks 26 weeks 52 weeks
Period pregnancy
Activity Monitor »>
INTERVENTION { 1 4 messages 4 messages Messages
per week per week cease
Program Recruitment |Randomise Phone contact
Activity Monitor
ACTIVE CONTROL No messages
Breast Feeding 6 month 12 month
i i ) GTT . .
Evaluation| Baseline data Evaluation evaluation evaluation

Baseline questionnaire Breast-feeding GTT Weight GTT

Diet Weight Diet HbAlc

AAQ Stage of AAQ Weight

change EPDS Diet
Breast-feeding AAQ
Stage of change EPDS
General questions Breast-feeding
User survey General questions
(Intervention) User survey

(Intervention only)

Figure 2. Protocol for Participants in SMs2
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2.2 Recruitment

Pregnant women diagnosed with GDM who had a smart phone with internet access were invited to
participate. Women were recruited during routine antenatal appointments. We also received referrals
from the hospital’s Diabetes Education and Ambulatory Care Centre (DEACC). All women who are
diagnosed with GDM are referred to DEACC for a group education session and provided with a
glucose meter and glucose testing strips. We screened the online antenatal records of these patients
to confirm their eligibility by reviewing the women’s past medical history, OGTT result and fetal health
(Table 3.). The online records of patients attending obstetric and diabetes in pregnancy clinics were
reviewed in a similar way. We were able use the online booking system to determine the next

appointment for these women and tracked these in a spreadsheet.

These women were then approached by the study coordinator of the respective site at their antenatal
clinic or diabetes education visits where the objectives of the study were discussed, and exclusion
and inclusion criteria were reviewed prior obtaining informed consent. As these discussions were
conducted around existing appointments times, patient files were tagged and monitored on check in
systems on appointment days so we could speak to women before, between and after their
appointments. Most women were recruited at the initial encounter however some women needed time
to consider committing to participation and so were followed up at later appointments for further

discussions.

Inclusion criteria

- Diagnosis of GDM on OGTT in accordance with local criteria
o At Westmead and Blacktown Hospital
= Fasting glucose =25.5mmol/L OR
= 2-hour glucose level following 75g oral glucose load =7.0mmol/L
o At Campbelltown Hospital
= Fasting glucose at least 25.1 OR
= 2-hour glucose level following 75g oral glucose load =10.0mmol/L
= 2-hour glucose level following 75g oral glucose load =8.5mmol/L

- Owns a smart phone with internet access
- Age > 18 years
Exclusion Criteria

- Already using stand-alone activity monitor (allowing for apply watch and phone activity
monitor if agreeable to use study activity monitor)

- Has pre-existing diabetes

- GTT result in “Diabetes Mellitus in pregnancy” range in first 20 weeks of pregnancy (fasting
glucose =7.0 mmol/L or 2-hour glucose =11.1 mmol/L

- On medications which affect glucose metabolism (e.g. metformin, steroids, antipsychotics)
- Twin/multiple pregnancy

- Significant fetal disorder likely to require increased care in first 6 months post-partum

- Planning to spend >1 month overseas within 6 months post-partum

- Unable to walk regularly due to physical limitations
Table 3. Inclusion and Exclusion Criteria Smart Mums with Smart Phones 2
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2.3 Baseline Data collection

At the initial encounter, contact information was obtained and women completed a baseline
guestionnaire that included demographics, medical and obstetric history, pre-pregnancy dietary,
activity, and sleep habits (Table 4.). The dietary and activity questions were derived from validated

guestionnaires.

Eligibility checklist was reviewed with the participant before written informed consent was obtained.
Data was also collected from medical records regarding the participants’ GTT result and booking in
information including, height, weight and BMI. All data was collected on paper forms and
subsequently transcribed into REDCap, a secure online database management system. Online
records were printed and stored with original paper forms and source documents in a secured office.
On the next Friday after recruitment, women were sent an automated welcome message with a link to
confirm the correct phone number was entered into redcap before further messages are sent

postpartum.

Demographics Age at expected date of delivery
Country of birth and ethnicity
Marital status
Education level
Employment

Obstetric History Gravidy
Parity
Estimated date of delivery
Booking in date, weight, height
Previous breastfeeding

Medical History Previous GDM
Family history of diabetes
Polycystic ovarian syndrome, depression, high blood pressure, high
cholesterol

Smoking Status

Alcohol Intake

Pre-pregnancy Activity Walking
Moderate physical activity
Vigorous gardening
Vigorous physical activity

Pre-pregnancy Diet Vegetarian / vegan diet
Fruit and vegetable intake
Sugary drinks and fruit juice
Discretionary foods: takeaway, biscuits, cakes, icecream, chips,
chocolates, lollies

Sleep Normal hours of sleep prior to pregnancy

Days of perceived sleep insufficiency in last month
OGTT Date of OGTT

Fasting

1-hour glucose
2-hour glucose
Table 4. Baseline Data Collected

Page | 37



2.4 Garmin Setup

Women were set up with an activity monitor (Garmin Vivofit4®) in the latter half of their pregnancy to

allow women to experience the devices and troubleshoot any issues while they were still making

regular hospital visits to attend clinic appointments. Study coordinators assisted in the pairing of

activity monitors to the smart phone application as well as demonstrating synchronization of these

devices. Information on use of the monitor was provided verbally and in a written hand out. Syncing of

the activity monitor with the participants phone was also monitored from this early stage to maintain

engagement and establish habitual use of the device.

Log in using account
Garmin app downloaded [~ . )
details provided by study

Turn on Garmin Vivofit 4,

| enable mobile bluetooth

and pair device

Enter in basic
demographic details
including gender, date of
birth, weight and sleep

Customise watch face

settings

times

Set up step goal to
10, 000 steps

Set Garmin to

automatically sync sync

Follow up at next
Demonstrate manual .
appointment to

troubleshoot any issues

Figure 3. Garmin Set Up Process

2.5 Garmin issues and troubleshooting

During the set-up process we found several issues and solutions were found.

Problem

Solution

Garmin app could not be downloaded
on all phone operating systems

Trial an older spare phone OR
Trial partner’s phone

Garmin app required later versions of
the android or iPhone operating
systems

Participant to download latest operating system at home
then set up Garmin device at next appointment
following this

Prolonged time require to download
Garmin app

Participant to download Garmin app at home then set
up Garmin device at next appointment following this

Complex autogenerated account
names and passwords

Password failure when curly bracket
included

Study team contacted to provide new account name OR
Trial a difference device with a different account name
and password

Difficult pairing Garmin device with
phone

Confirm Bluetooth on OR

Reinstall Garmin application OR

Restart phone OR

Trial a difference device with a different account name
and password

Table 5. Troubleshooting Problems in Garmin Set Up
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Data uploads were reviewed to assess if women were wearing their devices and regularly syncing. At
subsequent appointments women were encouraged to continue wearing their devices and any issues

were troubleshooted.

Problem Solution

Rashes from silicone wristband Recommended wearing the band slightly loose to for
breathability
Intermittent washing the band to clean off any sweat
or debris
Keep device in pocket (allows for some tracking but
less accurate)

Difficulty wearing device due to Larger wristbands provided

pregnancy related weight gain

Limited data obtained since Garmin set Reminded how to manually sync their devices with the

up mobile application.

Table 6. Troubleshooting Problems Related to Garmin Use

2.6 Postpartum messages and surveys

Lifestyle intervention was delivered via mobile text messages that began postpartum. Some text
messages were based on the validated messages used in the TEXT ME trial (173). Additional
messages appropriate for use in young mothers according to local and national guidelines were
developed, with additional input from experts in the fields of diabetes, nutrition, physical activity,
health promotion, and lactation. The themes of the text messages were initially based on newborn
health and motherhood before progressing to supporting physical activity, health eating and diabetes
prevention. Text messages were also integrated with the activity monitors to further customise text
messages with adaptive weekly step goals based on the previous weeks data. Subjects were then
followed up via self-reported questionnaires that were completed remotely via a link attached to a text
message at 4 weeks, 12 weeks, 26 weeks and 52 weeks postpartum. These surveys were conducted
periodically to assess breastfeeding status, weight changes, physical activity, dietary habits and
completion of OGTT. Subjects were contacted at 14 weeks postpartum to follow up 3-month survey,
OGTT results and weight and then again at 6 months to ensure completion of 6-month survey and

weight. Data from these surveys were stored on the online database REDCap.

2.7 Garmin Data

The Garmin Vivofit 4 was used in SMs2 however there were no financial arrangements or conflicts of
interest between any of the investigators and the Garmin technology company. It featured a watch
face that displayed the time, as well as physical activity targets such as steps taken, distance
travelled and intensity minutes. It boasted a 1-year battery life, bypassing the need for regular
charging. There were also extended features such as timers and stopwatches. The Garmin Connect

mobile phone application displayed number of steps taken, intensity minutes and sleep duration.
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Women enrolled in Smart Mums 2 had their Garmin Vivofit set up in their 3" trimester. Those who
wore their device and synced them to their phone had step and sleep data readily available. This data
could be accessed by using coding to extract it from the server with the assistance of a data scientist.
A log was kept of all accounts and passwords allowing researchers to manually access information
stored online on the Garmin Connect application.

2.7.1 Sleep

The Garmin application sleep data shows sleep onset, duration, wake time, and the level of sleep.
The user can enter in their normal sleep time into the setup of their Garmin connect app to facilitate
the recording of this information. The levels of sleep include deep, light and awake where
differentiation is reliant on the degree of movement given the Garmin Vivofit does not have a heart
rate monitor to help determine sleep stages. Despite the lack of heart rate monitor, a study exploring
the validity of several wearable activity trackers including the Garmin Vivofit compared with self-
reported sleep log with a significant correlation with an r value of 0.8 (185). This device is more
affordable than one with heart rate monitoring improving its scalability and achieving the primary aims

of Smart Mums 2 did not require measurement of sleep.

This information is presented in the application as a user-friendly graph that gives a visual
representation of the overall architecture of one night’s sleep (Figure 4). Sleep onset and wake time
can be manually manipulated retrospectively on the Garmin Connect application. Garmin Vivofit
records physical activity in 15 minutely epochs with varying proportion of time classified as sedentary,
active or highly active. The physical activity data is presented to the user on the app as a daily step
count and weekly intensity minutes. Through trial of these devices several limitations in the algorithms

used to determine sleep and physical activities patterns were identified.

3h &m

® Deep

5h 40m

® Light

22m

wake

11:35PM # 8:45 AM #

Bed Time

® Decp @ Light Awake

Figure 4. Normal Sleep Pattern as Displayed in Garmin Connect Mobile Application
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2.7.1.1 Garmin device removal during sleep

If the Garmin was taken off during normal sleeping hours, the lack of movement is interpreted as deep
sleep. This can be easily distinguished as there is deviation from the variations in normal sleep
architecture and is homogenously represented as deep sleep >90% of the (Figure 5). When the

Garmin is removed during awake hours, this is reported as sedentary activity with no steps recorded.

9h 20m

@0

31m

® Lighe

5m

12:03 AM » 9:59 AM #
Bed Time Wake Time

® Dep @ Light Awake

Figure 5. Sleep Pattern Where Garmin Likely Not Worn

2.7.1.2 Missing daytime sleep data

Physical activity epochs and sleep data are recorded with no overlapping times such that physical
activity is only recorded when sleep ends. As a result, naps that occur during the day are not
registered by the Garmin Vivofit as additional sleep hours. Instead, this is represented as a sedentary
period in the physical activity epochs. However, if sleep times are retrospectively manipulated to
include the nap period, the nap will be displayed. More than one sleep period cannot be displayed
and therefore to have both the night sleep and nap requires a long sleep duration that includes all

these times with an awake interval during this sleep.
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12:54 AM »#

Bed Time

2h 23m

@ Deep

5h 55m

® Light

10h 19m

® Awake

731PM »#

Wake Time

® Deep

® Lght @ Awake

Possible nap
period

Figure 6. Wake Time Retrospectively Manipulated to Reveal Possible Day Time Nap

Epoch . . el
Sleep Sedentary Active Very activ
Awake during sleep
OR
Awake Sedentary during day *  Active  Very active
Light Nap Active  Very active
Garmin removed
OR
Deep deep sleep ** Active  Very active

*Differentiated by surrounding level of activity

** Differentiated by if associated normal sleep pattern

Figure 7. Interpretation of Garmin Vivofit Activity Epochs

Given this, it is difficult to determine whether prolonged sedentary periods are representative of naps,

sedentary physical activity or the user not wearing their device. In order to overcome this, we tried to

obtain 24 hours epochs of concurrent sleep and physical activity data which could be cross

referenced to obtain more accurate sleep information. However this was unsuccessful as sleep and

physical activity data were recorded in exclusion of the other and therefore complete 24 hour data for

both could not be obtained
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2.7.2 Physical activity

Garmin step data for one day was a cumulative count over a 24-hour period from midnight. Garmin
Vivofit does not have a heart rate monitor incorporated into the device, therefore step count relies on
arm swing. This could result in overestimation if activities were performed that may mimic an arm
swing without walking. Conversely, walking with static arm movement can result in underestimation.
This could occur in the scenario of pram pushing or if the device is not being worn on the arm due to
an adverse reaction. Furthermore, without heart rate tracking this device is unable to distinguish
between sedentary activity or if it is simply not being worn. Consequently, in the following studies we
excluded days where less than 1000 steps were taken in a day as this likely represented incomplete

data capture.

Garmin determines intensity minutes either through metrics comparing current heart rate to resting
heart rate or frequency of steps. The Garmin Vivofit lacks a heart rate sensor therefore only moderate
intensity activity is tracked and not vigorous intensity activity. Given that vigorous intensity activity is
credited with twice as much intensity minutes as moderate activity, this may underestimate the
intensity minutes of users. The intensity minutes were organised in the Garmin files as sedentary,
active and highly active minutes. Sedentary minutes corresponded to time spent with no steps and
active was time spent with >1 step. No participants had highly active minutes recorded with this
device because of the limitations in its tracking ability without a heart monitor. There is research to
suggest that minutely step thresholds could be used as a proxy for exercise intensity (186).
Theoretically these thresholds could be used to differentiate the physical activity data into moderate
and vigorous intensity exercise. However, as the Garmin Vivofit operated on 15-minute physical
activity epochs that were subdivided into the previously described activity minutes, we were unable to
obtain minutely step data to be able to do this. Therefore, we used Garmin’s interpretation of activity

minutes to maintain consistency for analysis.

2.7.3 Data organisation

Data recorded by the Garmin Vivofit could be retrieved from the mobile or online application by the
user. The data is also uploaded onto a server and stored in JavaScript Object Notation (JSON) format
in text files with sleep and physical activity separated. This is a common data representation format
that is used to transmit structured data between a server and web application. The data type that is
supported includes strings (used to present text data), numbers, Booleans (true or false) and null.
Arrays are also supported which are a list of ordered items from any of the previously mentioned data
types surrounded by square brackets. Objects is an unordered set of key/value pairs. Keys are string
text and values are any JSON supported data. The objects are surrounded by curly brackets, each

key is followed by a colon and each pair is separated by a comma.

Page | 43



f
[ {"activities-steps":[{"dateTime":"2016-05

J

> \

| —

-31","value":"101"}]

1 = string
2 = number
3 = object
4 = array

Figure 8. Labelled Example of JSON Activity Data

This JSON data is not presented in an easily accessible format for direct analysis. Given the large

volume of data that is obtained in this way for several hundred days across multiple days, it needed to

be processed and organised into a format more amenable to analysis. These JSON text files were

converted into Microsoft Excel files with the assistance of a data scientist. Following this, data was

organised by participant and date with corresponding sleep and physical activity prior to analysis.
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Chapter 3: The effect of physical activity on glycaemic control in
gestational diabetes

3.1 Introduction

Gestational diabetes has been shown to be associated with adverse perinatal outcomes in the short
term and adverse metabolic outcomes in the long term for both mother and child (13, 18). Treatment

of GDM through lifestyle modifications has been shown to improve these (27, 28),

Typically, initial management of GDM includes regular blood glucose (BG) monitoring and engaging in
lifestyle changes prior to commencement of pharmacotherapy. Exercise is recommended for pregnant
women and is also an important component of a non-pharmacological intervention in GDM. It has
been shown that the addition of regular exercise to dietary advice can improve glycaemic control
(187). These improvement can be seen with both aerobic and resistance exercise performed in
supervised programs (188). Some studies have also shown that exercise can improve pregnancy
outcomes such as decreased macrosomia and rates of caesarean section (189). Women who have
GDM are required to achieve tight BG targets and although exercise has been shown to improve
glycaemic control, few studies have explored the effect of physical activity on BG levels during

pregnancy on a day-to-day basis.

Mobile health technologies which are being used to support lifestyle interventions include consumer
worn devices that can track physiological data including physical activity. Their uptake is relative to
their accessibility, convenience, ability to be personalised and relatively low cost but simultaneously
they can also provide a larger volume of granular data over longer periods of time than other validated

methods such as questionnaires or actigraphy.

In this study we utilized a wrist worn activity monitor to explore the relationship between physical

activity and blood glucose levels in women with GDM.

3.2 Method (see Chapter 2)
3.2.1 Study Design and Population
This was a substudy of Smart Mums With Smart Phones 2 (SMs2), a randomised controlled trial of

text messaging support for women after GDM at three metropolitan hospitals (190).

As each site had varying methods of reviewing, managing and archiving BG records, we were only
able to include women from Westmead Hospital, a tertiary centre, where online records were

maintained (Figure 9).
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3.2.2 Variables

Baseline data included demographics, medical and
family history, physical activity, dietary and sleep
habits.

Following diagnosis of GDM women attend a group
education session with a diabetes nurse educator and
dietitian. As part of routine gestational diabetes care,
they are also provided with a glucose meter and
women are taught to regularly check and record their
fasting and 2-hour post prandial BGs. At Westmead
Hospital, women aimed for target fasting BG is
between 4.0 — 5.5 mmol/L and post prandial BG
between 4.0 — 7.0 mmol/L. These are sentto a
hospital email or brought to appointment on usually a

1-2 weekly basis for review by the endocrinology team

176 Women recruited for SMs2

k.

93 Women recruited at
other sites without online
BGL records

83 Women recruited at
Westmead Hospital

l

4 women without online
BGL records

79 Women with BGL records
available

32 women without
corresponding BGL and
steps records

47 Women and 799 paired BGL
and step data

 ;

29 Days of paired records
excluded where total
number of steps <1000

47 Women and 770 days
paired BGL and step data

Figure 9. Selection of Study Population

or diabetes educators. After review, women may have lifestyle measure reinforced or if required

clinicians may commence insulin on a individual case by case basis. Data was taken from multiple

women across several days with up to four BG readings per day. This data was manually entered into

a Microsoft Excel spreadsheet.

BG Measurements — > Physical Activity

Women are provided with a wrist-worn activity
monitor (Garmin Vivofit 4®) in their third
trimester. This monitor can track and display

daily step count.

Fasting

Post Breakfast

Post Lunch  —

» Total Step count day prior

A
+  Total Step count same day
v

After meals
We collected daily step counts and BG
Post Dinner
records from days where there was
corresponding data. Days where less than Figure 10. Pairing of Glycaemic Control and Physical

one thousand steps were taken were

excluded as the device monitor was likely not

Activity Data

worn for the entire day. Due to the potential confounding effect of insulin therapy, the data for women

on and off insulin were examined separately.

3.2.3 Statistical Analysis

Data were analysed with R Program, version 4.1.0 (R Core Team, Auckland, New Zealand). Linear

mixed effect models were used to determine the effect of total daily steps on glucose measurements.

The effects of steps completed the day prior on the fasting BG the following day was examined, as well

as the effect of steps on post prandial BGs on the same day. Step quantity was treated as a fixed effect

and the study ID was included as a random effect in the model as multiple readings were obtained from
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the same woman. Data are reported as mean + standard deviation. Statistical significance was taken

as a two-sided p—value <0.05.

3.3 Results

There were 47 women included in this study with 770 days of paired observations. The mean age at
conception was 32.2 £ 4.1, ranging from 25 - 41 years old. Details summarising the demographics of
the women included are described in Table 7.

Group % (N) Mean STD
Age at conception 25-29 31.9 (15) 32.2 4.1
30-34 35.6 (16)
35-40 31.9 (15)
>40 2.1 (1)
Pre pregnancy BMI Underweight <18.5 0(0) 27.4 5.3
Normal 18.5 — 24.9 38.3 (18)
Overweight 25-29.9 31.9 (15)
Obese >30 29.8 (14)
Ethnicity Subcontinental 51.1 (24)
South East Asian 21(1)
East Asian 4.3 (2)
Australian 2.1(1)
European 6.4 (3)
Pacific Island 21(1)
South American 21(1)
Middle Eastern 19.1(9)
Education level Year 10 School Certificate 8.5 (4)
Year 12 School Certificate 2.1 (1)
Technical and Further 17.0 (8)
Education
University Undergraduate 38.3(18)
University Postgraduate 35.6 (16)
Previous GDM No 68.1 (32)
Yes 31.9 (15)
Family History of Diabetes No 27.7 (13)
Yes 72.3 (34)
Gravidy 1 36.2 (17) 2.4 15
2-8 63.8 (30)
Parity 0 42.6 (20) 0.8 0.8
1-3 57.5 (27)

Table 7. Demographics and Obstetric History of Women Included

The mean fasting glucose level for all data pairs was 5.0 + 0.6 mmol/L, post breakfast BG 5.9 + 1.0
mmol/L, post lunch 6.0 + 1.0 mmol/L, post dinner BG 6.4 + 0.9 mmol/L and mean post prandial BG
6.1 + 0.7 mmol/L. The mean steps taken on the day prior to the measured fasting BG was 4455 + 251

and mean steps taken on the same day was 4447.0 + 2481.2. Thirty-five women required insulin
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during the period of time where corresponding steps and BG records were available and their mean
total daily dose (TDD) of insulin was 35 * 46 I1U.

There were 13 women who did not require insulin during the days where they have paired BG and

step data available. The mean BGs and steps for each group are summarised in Table 8.

All women Women not on Women on
(n=47) insulin (n=13) Insulin (n=34)
Mean BG + STD Mean BG + STD Mean BG £ STD
(mmol/L) (mmol/L) (mmol/L)
Fasting 5.0£0.6 48+0.4 5.1+0.6
Post breakfast 59+1.0 53+0.7 6.1+1.0
Post lunch 6.0+1.0 5.6 +0.8 6.2+1.0
Post dinner 6.4+0.9 6.1+0.8 6.5+ 0.9
Mean post prandial 6.1+£0.7 5.6 + 0.6 6.3+ 0.6
Steps yesterday 4455 + 25.18 5032 + 2493 4250 + 2498
Steps today 4447 £ 2481 4885 + 2473 4284 + 2467
Insulin TDD 35+ 46

Table 8. Mean Glucose Readings and Steps Counts for Days Where Paired Data Were Available for
all Women Based on Insulin Use

There was no significant relationship between steps taken on the previous day and fasting BG (-
0.01mmol/L per 1000 steps, 95% CI -0.03 — 0.01, p=0.36). This was similar for post prandial BGs and
steps taken on the same days however we observed a trend towards a reduction in the overall post
prandial BG with increased steps (-0.02mmol/L per 1000 steps, 95% CI -0.04 — 0.00, p=0.07).
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Figure 10. Change in Glucose Per 1000 Steps for all Women
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Women not on insulin (13) Women on Insulin (34)

Blood Estimated change in (95% CI) Linear Estimated change (95% CI) Linear
glucose BG per 1000 steps Trend in BG per 1000 Trend p-
levels (BG) (mmol/L) p-value steps (mmol/L) value
Fasting* 0.00 -0.01, 0.03 0.46 -0.01 -0.04, 0.01 0.33
Post 0.02 -0.02, 0.07 0.32 -0.06 -0.10, -0.01 <0.01
Breakfast

Post Lunch -0.04 -0.09, 0.01 0.15 -0.01 -0.06, 0.03 0.57
Post dinner -0.07 -0.12, -0.02 <0.01 0.00 -0.05, 0.03 0.73
Mean post -0.04 -0.08, 0.00 0.07 -0.03 -0.06, 0.00 0.02
prandial

* Fasting glucose versus steps recorded on the previous day, all other measurements versus steps on

the same day.

Table 9. Change in Glucose Per 1000 Steps Between Insulin Groups

Women who were not on insulin showed a significant reduction in the BG after dinner of 0.1 mmol/L
(p<0.01) for every 1000 steps taken on the same day. Women who were on insulin had a BG after
breakfast that was significantly reduced by 0.1 mmol/L (p<0.01).

As the amount of walking a woman undertakes decreases in late pregnancy, and potentially there is
an altered relationship between steps and glucose levels, we divided the data into 2 groups, before
and after 36 weeks gestation, for further analysis. The mean daily steps taken prior to 36 weeks were
4427 + 1998, and after 36 weeks it was 4189 + 1799. When women were less than 36 weeks
gestation, the mean post prandial glucose level improved by 0.1mmol/L for every 1000 steps taken
(p=0.04). The highest post prandial effect was seen at dinner with 0.1mmol/L reduction in BG per
1000 steps (p<0.001). There was no relationship demonstrated between steps and BGs after 36

weeks gestations.

Women who were not on insulin showed a significant reduction in the BG after dinner of 0.07 mmol/L
for every 1000 steps taken on the same day (95% CI -0.12 - -0.02, p<0.01). Women who were on
insulin had a BG after breakfast that was significantly reduced by 0.06 mmol/L (95% CI -0.10 - -0.01,
p<0.01).

As the amount of walking a woman undertakes decreases in late pregnancy, and potentially there is
an altered relationship between steps and glucose levels, we divided the data into 2 groups, before
and after 36 weeks gestation, for further analysis. The mean daily steps taken prior to 36 weeks were
4427 + 1998, and after 36 weeks it was 4189 + 1799. When women were less than 36 weeks
gestation, the mean post prandial glucose level improved by 0.03mmol/L for every 1000 steps taken
(95% CI -0.06 — 0.00, p=0.04). The highest post prandial effect was seen at dinner with 0.1mmol/L
reduction in BG per 1000 steps (95% CI -0.01 — 0.03, p<0.001). There was no relationship

demonstrated between steps and BGs after 36 weeks gestations.
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Observations <36 weeks gestation (384)

Observations 2 36 weeks gestation (386)

Blood Estimated change in (95% CI) Linear Estimated change (95% CI) Linear
glucose BG per 1000 steps Trend in BG per 1000 Trend p-
levels (BG) (mmol/L) p-value steps (mmol/L) value
Fasting* 0.00 -0.02, 0.02 0.93 -0.28 -0.63, 0.07 0.12
Post -0.03 -0.08, 0.01 0.17 -0.14 -0.42,0.12 0.29
Breakfast

Post Lunch -0.01 -0.06, 0.03 0.6 -0.02 -0.25, 0.22 0.90
Post dinner -0.07 -0.11, -0.03 <0.01 0.06 -0.19, 0.31 0.64
Mean post -0.03 -0.06, 0.00 0.04 -0.05 -0.46, 0.35 0.80
prandial

* Fasting glucose versus steps recorded on the previous day, all other measurements versus steps on
the same day.

Table 10. Change in Glucose Per 1000 Steps in Women Before and After 36 Weeks Gestation

3.4 Discussion
3.4.1 The relationship between exercise and glycaemic control

Obstetric and diabetes professional organisations recommend that pregnant women should
participate in regular aerobic and strength conditioning exercise during pregnancy aiming to be active
on most if not all days of week. Goals for duration of exercise is similar to that for non-pregnant
women with 150 to 300 minutes of moderate exercise per week, the intensity of which is tailored to
each individual (191). Physical activity has been shown to improve glucose control in part by acute
effects of contraction-mediated glucose uptake into skeletal muscle (192).

In this study there was a trend towards an inverse relationship between physical activity and
glycaemic control in pregnancy. However, the weak effect would not make this clinically significant
unless the women were very active. In the subgroup of women who did not require insulin there was a
significant effect of a 0.07mmol/L reduction in BG after dinner per 1000 steps. Although a 0.07mmol/L
reduction in BG alone is not clinically significant, if the relationship is linear, and the woman is able to
achieve the recommended 10, 000 daily steps this would amount to a 0.7 mmol/L drop in BG

compared to a woman who was completely sedentary. This could then be clinically significant.

The improvement in blood glucose levels on average post prandially and in particular after dinner is
also increased when the women were less than 36 weeks gestation. The effect of exercise at various
gestational ages has not been compared to our knowledge. Our finding may just be a reflection of a
reduction in the degree of mobility that women have towards the end of their pregnancy. If women

walk less late in pregnancy it will be more difficult to discern an effect of activity on BG levels.
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In one randomised controlled trial, 19 women were randomised to dietary advice with or without
regular exercise for six weeks. There was an improvement in glycaemic parameters in the exercise
group as evidenced by lower glycosylated haemoglobin, fasting glucose and 1 hour post prandial
glucose (187) The most common type of physical activity that pregnant women engage is in walking
as it can be integrated into busy schedules, is cost-free and does not require equipment (193). In a
study of 200 women with GDM, those who were instructed to engage in 20 minutes of brisk walking
everyday had reductions in post prandial glucose, glycosylated haemoglobin, c-reactive protein,
triglycerides and maternal and neonatal complications (194). Although studies have shown that
exercise can improve glycaemic control in women with GDM, they are often implemented using
supervised physical activity interventions which is not practical for translation to healthcare systems
(195). Another study of 24 women with GDM who wore an accelerometer found a negative correlation
between random BGs performed at the beginning and end of the study. They also noted a greater

effect in participants who walked more than 6000 steps per day (196).

3.4.2 Limitations

With changes in the model of care because of COVID-19, there were fewer face to face
appointments, and this may have affected the ability to document glucose levels. Often women did
not provide their BGs for review towards the end of their pregnancy if they were not going to have
another appointment prior to their delivery. Women were provided with activity monitors at varying
times in their pregnhancy depending on time of recruitment and antenatal appointments resulting in
inconsistent duration of use prior to delivery. These factors limited the number of paired step and BG
records that were able to be obtained. Furthermore, it is likely that there were days where the device

was not worn for the entire day leading to underestimation of total daily steps.

The daily step count is a cumulative measure of the physical activity performed for the entire day
however this is compared to static blood glucose levels measured at different times of the day in
relation to food intake. Therefore, although step counts are measured over a set 24hrs period for each
participant, there would be variability within and between the time of a participants BGs limiting the
validity of direct comparisons between these variables. This may potentially explain why the effect of
steps is highest after dinner as this BG would be taken towards the end of the day when more steps
had been completed. However, studies on acute effect on BG soon after exercise are inconsistent

and this requires further exploration (197, 198).

Consumer wearables devices are not yet validated measurement tools for research purposes
particularly with the degree of variability between brands and models and a lack of transparency
regarding how output data is derived. There are multiple characteristics that contribute to the
accuracy of these devices including where the sensor is worn, the choice of LED emitted from the
sensor affecting penetration, motion artefact susceptibility and melanin absorption as well as the
algorithm used to process this biodata (177). As the device used in this study was wrist worn and
lacked a heart rate monitor, it was dependent on arm swings detected via an accelerometer to count

steps. Monitors with a heart rate monitor tend to have higher accuracy. It has also been noted in a
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systematic review of validity and accuracies of these devices, the Garmin Vivofit has significant
variability within the same device for step count (178). Despite this, the large volumes of data may
compensate for the inaccuracies of the devices. The increasing availability and uptake of the devices
as well as the finetuning of the technology and algorithms could see their role in research expand as

they become more accurate.

3.5 Conclusion

There is a trend to towards an association between overall physical activity and improved glycaemia
in GDM, with negative associations between step count and glucose levels at certain times of the day.

These results support recommendations for physical activity as part of management of GDM.
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Chapter 4: The effect of sleep on glycaemic control in gestational
diabetes

4.1 Introduction

Sleep problems are common with many Australians falling short of recommendations for sleep
duration (53). This has associated implications on metabolic health including increased cardiovascular
risk, poor control of diabetes and higher mortality ((63)). Sleep quality is also an important aspect of
sleep health as characteristics such as increased fragmentation (70), later chronotype (68), higher

latency (74) and daytime napping (77) can negatively impact diabetes risk and glycaemic control.

Sleep changes during pregnancy are common due to hormonal and physical changes causing
increased upper airway resistance that results in snoring, changes in respiratory drive, upward
displacement of the diaphragm affecting lung volumes, and nausea, vomiting, urination and back pain
decreasing sleep efficiency and increasing fragmentation (199). These issues are particularly reported
in the third trimester where mean sleep duration decreases (200), snoring increases, the risk of

insomnia is twice as high (201) and more napping occurs (202).

Women with sleep disordered breathing have an increased risk of pregnancy complications such as
gestational diabetes, gestational hypertension and preeclampsia, caesarean section and preterm
birth. Current models of care in the treatment of GDM through lifestyle modification centre on diet and
exercise however few studies have examined other lifestyle factors associated with diabetes such as

the effect of sleep on glycaemic control during pregnancy.

The increasing health technologies available consumers such as activity monitors that can obtain
physiological data such as heart rate, sleep activity and oxygenation which offers the advantage of
detailed objective data for long time periods over conventional methods of polysomnography,

actigraphy and questionnaires.

This study examines the relationship between sleep and blood glucose levels in women with GDM

with the use of a wrist worn activity monitor.

4.2 Methods
4.2.1 Study Design and Population

We included women who had been recruited for Smart Mums With Smart Phones 2 (SMs2), a
randomised controlled trial of text messaging support for women after GDM at three metropolitan

hospitals (190) (see Chapter 2 for inclusion and exclusion criteria).

As each site had varying methods of reviewing, managing and archiving BG records, we were only
able to include women from Westmead Hospital, a tertiary centre, where online records were

maintained (Figure 11.).
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4.2.2 Variables

Baseline data included demographics, medical and
family history, physical activity, dietary and sleep
habits.

Blood glucose levels were routinely monitored by
women and records were obtained from diabetes in

pregnancy clinic records and correspondence.

Women are provided with a wrist-worn activity
monitor (Garmin Vivofit 4®) in their third trimester.
This monitor tracks sleep, Sleep data included
duration of light sleep, deep sleep and wake after
sleep onset (WASO). Total sleep duration was a
sum of light sleep and deep sleep and time in bed
was a sum of total sleep duration and WASO.
Fragmentation was a variable derived of WASO as

a proportion of total sleep.

176 Women recruited for SMs2

h 4

93 Women recruited at
other sites without online
BGL records

83 Women recruited at
Westmead Hospital

h J

4 women without online
BGL records

79 Women with BGL records
available

A 4

42 women without
corresponding BGL and
steps records

37 Women and 601 paired BGL
and sleep data

v

34 Women and 512 days
paired BGL and sleep data

3 women and 89 Days of
paired records excluded
where sleep <4 and >12

Figure 11. Selection of Study Population

We collected available BG records and obtained sleep data for corresponding dates from data

uploads. All BG measurements were correlated with the sleep parameters from the night prior. Days

where less than four hours or more than twelve hours of sleep occurred or when more than 90% of

sleep was deep sleep were excluded as the device monitor was likely not worn for the entire duration

of sleep. Due to the potential confounding effect of insulin therapy, the data for women on and off

insulin were examined separately.

BG results obtained »| Fasting and postprandial
results reviewed

Sleep hours from Sleep total

night prior to BGs 4-12 hours

Pl 2

<90% of total

Effect of sleep
on BGs analysed

Deep sleep

Figure 12. Processing of Sleeping and Blood Glucose Data

4.2.3 Statistical Analysis

Data were analysed with R Program, version 4.1.0 (R Core Team, Auckland, New Zealand). Linear

mixed effect models were used to determine the effect of sleep duration on glucose measurements.

Sleep duration was treated as a fixed effect and the study ID was included as a random effect in the

model as multiple readings were obtained from the same woman. Data are reported as mean +* standard

deviation. Statistical significance was taken as a two—sided p—value <0.05.
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4.3 Results

There were 32 women included in this study with 498 days of paired BG and sleep observations. The
mean age at conception was 31.9+4.0, ranging from 25 - 39 years old. Details summarising the

demographics of the women included are described in Table 11.

Group % (N) Mean
Age at conception 25-29 28.1(9) 31.9+4.0
30-34 40.6 (13)
35-40 31.2 (10)
Pre pregnancy BMI Underweight <18.5 0 (0) 27.4+4.9
Normal 18.5 — 24.9 37.5(12)
Overweight 25-29.9 31.2 (10)
Obese >30 31.2 (10)
Ethnicity Subcontinental 59.4 (19)
South East Asian 3.1(1)
East Asian 3.1(1)
European 6.3 (2)
Pacific Island 3.1(1)
South American 3.1(1)
Middle Eastern 21.9 (7)
Education level Year 10 School Certificate 9.3(3)
Year 12 School Certificate 3.1(1)
Technical and Further 18.8 (6)
Education
University Undergraduate 37.5(12)
University Postgraduate 31.3 (10)
Previous GDM No 68.8 (22)
Yes 31.2 (10)
Family History of Diabetes No 28.1 (9)
Yes 71.9 (23)
Gravidy 1 37.5(12) 2313
2-5 62.5 (20)
Parity 0 43.8 (14) 0.8+0.8
1-3 56.3 (18)

Table 11. Demographics and Obstetric History of Women Included

The mean fasting glucose level for all data pairs was 5.0 £ 0.4 mmol/L, post breakfast BG 5.8 + 0.6
mmol/L, post lunch 6.0 £ 0.5 mmol/L, post dinner BG 6.6 + 0.6 mmol/L and mean post prandial BG
6.1 + 0.5 mmol/L. The mean duration of sleep the night prior to measurement of BGs was 7.8 + 0.9
hours and time in bed 8.1 £ 0.8 hours. Twenty-seven women required insulin during the time where
corresponding sleep and BG data were available with a mean total daily dose (TDD) of insulin of 31 +
51 IU.
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Mean + SD

Fasting BG (mmol/L) 50+0.4
Post breakfast BG (mmol/L) 5.8+0.6
Post lunch BG (mmol/L) 6.0+0.5
Post dinner BG (mmol/L) 6.6 +0.6
Mean post prandial BG (mmol/L) 6.1+05
Sleep duration (hours) 7.8+0.9
Time in bed (hours) 8.1+0.8
WASO (hours) 0.3+0.2
Light Sleep (hours) 44+0.8
Deep Sleep (hours) 3.4+0.7
Insulin TDD (units) 31+£51

Table 12. Mean Glucose Readings and Sleep Data for Days Where Paired Data Were Available

Overall, there was no significant relationship between duration of sleep and fasting BG or mean post
prandial BG. However, women who met recommended sleep duration of 7-9 hrs were more likely to
have all BGs in target for the following day (OR 1.6,95% CI 1.0 — 2.4, p=0.05). Light sleep duration,
proportion of light sleep and proportion of deep sleep were associated with fasting BGs the following
day (-0.07 mmol/L per hour of sleep, 95% CI -0.11 —-0.02, p=<0.01; 0.003 mmol/L per hour of sleep,
95% CI -0.01, 0.001 p=0.04, 0.007 mmol/L per hour of sleep, 95% CI 0.001 — 0.01, p=0.02). WASO

did not affect fasting or mean post prandial BGs.
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Sleep parameter Fasting (95% CI) Linear Mean (95% ClI) Linear
in hours BG Trend Postprandial Trend
(mmol/L) p-value BG (mmol/L) p-value

Sleep duration -0.02 -0.06, 0.25 0.01 -0.2,0.05 0.6

(hours) 0.02

Time in bed -0.02 -0.05, 0.25 0.02 -0.02, 0.37

(hours) 0.01 0.05

Light sleep -0.07 -0.11, - <0.01 0.03 -0.02, 0.26

(hours) 0.02 0.07

Light sleep 0.00 -0.01, 0.04 0.00 0.00,0.01 0.54

(proportion of 0.00

sleep duration)

Deep sleep 0.04 -0.01, 0.09 -0.01 -0.05, 0.81

(hours) 0.08 0.04

Deep sleep 0.00 0.00,0.01 0.02 0.00 -0.1, 0.0 0.68

(proportion of

sleep duration

WASO (hours) -0.08 -0.28, 0.47 0.05 -0.15, 0.64
0.13 0.25

Fragmentation 0.24 -1.67, 0.74 0.43 -1.03, 0.57
1.24 1.89

Table 13. Relationship Between Sleep Parameters and BGs the Next Day
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Odds Ratio (95% CiI) p-value
All BG in target if sleep 1.6 1.0,24 0.05
duration in target
Fasting BG if sleep 1.4 0.8,24 0.29

duration in target

Table 14. Odds of Meeting BG Target If Sleep Duration Was In Target

In the insulin group, fasting BG was associated with light sleep and the proportion of sleep duration
spent in deep sleep (-0.08 mmol/L per hour of sleep, 95%CI -0.14 — -0.03, p=<0.01; 0.01 mmol/L per

hour of sleep, 95%CI 0.00 — 0.01, p=<0.01). There were no other significant differences in the groups.

Sleep parameter  Fasting (95% CI) Linear Mean (95% CI) Linear
in hours BG Trend Postprandial Trend
(mmol/L) p-value BG (mmol/L) p-value

Insulin Sleep duration -0.03 -0.08, 0.01 0.20 0.01 -0.03,0.05 0.63
Group (hours)
(N=376) Time in bed -0.02 -0.07,0.02  0.24 0.01 -0.03,0.06 0.55

(hours)

Light sleep (hours) -0.08 -0.14,-0.03 <0.01 0.02 -0.03,0.07 0.36

Light sleep 0.00 -0.01, 0.00 0.80 0.00 0.00, 0.01 0.54

(proportion of

sleep duration)

Deep sleep 0.04 -0.01, 0.09 0.10 -0.01 -0.06,0.04 0.75

(hours)

Deep sleep 0.01 0.00, 0.01 <0.01 0.00 0.00, 0.01 0.49

(proportion of

sleep duration

WASO (hours) -0.04 -0.31, 0.23 0.75 0.04 -0.21,0.29 0.78

Fragmentation 0.13 -1.76, 2.06 0.89 0.22 -1.57,2.02 081
No Insulin Sleep duration 0.00 -0.05, 0.04 0.83 0.02 -0.05,0.09 0.53
Group (hours)

Time in bed -0.01 -0.06, 0.03 0.55 0.03 -0.03,0.10 0.37
(N=122) (hours)

Light sleep (hours) 0.00 -0.06, 0.05 0.79 0.06 -0.02,0.05 0.16

Light sleep 0.00 -0.01, 0.01 0.74 0.00 -0.01,0.01 0.88

(proportion of

sleep duration)

Deep sleep 0.00 -0.06, 0.06 0.94 -0.01 -0.10,0.07 0.71

(hours)

Deep sleep 0.00 -0.02,0.01 0.57 0.00 -0.01,0.01 0.46

(proportion of

sleep duration

WASO (hours) -0.16 -0.36, 0.05 0.13 0.11 -0.19,0.41 0.48

Fragmentation -1.16 -2.58,0.31 0.12 0.97 -1.15,3.04 0.37

Table 15. Relationship Between Sleep Parameters and BGs the Next Day in Insulin and Non-Insulin

Group
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As sleep becomes more disturbed in later pregnancy, the effect of sleep on BGs may change and so
we divided our data into that recorded before and after 36 weeks gestation. Prior to 36 weeks
gestation, there was a negative association between sleep and fasting BG (-0.05 mmol/L per hour of
sleep, 95%CI -0.09 — -0.01, p=0.03) and time in bed and fasting BG (-0.04 mmol/L per hour of sleep,
95%CIl -0.09 — 0.00, p=0.03). There was a positive relationship between mean postprandial BG and
WASO hours (0.27 mmol/L per hour of sleep, 95%CI 0.00 — 0.55, p=0.05). When women were greater
than 36 weeks gestations, both duration of light sleep and deep sleep were negatively associated with
fasting BGs (-0.10 mmol/L per hour of sleep, 95%CI -0.17 — 0.03, p<0.01; 0.08 mmol/L per hour of
sleep, 95%CI 0.01 — 0.14, p=0.02). Fasting BGs were also associated with the proportion of sleep
duration spent in deep sleep (0.01 mmol/L per hour of sleep, 95%CI 0.00 — 0.02, p=0.03).

Sleep parameter Fasting (95% ClI) Linear Mean (95% ClI) Linear
in hours BG Trend Postprandial Trend
(mmol/L) p-value BG (mmol/L) p-value
Gestation Sleep duration -0.05 -0.09,-0.01 0.03 0.03 -0.02,0.09 0.26
<36 weeks (hours)
(N=238) Time in bed (hours) -0.04 -0.09,0.00  0.03 0.04 -0.02,0.09 0.17
Light sleep (hours)  -0.03 -0.08 0.02 0.20 0.04 -0.03,0.10 0.26
Light sleep 0.00 0.00, 0.01 0.12 0.00 -0.01,0.01 0.82
(proportion of sleep
duration)
Deep sleep (hours) -0.03 -0.09, 0.02 0.19 0.01 -0.08,0.05 0.70
Deep sleep 0.00 -0.01, 0.01 0.63 0.00 -0.01,0.01 0.80
(proportion of sleep
duration
WASO (hours) 0.00 -0.21,0.21 0.99 0.27 0.00, 0.55 0.05
Fragmentation 0.21 -1.23,1.68 0.78 1.82 -0.08,3.75 0.06
Gestation Sleep duration -0.01 -0.07, 0.05 0.76 0.00 -0.05,0.06 0.86
>36 weeks (hours)
(N=260) Time in bed (hours) -0.01 -0.06, 0.05 0.81 0.00 -0.04,0.06 0.75
Light sleep (hours) -0.10 -0.17,-0.03  <0.01 0.02 -0.04,0.08 0.59
Light sleep 0.00 -0.01, 0.0 0.23 0.00 -0.01,0.01 0.94
(proportion of sleep
duration)
Deep sleep (hours) 0.08 0.01, 0.14 0.02 0.00 -0.06,0.06 0.94
Deep sleep 0.01 0.00, 0.02 0.03 0.00 -0.01,0.01 0.78
(proportion of sleep
duration
WASO (hours) -0.04 -0.38, 0.31 0.83 -0.05 -0.35,0.25 0.72
Fragmentation 0.11 -2.33, 2.60 0.93 -0.21 -2.36,1.96 0.85

Table 16. Relationship Between Sleep Parameters and BGs the Next Day
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4.4 Discussion
4.4.1 The relationship between sleep and glycaemic control

There is no recommended sleep duration specific to pregnancy however for the general adult
population, it is 7-9 hours. Sleep problems during pregnancy are common with the mean duration of
sleep shorter in the third trimester with increased snoring (200) and the risk of insomnia twice as high
in the 3 trimester compared to the first and second (201). Towards the end of pregnancy sleep is
more restless and fragmented (203) and women tend to nap more (202). Poor sleep quality has been
associated with gestational diabetes and other adverse pregnancy outcomes including increased risk
of caesarean delivery and preterm birth throughout pregnancy (204-207) .

We did not find a relationship between duration of sleep and subsequent fasting and post prandial
BGs. However, achieving sleep duration targets did improve chances of reaching BG in target for all
readings for the next day. This suggests that sleep does affect glycaemic control but perhaps not in a
linear fashion. The finding of a relationship between optimal duration of sleep (7=9 hours) and better
glucose levels suggests that the relationship may be U-shaped, though this is not obvious from our
graphs. There was a small effect of sleep duration and time in bed on fasting BG in women when
they were less than 36 weeks gestation however this is unlikely to be clinically significant even if

women reach sleep goals for seven to nine hours.

Unlike previous studies, we were also able to examine the effects of other sleep metrics as well as
sleep components such as light and deep sleep. Interestingly light and deep sleep had opposite
effects on glycaemic control with improvement in fasting BG of 0.10mmol/L for light sleep when
gestation was greater than 36 weeks. A similar effect of light sleep on fasting BG was seen in women
who were on insulin. This was contrary to what was expected. The Garmin algorithm determines
whether a person is in light sleep or deep sleep. Light sleep should represent stage 1 and 2 sleep and
deep sleep represents stage 3 and 4 as this would correspond with the level of depth of the sleep
stages. Stage 3 and 4 sleep, also know as slow wave sleep is the most restorative sleep stage.
Unfortunately, without a heart rate monitor, the Garmin is unable to determine REM sleep. Slow wave
sleep suppression but not REM sleep suppression can affect impair glucose metabolism and affect
fasting glucose levels (73). This may be because REM sleep causes an increase in sympathetic
nervous system activation with elevated blood pressure and heart rate (52). Therefore, to further

understand our results, the duration of REM sleep would also need to be determined.

We also found a positive relationship between WASO and mean post prandial BGs which would be
consistent with poor quality sleep affecting glucose control. A study of 166 women with GDM who
wore actigraphy for up to six nights whilst wearing continuous glucose monitoring found sleep
duration was negatively associated with standard deviation glucose. Furthermore, each 10 minute
increase in WASO was 16% more likely to be above glycaemic targets which is consistent with our
findings (208). Poor quality sleep has been associated with an increased risk of GDM (209) and sleep

disturbances are associated with an elevated Hbalc in pregnant women (210). It is thought that
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disturbed sleep can increase inflammatory responses that may contribute to adverse pregnancy

outcomes such as gestational diabetes, preeclampsia and preterm birth (211, 212)

Although there were some statistically significant associations between proportion of sleep spent in
deep sleep and fasting BG in women who were greater than 36 weeks gestation and women on
insulin, the effect size was too small to be clinically significant. We were unable to find any other

studies that qualitatively assessed the effect of different sleep levels on glycaemic control in GDM.

More than half the women in our study had at least one child prior to the current pregnancy although
we do not have details of these children that might suggest the degree to which this might have
influenced sleep. It has been shown in a study of 133 women, that compared to nulliparous women,
multiparous women reported poorer sleep quality and efficiency with shorter duration in the first
trimester, poorer sleep quality and longer SOL in the second trimester, and increased fragmentation
in the third trimester (213). This may be related to the impact of greater childcare demands on sleep.
As these women may have had poorer quality sleep, increased duration may not have been sufficient

to translate into improved glycaemic control.

Although we did not find a relationship between sleep and glucose levels, this has been found in
previous studies. A cohort study of 37 women who were recruited in their first week of dietary
management of GDM wore an actigraph and completed a sleep diary for 7 days. This was compared
against their glucose records and there was a negative association between sleep duration and
fasting and one-hour postprandial BG readings (214). Similarly, a study of 65 women in their third
trimester had their glucose control assessed using continuous glucose monitoring over 6 days against
sleep quality measure by the Pittsburgh Sleep Quality Index. They demonstrated that poorer sleep
quality was associated with a lower proportion of time in glucose target, higher glucose variability,
higher mean glucose levels and greater number of glucose excursions (215). Despite these studies
having a comparable number of participants, the sleep data recorded in our study occurred at various
stages of pregnhancy which may affect sleep characteristics differently. Therefore, our data perhaps
was less consistent than in these studies which were able to find a relationship between sleep and

glycaemia.

4.4.2 Limitations

The cohort of the study was limited the number of BG records obtained that had corresponding sleep
data. This was impacted by the management of BG records at each site, COVID 19 affecting models
of care, and timing of when activity monitors were issues and women reliably providing BG records
throughout pregnancy. Consequently, despite the number of women recruited for SMs2, we were only

able to include a much smaller number of women impacting the power of this substudy.

Consumer wearables devices are not validated for research particularly considering the numerous
and variable devices between and within brands where the mechanism of data collection and
processing is not transparent. Factors that influence the accuracy of these devices include location of

sensor, sensory LED colour determining penetration, motion artefact susceptibility and melanin
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absorption as well as the algorithm used to process this biodata. A study that compared consumer
sleep tracking devices to the fold standard for research, polysomnography, found that the Garmin
devices included (Fenix 5S and Vivosmart 3) tended to overestimate total sleep time and
underestimate wake after sleep onset. Detecting sleep stages was inconsistent and worse on nights
of interrupted sleep (179). In a study of Fitbit models, devices that integrated heart rate variability
were better than those that relied on body movement alone (180). The device in this study did not
have a heart rate monitor. The user can enter their normal sleep times into the settings on the Garmin
app which may assist sleep detection. Thus, the sleep data in this study is likely of modest quality
compared to other studies on sleep however given the same device was used across the cohort the

findings are still valid.

The Garmin Vivofit was only able to determine a few sleep parameters include light sleep, deep sleep
and WASO. These categories may correlate to the different sleep stages however there is no
information readily available on what is classified as light and deep sleep limiting comparisons with
other sleep studies. It also makes interpreting the differing effects of light and deep sleep on
glycaemic control difficult. Other sleep characteristics such as REM sleep or sleep latency could not
be obtained from this device. Furthermore, Garmin does not detect naps, a sleep habit that increases
as pregnancy progress but also results in poorer glycaemic control in the general population of
diabetics.

4.5 Conclusion

We found that that there was no relationship between sleep duration and overall glycemic control in
women with GDM. However, meeting sleep recommendations improved the likelihood of meeting BG
targets. Our data suggests that some measures of sleep quality might influence glucose levels.

However in the context of women who are being treated for GDM any effects are small.
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Chapter 5: The relationship between sleep and physical activity in
postpartum women with gestational diabetes

5.1 Introduction

Gestational diabetes is rising in incidence and its association with not only adverse perinatal
outcomes (13) but long term maternal risk of developing T2DM (33, 216) contributes to burden of
disease on the individual and population (38). Given the population of women with GDM are
inherently young with a high risk of progression to T2DM, this is a cohort who would benefit from
preventative intervention. Although trials using lifestyle interventions have reduced the progression
from IGT to T2DM (39, 40), the success of similar interventions have varied outcomes in women with
GDM (43).

Whilst lifestyle interventions targeting physical activity and diet remain at the forefront of prevention of
T2DM, it is important to consider other contributing lifestyle factors. Sleep has been increasingly
associated with risk of diabetes. Sleep duration (59) as well as sleep quality including fragmentation
(70), latency (74), regularity (92), napping (77) and chronotype (68) can affect glucose tolerance and
glycaemic control. There are several mechanisms mediating this relationship that has been proposed
such as the effect of sleep on appetite hormones, the hypothalamic pituitary adrenal axis, sympathetic
nervous system, inducing oxidative stress and inflammation. The relationship sleep has with diabetes
may also be mediated through its effect on physical activity. A bidirectional relationship exists
between sleep and physical activity and this effect has been found with both acute and chronic
duration however the effect size is modest (126, 134). There are few studies that examine the
relationship between sleep and physical activity in the post-partum period which suggest that this
relationship may differ in this cohort compared to the general population. Women in this period are
more likely to have interrupted and poor-quality sleep as they are affected by newborn sleeping and
feeding patterns (217). Poor sleep is associated with negative maternal health outcomes such as
increased weight retention (218) and depression (219). Poor sleep may also be associated with less
physical activity (126). Therefore, women in the post-partum period may experience a double
whammy of poor sleep which exacerbates reduced physical activity that magnifies their long-term risk

of diabetes.

Mobile health technologies include mobile phones and wearable devices that can enhance public
health services and support healthcare (166). Consumer worn devices are increasingly used and are
able to measure physiological parameters such as steps, intensity of physical activity and sleep. Their
ability to capture greater volumes of data, over longer time periods for more people allow us to better
understand behavior and relationships with health metrics. The demands of new motherhood on
women can make study on postpartum sleep habit difficult as polysomnography and actigraphy can
be intrusive and sleep diaries and questionnaires may be difficult to complete if suffering from sleep
deprivation or depression (217). Consumer worn devices may be a more practical and convenient

method to assess sleep and physical activity in a large cohort for a prolonged period of time.
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In this study we explore the effect of sleep quantity and quality on physical activity habits in post-

partum women who have had GDM. Our hypothesis is that poor sleep is associated with less physical

activity the next day. A combination and poor sleep and reduced physical activity may have

synergistic effects to increase long-term diabetes and cardiovascular risk.

5.2 Methods (see Chapter 2)
5.2.1 Study Design and Population

We included women who had been
recruited for Smart Mums With Smart
Phones 2 (SMs2), a randomised
controlled trial of text messaging
support for women after GDM at three
metropolitan hospitals (190). This study
is a subanalysis examining the post-
partum relationship between physical
activity, sleep and weight conducted
prior to completion of the trial. Data was
collected until the end of October 2021.

5.2.2 Variables

Baseline data included demographics,
medical and family history, physical

activity, dietary and sleep habits.

Women are provided with a wrist-worn
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activity monitor (Garmin Vivofit 4®) in their third trimester. This device tracked sleep data including

total sleep duration, light sleep, deep sleep and wake after sleep onset (WASO). Total sleep duration

was a sum of light sleep and deep sleep and time in bed was a sum of total sleep duration and time

awake. Fragmentation was a variable derived of time awake as a proportion of total sleep. Physical

activity data included daily steps, active minutes and sedentary minutes. Sedentariness was

calculated as the sedentary time as a proportion of the day not in bed. Days where there was

corresponding sleep and step data postpartum were included. We excluded days where data

suggested that the device was not worn the entire day including when daily steps were less than one

thousand, sleep duration was less than four hours or greater than twelve hours and when deep sleep

represented more than ninety percent of total sleep.
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At delivery, we obtained the last recorded antenatal weight. Subsequently, at three months and six
months postpartum, women were sent a survey link via text message which included a self-reported

weight. From this, we were able to determine the change in weight during the postpartum period.

5.2.3 Subanalyses

As we expect physical activity levels to increase as time from delivery increased, we analysed the

effect of sleep parameters on physical activity across three two-month time periods postpartum

5.2.4 Statistical analysis

Data were analysed with R Program, version 4.1.0 (R Core Team, Auckland, New Zealand). Linear
mixed effect models were used to determine the effect of sleep duration on number of steps the
following day. Sleep duration was treated as a fixed effect and the study ID was included as a random
effect in the model as multiple readings were obtained from the same woman. The mean postpartum
steps and sleep for each woman was compared with her three-month and six-month postpartum weight
with linear regression. Data are reported as mean + standard deviation. Statistical significance was

taken as a two—sided p—value <0.05.

5.3 Results

There were 120 women with 8176 postpartum days of corresponding step and sleep data. The mean

age at conception was 32.4 + 4.4, ranging from 20 - 42 years old.
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Group % (N) Mean
Age at conception <25 4.2 (5) 324+4.4
25-29 20.8 (25)
30-34 39.2 (47)
35-40 33.3 (40)
>40 25(3)
Pre pregnancy BMI Underweight <18.5 1.0 (1) 29.3+7.2
Normal 18.5 — 24.9 33.3 (40)
Overweight 25-29.9 25 (30)
Obese >30 30.8 (37)
>40 10 (12)
Country of Birth South Asia 40.8 (49)
East Asia 1.7 (2)
South East Asia 5.8 (7)
Europe 1.7 (2)
Pacific Island 4.2 (5)
Central America 1.0(1)
South America 1.7 (2)
North America 1.0(1)
Middle East 4.2 (5)
Australia/New Zealand 35.8 (43)
Africa 25(3)
Education level No formal education 1.0(1)
Year 10 School Certificate 10.0 (12)
Year 12 School Certificate 10.8 (13)
Technical and Further 22.5 (27)
Education
University Undergraduate 25.0 (30)
University Postgraduate 30.8 (37)
Previous GDM No 64.2 (77)
Yes 35.8 (43)
Family History of Diabetes No 44.2 (53)
Yes 55.8 (67)
Gravidy 1 25.0 (30) 2820
2-5 75.0 (90)
Parity 0 32.5(39) 1.0+1.0
1-3 67.5 (81)

Table 17. Demographics and Obstetric History Women Included
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The mean steps taken per day was 5241 + 2497. The mean total sleep for the night prior was 7.3 =
1.6 hours. (Table 18.)

Mean
Steps 5241 + 2497
Sedentariness 148+ 1.7
Active minutes 09+04
Total Sleep 7.3+1.1
Light Sleep 36+1.1
Deep Sleep 3.7+1.3
WASO 05+£0.3
Time in bed 78+1.0
Light Sleep / Total Sleep 49.7+12.4
Light Sleep / Time in bed 465+ 11.9
Deep Sleep / Total Sleep 50.1+125
Deep Sleep / Time in bed 472+ 125
WASO / Total Sleep 7.1+4.4
WASO / Time in bed 6.3+35

Table 18. Mean Steps and Sleep Characteristics of the Night Prior

There was a positive association between duration of total sleep (120.8 steps per hour of sleep, 95%
Cl184.1-157.5, p<0.01), time in bed (72.1 steps per hour in bed, 95% CI 37.3 - 106.9, p < 0.01),
light sleep (138.7 steps per hour of light sleep 95% CIl 92.8 — 184.8, p < 0.1) and deep sleep (51.0
steps per hour of deep sleep, 95% CI1 5.9 — 96.0, p = 0.03) with steps taken the following day. For the
same sleep parameters there was a negative relationship with sedentariness. There was a positive
relationship between total sleep (0.8 active minutes per hour of sleep, 95% CI 0.4 1.1, p < 0.01), time
in bed (0.5 active minutes per hour in bed, 95% CI 0.1 — 0.8, p < 0.01) and light sleep (1.0 active
minutes per hour of light sleep 95% CI1 0.6 — 1.4, p < 0.1) and active minutes the following day. There
was a negative association between WASO and steps the next day (-606.3 steps per hour of WASO,
95% CI -747.2 - -465.5, p <0.01) and active minutes (-3.9 active minutes per hour of WASO, 95% CI -
5.2 --2.5, p<0.0) (Table 19.).
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Steps Active Minutes Sedentariness
Sleep Effect  95%CI P Effect 95%Cl P Effect 95%ClI P
Parameter value value value
Total sleep  120.8 84.1, <0.01 08 04,11 <0.01 -0.5 -0.5,-0.4 <0.01
157.5
Timeinbed 721 37.3, <0.01 05 01,08 <0.01 -0.4 -0.5,-0.4 <0.01
106.9
Light Sleep  138.7 92.8, <0.01 10 06,14 <0.01 -0.5 -0.5,-0.4 <0.01
184.8
Light/Total 3.6 -0.8,8.0 0.11 0.0 00,021 0.15 0.0 0.0,0.0 0.03
Sleep
Light 8.4 3.8,13.0 <0.01 0.0 0.0,01 <0.01 0.0 0.0,0.0 <o0.01
Sleep/Time
in bed
Deep Sleep 51.0 5.9,96.0 0.03 0.2 -0.2, 0.29 -0.3 -0.4,-0.3 <0.01
0.7
Deep /Total -3.4 -7.7,1.0 0.13 0.0 -0.1, 0.19 0.0 0.0,0.0 0.05
Sleep 0.0
Deep 0.5 -4.0,5.0 0.83 00 0.0,00 0.83 0.0 0.0,0.0 0.24
Sleep/Time
in bed
WASO - -747.2,- <0.01 -39 -5.2,- <0.01 0.0 -0.2,0.1 0.58
606.3 465.5 25
WASO/Total -45.2 -545,- <0.01 -0.3 -04,- <0.01 0.0 0.0,0.0 <o0.01
Sleep 35.9 0.2
WASO -57.2  -68.7,- <0.01 -04 -05- <0.01 0.0 0.0,0.0 <o0.01
[Time in 457 0.3
bed

Table 19. Effect of Sleep Parameter on Physical Activity the Following Day
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Relationship between sleep and steps in one participant
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Figure 15. Relationship Between Sleep and Steps in One Participant

There was a mean of 4506 + 2329 steps, 5802 + 2655 steps and 5923 + 2485 in the first 2-month,
second 2-month and third 2-month period postpartum respectively. The mean total sleep was 6.8 +
1.1 hours, 7.5 £ 1.1 hours and 7.7 + 1.0 for the first 2-month, second 2-month and third 2-month

period postpartum respectively.

First 2 months Second 2 Third 2 months First vs third 2
PP months PP PP months PP P value
Steps 4506 + 2329 5802 + 2655 5923 + 2485 <0.01
Sedentariness 94129 92629 92.3+£3.0 <0.01
Active Minutes 453+ 21.6 543+21.2 56.2+21.6 <0.01
Total Sleep 68+1.1 75+1.1 7.7+1.0 <0.01
Light Sleep 3.4+09 3.7+1.1 40+1.1 <0.01
Deep Sleep 35+1.1 38+1.4 3.7+1.2 0.25
WASO 0.6+0.3 04+0.2 04+0.2 <0.01
Time in bed 75+1.0 79+11 81+1.0 <0.01
Light Sleep / Total Sleep 49.8 +10.9 50.0+13.1 52.7+124 0.11
Light Sleep / Time in bed 456 £ 10.1 47.7+12.8 50.4+12.0 0.01
Deep Sleep / Total Sleep 50.2+10.9 49.4 + 13.6 472+12.4 0.11
Deep Sleep / Time in bed 46.3+10.9 47.1+13.2 452 +11.9 0.53
WASO / Total Sleep 9.3+4.8 5732 47+2.8 <0.01
WASO / Time in bed 8.1+3.8 52+27 44+24 <0.01

Table 20. Mean of Physical Activity and Sleep Parameters Over Postpartum Time Periods
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Mean + SD steps taken per day postpartum
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Figure 16. Mean Steps Taken Per Day Postpartum

Mean * SD sleep per day postpartum
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Figure 17. Mean Sleep Duration Per Day Postpartum

Regarding the effects of sleep on physical activity across increasing 2-month time periods from
delivery, there remained a positive relationship between total sleep and deep sleep and steps the
following day only in the first two-month postpartum period (74.1 steps per hour of total sleep 95% CI
207.2 - 127.8, p=0.01 and 89.1 steps per hour of deep sleep, 95% CI 20.8, 157.5, p = 0.01). The
negative association between WASO and steps the following day also persisted in the first two
months postpartum (-284.3 steps per hour of WASO, 95% CI -468.7, -100.0, p<0.01). In all
postpartum time periods there is a consistent negative association between total sleep and
sedentariness (-0.4% for every hour of sleep, 95% CI -0.4 - -0.3, p<0.01 for first 2 month, -0.4% for
every hour of sleep, 95% CI -0.5 - -0.4, p<0.01, -0.4% for every hour of sleep for second 2 months,
95% CI -0.5 - -0.3, p<0.01 for third 2 months) and between WASO and sedentariness (-0.4% for every
hour of sleep, 95% CI -0.6 - -0.2, p<0.01 for first 2 month, -0.8% for every hour of sleep, 95% CI -1.1 -
-0.5, p<0.01, -1.0% for every hour of sleep for second 2 months, 95% CI -1.5 - -0.6, p<0.01 for third 2
months) (Table 21.).
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First 2 months Postpartum
n=104 women, 2517 obs

Second 2 months Postpartum

n=92 women, 2948 obs

Third 2 months Postpartum

n=69 1817 obs

Sleep Parameter Effect 95%ClI P value  Effect 95%ClI P value Effect 95%ClI P value
Time in bed 431 -5.9,92.2 0.09 385 -20.1,97.3 0.20 -19.9 -96.8, 56.9 0.61
Light Sleep 37.4 -34.7, 109.6 0.31 74.1 -5.0, 153.6 0.07 42.8 -52.7,1385 0.38

Light Sleep/Time in -9.2,4.9

bed -2.2 0.55 3.5 -4.4,11.4 0.39 55 -4.0, 15.0 0.26
Deep Sleep 89.1 20.8,157.5 0.01 6.1 -68.9, 80.9 0.87 -79.4 -174.0,14.9 0.10
Deep Sleep/Time in 0.7,14.2
bed 7.4 0.03 26 -10.3,5.1 0.51 6.1 -15.5,3.2 0.20
WASO 2843  “468.7,-1000 <001 474  -303.7,208.9 072 1737  -218.3,566.9 0.39
WASO/Total Sleep ~ _19.8 -31.7,7.9 <0.01 -4.6 -22.3,13.1 0.61 12.0 -15.7, 39.8 0.40
WASO /Time inbed g2 -43.6,-12.9 <001 57 -27.2,15.8 0.60 14.7 -17.7, 47.2 0.38
Active minutes Total sleep 0.3 -0.1, 0.8 0.15 0.1 -0.6, 0.9 0.72 0.3 -0.1, 0.8 0.15
Time in bed 0.2 -0.2, 0.6 0.36 0.2 -0.6, 0.9 0.65 0.2 -0.2,0.6 0.36
Light Sleep 0.0 -0.6, 0.7 0.89 1.0 0.0,2.0 0.05 0.0 -0.6, 0.7 0.89

Light/Total Sleep 0.0 -0.1, 0.0 0.09 0.1 0.0,0.2 0.05 0.0 -0.1, 0.0 0.09

Light Sliee%/Tlme in 0.0 0.1, 0.0 0.26 0.1 0.0,0.2 0.07 0.0 -0.1,0.0 0.26
Deep Sleep 0.5 -0.1,1.1 0.08 -0.6 -1.5,0.3 0.19 0.5 -0.1,1.1 0.08

Deep /Total Sleep 0.0 0.0,0.1 0.08 -0.1 -0.2, 0.0 0.07 0.0 0.0,0.1 0.08

Deep ggggmme 01 0.0,0.1 0.05 -0.1 -0.2,0.0 0.06 0.1 0.0,0.1 0.05
WASO -1.3 -2.9,0.2 0.09 0.8 -2.4,4.0 0.63 -1.3 -2.9 0.2 0.09
WASO/Total Sleep 01 -0.2,0.0 0.08 01 -0.2,0.3 0.64 -0.1 -0.2, 0.0 0.08
WASO /Time in bed 01 -0.2,-11 0.04 0.1 -0.2,0.3 0.65 -0.1 -0.3,0.0 0.04
Sedentariness Total sleep -0.4 -0.4, -0.3 <0.01 -0.4 -0.5,-04 <0.01 -0.4 -0.5, -0.3 <0.01
(%) Time in bed -0.4 -0.4,-0.3 <0.01 -0.4 -0.5,-0.4 <0.01 -0.4 -0.5,-0.3 <0.01
Light Sleep -0.3 -0.4,-0.3 <0.01 -0.4 0.5,-0.4 <0.01 -0.3 -0.4,-0.2 <0.01
Light/Total Sleep 0.0 0.0,0.0 0.50 0.0 0.0,0.0 0.22 0.0 0.0, 0.0 0.64
Light Sleep/Time in 0.0, 0.0 0.0 0.0, 0.0
bed 0.0 045 0.0 0.0,0.0 0.60 0.95
Deep Sleep -0.3 -0.4 <0.01 -0.3 -0.4, -0.2 <0.01 -0.2 -0.3, -0.1 <0.01
Deep /Total Sleep 0.0 0.0, 0.0 0.49 0.0 0.0, 0.0 0.29 0.0 0.0, 0.0 0.86
Deep Sleep/Time in 0.0,0.0 0.0 0.0,0.0
bed 0.0 0.63 0.0 0.0, 0.0 0.13 0.59
WASO -0.4 -0.6, -0.2 <0.01 -0.8 -1.1,-0.5 <0.01 -1.0 -1.5,-0.6 <0.01
WASO/Total Sleep 0.0 0.0,0.0 0.47 0.0 0.0, 0.0 0.0 0.0 -0.1,0.0 0.01
WASO /Time in bed 0.0 0.0, 0.0 0.58 0.0 -0.1, 0.0 0.0 0.0 -0.10.0 0.01

Table 21. The Effect of Sleep on Physical Activity Across Postpartum Time Period
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There were 81 women with step and sleep data and three-month postpartum weight available. The
mean steps was 5397.0 + 2402.8 and mean total sleep was 7.3 = 1.1 hours. These women had mean
absolute weight change of -5.5 + 9.8 kilograms postpartum compared to their last recorded weight

during pregnancy.

At the time of the current analysis. there were 44 women with step and sleep data and six-month
postpartum weight available. The mean steps was 5317.4 + 2352.4and mean total sleep was 7.3 =

1.1 hours. These women had mean absolute weight change of -8.3 £ 7.0 kilograms postpartum.

3 months postpartum mean 6 months postpartum mean

(N=81) (N=44)
Steps 5397.0 + 2402.8 5317.4 + 2352.4
Active Minutes 52.3+21.7 52.1+215
Sedentariness 929+29 93.2+238
Total Sleep 73+11 7.3+1.1
Time in Bed 7.7+1.0 7811
Light Sleep 3710 3.7+£1.2
Deep Sleep 3610 3.6%£1.0
WASO 05+0.2 0.4+0.2
Last antenatal weight (kg) 84.6 + 20.8 85.5+22.1
3-month postpartum weight 78.0 £ 20.6 N/A
(kg)
6-month postpartum weight N/A 77.2+21.4
(kg)
Absolute Postpartum Weight -55+9.8 -83+7.0
Change (kg)
Weight Change Proportion -71.5+87 -98+7.1
(%)

Table 22. Mean Steps, Sleep and Weight of Women at Three and Six Months Postpartum
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There was no relationship between mean postpartum steps or sleep on the weight change of women
at three months or 6 months postpartum. There was a positive relationship between sleep duration
and 3-month weight (1.5 kilograms for every hour of sleep, 95% CI 0.2-2.9, p=0.02) and deep sleep
and 3-month weight (1.4kilograms for every hour of sleep, 95% CI 0.1-2.6, p=0.03). However, this
effect was not seen at 6 months postpartum (Table 23.). We were unable to analyse the effect of
insufficient, sufficient and excess sleep on postpartum steps as there were only 3 women with long
sleep and a 3-month postpartum weight and 1 woman with long sleep and a 6 month postpartum

weight available.

3-month weight n=81 6-month weight n=44

Parameter Effect 95%Cl P value Effect 95%CI P value
Steps -04 -1.1,0.2 0.20 0.5 -04,14 0.27
Active Minutes -0.1 -0.1,0.0 0.12 0.0 -0.1,0.1 0.63
Sedentariness -0.6 -14,0.1 0.11 -0.4 -1.2, 04 0.29
Total sleep 1.5 0.2,2.9 0.02 -0.2 -2.2,1.8 0.85
Time in bed 1.6 0.2,3.0 0.03 -0.3 -2.4,1.7 0.74
Light Sleep -0.3 -1.9,13 0.74 -1.1 -2.9,0.7 0.23
Light/Total Sleep -0.1 -0.2,0.1 0.29 -0.1 -0.3,0.1 0.19
Light Sleep/Time in bed -0.1 -0.2,0.1 0.40 -0.1 -0.3,0.1 0.22
Deep Sleep 1.4 0.1, 2.6 0.03 13 -0.8,3.4 0.23
Deep /Total Sleep 0.1 -0.1,0.2 0.43 0.1 -0.1,0.3 0.19
Deep Sleep/Time in bed 0.1 -0.1,0.2 0.29 0.1 -0.1,0.3 0.17
WASO -2.9 -9.5,3.6 0.37 -2.6 -11.4,6.3 0.56
WASO/Total Sleep -0.2 -0.6,0.2 0.31 -0.1 -0.7,04 0.61
WASO /Time in bed -0.2 -0.7,0.2 0.35 -0.2 -0.8,0.5 0.59

Table 23. Effect of Mean of All Postpartum Steps and Sleep on Weight at Three and Six Months
Postpartum

Rather than using the mean of all the postpartum step and sleep data available we also examined the
effect of mean steps and sleep measured during 0-3 months postpartum on 3 month postpartum
weight and mean steps and sleep measure during 3-6 months postpartum on 6 month postpartum
weight. The positive relationship between sleep duration and 3-month weight (1.6 kilograms for every
hour of sleep, 95% CI 0.2-2.9, p=0.03) and deep sleep and 3-month weight remained (2.2 kilograms
for every hour of sleep, 95% CI 0.8-3.6, p<0.01). There was no association between mean physical

activity and sleep during 3-6 months postpartum with 6 month weight (Table 24.).

Page | 75



3 month weight *n =75 6 month weight ** n = 36

Parameter Effect 95%ClI P value Effect 95%ClI P value
Steps -0.3 -1.0,04 0.39 0.5 -0.7, 1.7 0.37
Active Minutes -0.1 -0.1,0.0 0.14 0.0 -0.1,0.2 0.72
Sedentariness -0.9 -1.7,-0.2 0.01 -0.5 -1.5,0.5 0.33
Total sleep 1.6 0.2,29 0.03 -0.5 -3.3,2.3 0.72
Time in bed 15 0.0, 2.9 0.04 -0.7 -3.7,2.3 0.63
Light Sleep -0.7 -24,1.0 0.42 -1.0 -3.4,1.5 0.43
Light/Total Sleep -0.1 -0.2,0.0 0.17 -0.1 -0.3,0.1 0.44
Light Sleep/Time in bed -0.1 -0.3,0.1 0.21 -0.1 -0.3,0.2 0.48
Deep Sleep 2.2 0.8, 3.6 <0.01 0.6 -1.9,3.1 0.62
Deep /Total Sleep 0.1 0.0, 0.2 0.17 0.1 -0.1,0.3 0.43
Deep Sleep/Time in bed 0.1 0.0,0.3 0.11 0.1 -0.1,0.3 0.43
WASO -3.7 -9.7,24 0.23 -3.3 -16.9, 10.3 0.62
WASO/Total Sleep -0.2 -0.6,0.2 0.25 -0.2 -1.1,0.7 0.67
WASO /Time in bed -0.3 -0.7,0.2 0.21 -0.2 -1.3,0.9 0.69

Table 24. Effect of Mean Steps and Sleep between 0-3 Months and 3-6 Month Only on Weight at
Three and Six Months Postpartum Respectively

5.4 Discussion
5.4.1 The effect of sleep on steps in postpartum women

There is increasing evidence that disordered sleep is associated with diabetes risk, glucose
intolerance and poorer glycaemic control. The duration of sleep has been examined the most and
studies demonstrate a U-shaped relationship with increased diabetes risk with both short and long
sleep (62). Other features of sleep pertaining to its quality have also been considered. Increased
sleep latency, later chronotype, sleep irregularity, more fragmented sleep and daytime napping are
adverse sleep qualities when considering diabetes risk. This relationship may be mediated by its

effect on physical activity.

Amongst the general population increased sleep duration can influence subsequent exercise
performance however in postpartum women this relationship differed. An observational study of 365
women at 6 months postpartum, who wore an accelerometer for 7 days and completed the Pittsburgh
Sleep Quality Index (PSQI) found over half the women in this study reported poor sleep quality. They
found no significant associations between sleep quality and total activity over 24 hours. They also
found that total activity, total minutes of MVPA and total minutes of light activity were all slightly

greater in women with poor sleep quality however the difference was only small (131). Similarly,
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another study of 530 women found that at 3 months postpartum there was no association between
moderate-vigorous physical activities and sleep quality. At 12 months there was a weak association

with childcare and recreational moderate-vigorous physical activities at 12 months postpartum (220).

In SMs2 we examined the relationship between sleep and physical activity in the at-risk postpartum
women with GDM. In this study there was a significant increase in steps when sleep duration
increased the night prior. This is the relationship expected when comparing to broader population
studies. Active minutes also increased, and sedentariness decreased with more sleep however the

effect may be too small to be clinically significant.

Women report that there is decreased levels of moderate — vigorous physical activity during
pregnancy persisting until at least 6 months postpartum (221). Most of the women in this study did not
reach high levels of moderate — vigorous physical activity, limiting associations that could be found
with sleep. These reduced activity levels during the first 6 months of pregnancy may also explain why

we were unable to appreciate increasing effect of sleep on physical activity over time.

Interestingly the negative effect of WASO was five times greater than the positive effect of sleep
duration on steps the following day. This suggests that sleep fragmentation and quality of sleep may
have a significant influence on physical activity. However, although WASO may exhibit a stronger
effect on steps, this may be offset by the lesser duration of WASO compared to total sleep. A meta-
analysis on the daily associations between sleep and physical activity found that sleep quality, sleep
efficiency and WASO were the only parameters associated with physical activity the next day (133).
This metanalysis included studies with objectively and subjectively measured sleep and physical

activity. We did not find any other studies that demonstrated this effect in postpartum women.

It was also noted that the relationship between sleep and WASO with steps the following day were
present in the first two month postpartum but did not persist through subsequent time periods. Sleep
patterns in postpartum women change such that at 1-month postpartum women slept a mean of 7.53
hours per 24-hour period, of which 6.15 were nocturnal compared with the nonpregnant average of
8.43 hours average total (222). In addition to less total sleep time, sleep efficiency is also decreased
with increased wake after sleep onset and daytime napping (223, 224). Infant sleep is characterized
by multiple sleep and wake periods throughout the 24-hour day. In addition, metabolic demands and
stomach volume necessitate frequent feedings. Consequently, nighttime sleep disruption among new
mothers is a normative and accepted condition (222). With new motherhood associated with impacts
on several domains of sleep quality, improvements in sleep parameters may have a more marked

effect.

5.4.2 The effect of physical activity on weight

Excessive gestational weight gain or postpartum weight retention increases the risk of obesity and
obesity-related diseases such as diabetes, metabolic syndrome, and cardiovascular disease (225,

226). Diet and exercise are interventions used to assist mothers in losing weight (227). A systematic
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review of physical exercise strategies in postpartum women found that exercise improved weight loss
with the most effective interventions being programs with objectively defined goals and exercise
combined with intensive diet (228). A randomised controlled trial of 66 women who were 6 weeks to 6
months postpartum underwent a 12-week exercise intervention. They were provided with pedometers
and encouraged to progressively increase their daily step count to a goal of 10,000 steps per day.
They found a significant increase in physical activity over the duration of the intervention and
significant weight loss differences between the groups (229). We did not find a relationship between
steps, as a measure of physical activity, on postpartum weight change. In the study conducted by
Maturi et al., the intervention included an initial counselling session, text messages, phone calls,
written information pamphlet which is a more resource intense exercise intervention than was
provided in this study. Subsequently the group with the pedometer and exercise program had
significant weight loss over those without these interventions. They did not report whether steps alone
were an indicator of weight loss. This suggests that steps alone may not be a sufficient intervention.
Women were encouraged to reach a 10,000 step goal and the mean steps taken by women in our
study was approximately only 5000 which may have been insufficient to cause a significant effect.
Furthermore, this study excluded the early postpartum period and so women might have had more

opportunity for exercise compared to women in this study

5.4.3 The effect of sleep on weight

Several studies have shown a relationship between sleep duration and postpartum weight. In A study
exploring predictors of postpartum weight gain found that self-reported sleep duration less than 5
hours was a predictor of postpartum weight retention at 3 months (230). Similarly another study of
postpartum women found that self-reported sleep of less than 5 hours per night was associated with
substantial postpartum weight retention at one year (231). In a study where Black and Hispanic
women had their sleep objectively measured by actigraphy at 6 weeks and 5 months postpartum and
correlated this to their weight change at 6 weeks, 5 months and 12 months postpartum. There was no
association between sleep duration at 6 weeks and weight change between 6 weeks and 5 months.
However, women who slept less than 7 hours at 5 months had 1.8kg greater weight than women who
slept more than 7 hours (232). There were no association between WASO, sleep efficiency or sleep

timing with postpartum weight change.

Although there was a mean weight loss in our cohort there was an association between increased
sleep duration and a greater weight at 3 months postpartum. In a prospective cohort study of women
with GDM, there was a more than double risk of substantial postpartum weight retention in women
who slept more than 8 hours at 6-9 weeks postpartum (233). Negative outcomes have been
associated with long sleep in the general population such as increased risk of diabetes and glycaemic
control. This finding raises the question about whether there is a different relationship between sleep
and postpartum weight in women with and without metabolic disturbances such as GDM.
Alternatively, there may be a U-shaped relationship that exists between sleep duration and

postpartum weight.
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However, this relationship did not persist at 6 months in our study which could be related to the fewer
6-month postpartum weights or the impact of new motherhood on healthy weight-related lifestyle
habits. Additionally, half of the women recruited for SMs2 were randomised to receive text message
support messages encouraging healthy dietary and exercise habits as well as activity monitor use
during the time data was collected for this substudy. Therefore, we may have been more likely to
obtain sleep and weight data for women who were more engaged because of the text messages.
Weight loss that might have been associated with the text message intervention may have obscured

the relationship between postpartum sleep and weight change at 6 months.

5.4.4 Strengths and limitations

There are currently no studies examining the relationship between physical activity and exercise in
postpartum women who have had GDM. Neither of the studies on physical activity and exercise on
post-partum women previously discussed explored the specific features of sleep quality but rather
only on overall sleep duration. Furthermore, the use of a commercial device for everyday use enabled

us to collect data over a long period of time, longer than any previous study of this nature.

The use of activity monitors allowed for objective measures of multiple sleep and physical activity
parameters to be obtained in this young busy cohort that may not otherwise be achieved with
conventional measurements such as actigraphy, polysomnography or questionnaires. Although it may
be more convenient these devices are limited in the accuracy of the data they obtain as they are not
validated measurement methods. A systematic review of these consumer worn devices demonstrated
that overall they underestimate steps by of mean of 9% (178). However, as long as the bias is
relatively consistent, this would not have affected our findings. When wearing a device for a short
period of time, there is a possibility of altered behavior because the subject is conscious that she is in
a study. By capturing data over a 6-month period, our data is more likely to reflect true free-living

conditions.

The Garmin Vivofit used in this study does not have a heart rate monitor and this deficiency reduces
its accuracy in assessing sleep when compared to more recent models that integrate heart rate
variability (180). Despite the long battery life, there were several factors that limited the use of the
device. These included comfort especially at night, removal for water-based activities, and impact on
childcare. Being wrist-worn, it may have impinged on newborn care which may have deterred women
from wearing the device. Users who were not engaged with the device may not have monitored their
phone app to ensure syncing of the device and data uploads. These aspects may have affected

consistent wear of the device impacting on data quality.

Gestational weight gain occurs predominantly from second trimester onwards in a relatively linear
fashion varying widely across demographic groups (234). In this study the last recorded weight was
used as a comparator to determine postpartum weight change. However, the last recorded weight

occurred at their last clinic appointment which may have occurred weeks prior to delivery and
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therefore not accurately correspond the participant’s peak weight. As a result, weight loss may have

been underestimated limiting the effect of physical activity and sleep observed.

As this remains an ongoing study at the time of analysis, fewer women had reached 6 months
postpartum reducing the number that could be included at the timepoint for comparison of weight loss
with a sleep. This likely also accounts for the increase variability of sleep and reduce steps at 240
days postpartum (Figure 16., Figure 17.)

5.5 Conclusion

Improved sleep may increase physical activity in postpartum women with a history of GDM.
Qualitative analysis on other factors that influence sleep and physical activity in this early postpartum
may help guide future lifestyle interventions.
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Chapter 6: The effect of COVID lockdown on physical activity in

postpartum women with gestational diabetes

6.1 Introduction

Smart Mums With Smart Phones 2 (SMs2) is a randomised controlled trial of text messaging support

for women with GDM commencing after delivery until 12 months postpartum (190). GDM is a common

complication of pregnancy and women with GDM have an up to 50% risk of developing type 2

diabetes mellitus (31). Lifestyle interventions are the preferred initial management strategy for those

with pre-diabetes. These interventions have been applied to women with a history of GDM to prevent

progression to T2DM with some effect (43). Furthermore improved lifestyle habits can not only

improved risk of diabetes but also reduce postpartum weight retention (235) and more broadly reduce

cardiovascular risk (236), improve mental health (237), and reduce risk of certain cancers(238). A

meta-analysis of postpartum interventions in GDM to prevent T2DM showed most focused on diet and

physical activity. In the 8 studies of these studies that commented on diabetes there was a borderline

significant 25% reduction in diabetes incidence. Interventions that were implemented within 6 months

after delivery were found to be more effective (50).

Women in this trial are encouraged to participate in physical activity, in particular walking. They are

provided with an activity monitor which tracks their steps and provides feedback to the women

regarding their step targets. Concurrent to this study was the emergence of COVID-19 pandemic

which resulted in many countries implementing measures such as social distancing and lockdown to

reduce the spread of the disease. Subsequently, studies have shown a reduction in physical activity

and associated weight gain associated with COVID 19 (239). During SMs2, Sydney experienced a

second wave of COVID-19 prompting a three-
and-a-half-month lockdown. We explored how
lockdown impacted on the exercise habits of

this vulnerable postpartum population.

6.2 Method (see Chapter 2)
6.2.1 Study Design and Population

We included women who had been recruited for
Smart Mums With Smart Phones 2 (SMs2), a
randomised controlled trial of text messaging
support for women after GDM at three

metropolitan hospitals (190).

6.2.2 Variables

Baseline data included demographics, medical
and family history, physical activity, dietary and

sleep habits.

‘ 176 Women recruited for SMs2

A 4

13 women without step
» data

163 women with 15074 days of
step data

’—.

h 2

1 women and 1141 days
where steps <1000

162 women 13933 days of step
data, steps >1000

—

v

32 women and 2183 days
of step data >1000 and
not postpartum

130 women with 11750 days
of step data, steps >1000,

A J

118 women with 11704 days
of step data, steps >1000, >7
days, postpartum

A

89 Women and 3346 days of
step data before lockdown
(delivery until 25™ June 2021)

106 Women and 7212 days of
step data during lockdown from
26" June to 10" October 2021

Figure 18. Selection of Study Population
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All participants are provided with a wrist-worn activity monitor (Garmin Vivofit 4®) in their third
trimester. This monitor tracks steps which is displayed on the device and a mobile phone app that

with regular synchronisation to enabled data upload.

Postpartum step data was obtained and days where less than 1000 steps were taken were excluded
as it is likely the activity monitor was not worn the entire day. Women who had less than 7 days of
postpartum step data were also excluded as it suggested that the device was not being used
consistently and may misrepresent their regular activity levels. Data was divided into before and
during the implementation of lockdown restrictions in Sydney from 26™ June until it began easing on
11t October 2021.

During this time residents of Greater Sydney were subjected to “stay at home orders” that did not
allow people to leave their home except for essential reasons such as shopping for food,
compassionate needs or medical care, exercise, essential work or education. Non-essential business
such as retail stores, gyms, indoor recreational facilities and sporting venues were closed, and
restaurants could only provide take away food. Exercise was initially limited to groups of 10 in open
spaces such as parks however this was progressively tightened to only 1 person and for up to 1 hour

at its peak. Residents could not leave their local government area except for essential reasons.

Mean daily steps taken during 1-3 months postpartum was compared with 3-5 months postpartum
before lockdown to determine if there was a change in steps as participants progressed further from
delivery. We did this same comparison interrupted by lockdown. This comparison was done only for
women who had data for both time points. We included women who had data for at least part of the 1-
3 months and 3-5 months postpartum time period. As SMs2 was still ongoing at the time of this sub
study, few women were beyond a few months postpartum and these time periods allowed us to
capture the most amount of women with a reasonable distribution between the groups to allow for
adequate comparison. We also compared different postpartum periods before and during lockdown.
We did not compare these steps to the post lockdown period as this analysis was performed only

shortly after lockdown restrictions was lifted and there was limited data available at this time.

Page | 82



Before 2 L w During 11" Oct: Lockdown

Lockdown mmence Lockdown  restriction
2021 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
- o — — — —
1-3 months 3-5 months Compare 1-3 months to 3-5
postpartum postpartum months without lockdown
1-3 months 3-5 months Compare 1-3 months
postpartum postpartum without lockdown to 3-5
months with lockdown
1-3 months 1-3 months Compare 1-3 months with
postpartum postpartum and without lockdown
3-5 months 3-5 months Compare 3-5 months with
postpartum postpartum and without lockdown
All All Compare all postpartum
postpartum postpartum with and without lockdown

Figure 19. Plan for Analysis of Data

6.2.3 Statistical analysis

Student’s t-test was used to compare the data between groups. Data are reported as mean + standard
deviation. Statistical significance was taken as a two—sided p—value <0.05.

6.3 Results

Smart Mums 2 recruited 176 women. Of these, there were 118 women with 11704 days of step data
during the time period of interest. The mean age at conception was 32.5 * 4.4, ranging from 20 - 42
years old. The mean daily steps were 4876 + 2087.
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Group % (N) Mean

Age at Delivery 32.5+4.4
Pre pregnancy BMI 29.4+7.2
Country of Birth Australia/New Zealand 36.4 (43)
European 1.7 (2)
Pacific Island 4.2 (5)
Central America 0.8 (1)
South America 1.7 (2)
North America 0.8 (1)
Middle East 4.2 (5)
East Asia 1.7 (2)
South East 5.9 (7)
South Asia 40.7 (48)
Africa 1.7 (2)
Education level No formal education 0.8 (1)
Year 10 School Certificate 9.3 (11)
Year 12 School Certificate 11.0 (13)
Technical and Further 22.0 (26)
Education
University Undergraduate 26.3 (31)
University Postgraduate 30.5 (36)
Previous GDM No 63.6 (75)
Yes 36.4 (43)
Family History of Diabetes No 44.9 (53)
Yes 55.1 (65)
Gravidy 1 25.4 (30) 2.8+£2.0
2-15 74.6 (88)
Parity 0 31.4 (37) 1.0+£0.9
1-4 68.6 (81)

Table 25. Demographics and Obstetric History of Women Included

There was no difference in daily steps undertaken by women who were 1-3 months postpartum
compared to those who were 3-5 months postpartum before lockdown. However, there was a
significant difference between these 2 time periods when the 3-5 months postpartum time period was
affected by lockdown (t(48) = 2.67, p=0.01). There was a trend towards increase in steps at 1-3
months and 3-5 months postpartum for women during lockdown compared to before lockdown
however these did not reach statistical significance. Overall, there were significantly more steps taken
during lockdown (5197 + 2139) for the same 77 women compared to before lockdown (3972 + 1742)
irrespective of how many months postpartum they were (t(76) = 6.33, p < 0.01). (Table 26.)
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Before lockdown (Delivery until 25/6/21) During lockdown P value
(26/6/21 — 10/10/21)

Number of 1-3 months 3-5 months

months

postpartum

Mean daily steps 4490 + 1441 4857 + 1525 0.16

N=24

Number of 1- 3 months 3 -5 months

months

postpartum

Mean daily steps 4607 + 1857 5308 + 2171 0.01

N=49

Number of 1-3 months 1-3months

months N=58 N=76

postpartum

Mean daily steps 4683 + 1995 5160 * 2557 0.15

Number of 3 -5 months 3-5 months N=85

months N=25

postpartum

Mean daily steps 4875 + 1496 5531 £ 2343 0.10
All postpartum All postpartum

Mean daily steps 3972 + 1742 5197 + 2139 <0.01

N=77

Table 26. Comparison of Mean Steps Before and After Lockdown
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6.4 Discussion
6.4.1 Effect of lockdown on steps during lockdown

In a review of 19 articles on the impact of COVID-19 on weight and weight related behaviours, half of
respondents gained weight whilst one-fifth lost weight. Additionally, there was a 36.3% to 59.6%
increase in total food consumption and a 67.4% to 61.4% decrease in physical activities (239). These
trends raise concerns regarding the impact of COVID-19 on postpartum women with GDM who are at
risk for T2DM and ideally should be improving their diet, activity levels and avoiding postpartum
weight retention. Across 30 million users, FitBit reported a decrease in steps in many countries
including a 4% reduction in Australia (240). Similarly in a study on 455 404 smartphone users across
187 countries there was a 5.5% decrease in mean steps within 10 days of pandemic declaration and
a 27.3% decrease in mean steps within 30 days (241). In contrast, we found that physical activity as
measured by a daily step count increased during lockdown in postpartum women after a GDM

pregnancy.

A study in Belgium found that in adults less than 55 years of age, adults who were not very physically
active engaged in more activity during lockdown. Whereas people who were active prior to lockdown
but relied on organised sport, exercise classes or other social supports to motivate exercise were
more likely to be affected by lockdown (242). Walking is the most common form of exercise
undertaken by postpartum women as it is functional, easy and low cost (243). As Australians were still
able to exercise outdoors during pandemic lockdowns, unlike those who may rely on gyms or group
sport for their physical activity, postpartum women would have still been able to access their main
form of exercise during lockdown. The catchment area for SMs2 was largely areas where most
people live in stand alone home dwellings and therefore outdoor walking was quite possible, as
compared to areas where high rise apartment blocks dominate. As such the impact of lockdown on

exercise may have not been so great in these women.

In the UK, pregnhant women with gestational diabetes had increased sedentary time and there was a
reduction in the number of women meeting physical activity guidelines predominantly accounted for
by fear of leaving the house due to COVID 19 (244). Our findings were in contrast to this, possibly
because the of the lower infections rates seen in Australia compared to the UK in the earlier waves of
COVID 19. Additionally, as outdoor exercise was one of the few reasons to leave the house, and
advised by health authorities to be safe given the ability to maintain social distancing, walking may
have increased during this time. Therefore, the decrease in physical activity observed in larger
population studies may be less applicable to postpartum women in Australia. Furthermore, the
external influence of COVID 19 pandemic and subsequent lockdown which brought health and the
benefits of exercise to the forefront of people’s attention. As a result postpartum women who would

ordinarily exercise by walking outdoors may have been more motivated to do this during lockdown.

Interventions for women with GDM have shown that barriers to continuing lifestyle modifications

postpartum include tiredness and childcare demands early in the postnatal period (159, 160).
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Typically, support from family and friends, or childcare facilities can enable more healthy behaviour by
assisting with childcare (159). For example, this can enable the woman to have time to perform
purposeful exercise, but it may also allow earlier return to work or pursuit of leisure activities. In our
cohort, one may expect that with lockdown, there was reduced access to this support and this would
result in less opportunity for exercise. One potential explanation for our unexpected finding is that
because of the loss of childcare support women were undertaking more incidental physical activity
through their maternal caregiver role, and this was being detected on the activity monitors.
Alternatively, although access to support outside of the household may have been reduced, with more
people working from home, women may have had substantially more support from their partners or
other household family that subsequently allowed women more opportunity to exercise. The reduction
in social demands associated with lockdown may have also increased free time that could be

reallocated to exercise.

Postpartum women are vulnerable to changes in support networks and accessibility to social care
services associated with COVID 19 lockdown. This accounts for the increased prevalence of
postnatal depression seen in Australian women during the pandemic (245). Although an increase in
mental health issues may have adversely affected exercise, a study of in the United States of
pregnant, birthing and postpartum experiences during COVID 19 found that participants reported that
self-care included engaging in physical activity suggesting exercise may have been a coping
mechanism for the increased stress of lockdown (246).

Our findings may not be generalisable to all post-partum women. The women in our study may have
been more motivated as they joined a study of a lifestyle intervention to reduce diabetes risk.
However, this would not account for the increase in step count during lockdown. Half of the women
were randomised to receive text message support that included physical activity encouragement, links
to sources of physical activity support, and progressive step goals. These interventions may have
been particularly valuable and effective during lockdown.

A study on activity levels of 181 postpartum women as measured by survey and accelerometer for 1
week at three and twelve months postpartum found there was an increase in step count and less
sedentary time at twelve months postpartum. There was no change in moderate and vigorous
intensity activity except for an increase in reported indoor household activities (247). We did not find a
significant difference in steps as women progressed from 1-3 months postpartum period to 3-5
months postpartum without the interference of lockdown. Given that the women in this study gave
birth from January to August 2021, few women had reached beyond a few months postpartum before
lockdown restrictions were imposed. We therefore could only assess the changes in physical activity

postpartum over a short time that may have been insufficient to detect any change.

6.4.2 Limitations

The Garmin Vivofit used in this study is a wrist worn monitor that does not measure heart rate and

therefore is dependent on arm swings detected by an accelerometer to count steps. Monitors that can

Page | 87



measure heart rate have higher accuracy. During trials of the device in SMs2, it was noted that
movements associated with settling an infant could overestimate steps and that reduced arm
movement with pushing a pram could underestimate steps. In a systematic review examining the
validity and accuracy of wearable devices, the Garmin Vivofit has significant variability within the
same device for step count (178). However the large volume of step data in this study, with over

11,000 days of step data, minimises the effect of this variability on the outcome.

Other quantitative measurements were not obtained in this study to validate our findings and as there
were no qualitative measurements or surveys conducted, we can only speculate on the causes for the
increased physical activity during lockdown in these women. The reasons for this will be explored in

focus groups following the conclusion of the RCT.

6.5 Conclusion

Our study demonstrates that COVID-19 lockdown does not necessarily reduce physical activity and in
post-partum women who have had GDM, there is an increase in activity. The reasons for this are
unclear, but this may be due to changes in the home and supportive environment. At least in our
context, concerns that lockdown might increase diabetes risk for these women because of reduced

physical activity are unfounded.
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Chapter 7: Discussion

Gestational diabetes poses a growing problem as a result of its increasing prevalence(4) and
significant risk for subsequent T2DM (32, 172) and its associated long-term complications. To
address this, lifestyle interventions have been trialled on this cohort with varying degrees of success
(41, 42, 44, 45, 47). However, these interventions are largely limited to targeting diet and physical
activity and the long-term success that is needed is often hindered by the engagement and competing
demands of these women (159, 160, 165). Increasing evidence indicates that sleep influences diet,
physical activity and diabetes risk and the current studies explore these effects in women with
gestational diabetes and how we can expand lifestyle interventions in attempt to achieve better
outcomes. The use of activity monitors in these studies brings into consideration how we can take
advantage of developing technologies to provide insights into this relationship and bolster current

interventions.

7.1 Measurement of sleep and physical activity
7.1.1 Measurement methods

Polysomnography is the gold standard of sleep measurement however it is expensive, requires
laboratory settings, can be intrusive and measurements are limited to a few days which may
misrepresent the natural sleep environment. The introduction of actigraphy, a wrist worn device that
can tracks activity levels to measure sleep-wake patterns over long time periods, is able to address
some of these issues (248). Over several decades, growing research validated their use as an
objective sleep measurement tool with a concordance of over 90% with polysomnograhy (249).
However as sleep is inferred from lack of movement, they are limited in the their measurement of
sleep onset latency and fragmented sleep where the subject may be awake but motionless (250)
resulting in an overestimation of sleep and underestimation of wake time (248). Although actigraphy
has been accepted as a reliable and validated research tool, procedures for their use are not
standardized and variability remains in type of actigraphy use, placement location, sampling and data
processing (251). These methodological differences can limit comparisons between studies. Similarly
objective measures of physical activity such as direction observation, pedometers and heart rate
monitors are limited in their accessibility and expense in the former and accuracy in the latter two
(252).

Activity monitors were used in these studies to collect data on sleep and physical activity in favour of
these more traditional methods. Mobile health technologies are becoming increasingly accessible and
their low cost, mobility, ability to be customised and be interactive has led researchers to include them
in various lifestyle interventions(168). Consumer wrist worn devices are one of these technologies
that are becoming more available with numerous companies providing a wide variety of devices.
These devices have features that capture physiological data beyond actigraphy such as heart rate

and sleep patterns as well as physical activity including steps, distance walked, intensity of physical
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activity. Their consumer-friendly interface and design make them attractive and practical for use by

the general population.

Advancement of data collection methods can result from the convenience of these devices, their
availability and population uptake. In these studies, we were able to record a large volume of data
over a longer period of time than has been used in most previous studies. This allowed us to
demonstrate a relationship between sleep and physical activity in postpartum women with GDM that
although had been shown in general population, had not been demonstrated in this cohort in previous
studies. These devices are also able to obtain more granular data such as sleep stages and
fragmentation than can be achieved by self-reported surveys alone but are not as invasive or time
consuming as polysomnography. By providing a greater degree of information, we may be able to
better understand the relationship between lifestyle risk factors and create better models of care for

patients.

7.1.2 Limitations to consider

An innate problem with using devices developed by private companies is the variability in algorithms
and sensors used by these devices are not readily available to scrutinise or validate. Although studies
have been performed to compare the accuracy and reliability of these devices compared to
standardised measures (178), other implications to consider are how to compare results from studies
that use different devices. This issue is compounded by the constant development and production of

new devices.

The Garmin Vivofit used in these studies was limited by its lack of heart rate monitor which has been
shown to reduce accuracy in sleep tracking and determining sleep stages (179). It also did not detect
daytime naps which is an important component of sleep health. This device was also reliant on arm
swings to determine steps and therefore exercise without this would be underrecognised whilst
sedentary activities with repetitive arm swinging movement would be misconstrued as exercise.
Additionally, only moderate intensity exercise was recognised by this device which is important as the
duration of vigorous intensity exercise is weighted twice as much as moderate exercise in the
assessment of physical activity. Improving the features and data processing of a device to address

these issues is inherently coupled with increased cost.

Overall, by using activity monitors we were able to explore relationships and demonstrate
associations between sleep, physical activity, weight and glycaemic control in gestational diabetes
with greater detail than previous studies. The large volume of data, and extended period of collection
may compensate for the inherent inaccuracies of the commercial monitors, and therefore these new

technologies have the potential to be an important and useful research tool.
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7.2 The impact of lifestyle factors on gestational diabetes
7.2.1 Glycaemic control during pregnancy

Physical activity has an established role in pregnancy. Regular exercise is recommended to all
pregnant women and in women with GDM, physical activity is an important part of non-pharmacologic
management (191). Several studies have demonstrated the improvement in glycaemic control with
exercise in women with GDM (194). More specifically, as pregnant women most commonly engage in
walking for exercise, negative correlations between number of steps walking daily and BG have been
shown (196). The current study showed trends that echoed these findings and provides support for
exercise in GDM management. In this study, there was a trend to increase in daily steps resulting in
decreasing postprandial BGs but not fasting. It is possible that a larger sample size, or a program
which purposefully aims to increase exercise will show a stronger relationship between physical
activity and glycaemic control. It must be kept in mind that in our study, there was no intervention

during pregnancy, so we were only observing normal, modest levels of activity in our participants.

More recently, multiple characteristics of sleep have been associated with diabetes risk, glucose
tolerance and glycaemic control including duration (59), fragmentation (70), latency (74), regularity
(92), napping (77) and chronotype (68). Sleep problems are common in pregnancy particularly in the
third trimester where duration is shortened, quality decreased and fragmentation increased (200,
202). Poor sleep quality is associated with the development of gestational diabetes (207). Recently
studies have demonstrated a relationship between sleep duration and BG readings as well as sleep
quality and glycaemic control (214, 215). In our small cohort of women with GDM at various stages of
pregnancy, we could not find a linear relationship between sleep duration and glycaemic control in
women with GDM in our small cohort, however there was evidence that achieving sleep duration
between seven to nine hours increased likelihood of reaching BG targets for the following day. In the
subgroup of women less than 36 weeks gestation, increase sleep duration improved fasting BG the
following day. The use of the activity monitor enabled examination of other features of sleep and it
was found that WASO which contributes to sleep fragmentation and poor sleep quality negatively
affected glycaemic control in GDM which is consistent with previous studies (208). A larger sample
size may have been able to demonstrate clearer associations between sleep duration and glycaemic
control in GDM as seen in the relationships we found in subgroups; however the magnitude of this

effect under normal circumstances may not be clinically significant.

7.2.2 Postpartum weight retention

Excess postpartum weight gain is associated with increased risk of obesity and obesity-related
diseases such as diabetes, metabolic syndrome, and cardiovascular disease (225, 226). For women
who have had GDM, this is increasingly important as they are already at increased risk of these
diseases and weight retention can potentiate these risks (253). In the postpartum period, weight loss

in women with GDM is associated with improvement in glucose metabolism (254, 255).
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Gestational weight gain is one of the strongest predictors of postpartum weight retention (256, 257).
Other factors such as pre-pregnancy BMI (258), breastfeeding duration (259), postpartum exercise
and food intake (260), sleep duration, parity(261), depression(262) and vitamin D levels (263) have
also been associated with weight retention. Sociodemographic factors such as race, maternal age
less than 20 or above 40, unemployment, low education level have also been reported as predictors

with varying consistency (230).

Non-modifiable characteristics Modifiable behaviours
Race Gestational weight gain

Maternal Age Pre-pregnancy BMI

Postpartum
weight

Education level Breastfeeding duration

Parit :
e retention Postpartum exercise and diet

Sleep duration

Vitamin D

Depression

Figure 20. Risk Factors for Postpartum Weight Reduction

In postpartum women, healthy dietary behaviours (264) and physical activity (265) are often
suboptimal contributing to weight retention (266). Systematic reviews have shown that interventions
targeting diet only can produce weight loss however exercise only programs are not as efficacious
(227). Successful lifestyle interventions have intensively targeted both diet and physical activity but
are generally of short duration (227, 228, 267, 268). Caloric restriction is primarily responsible for
weight loss whereas physical activity has an important role in weight maintenance. Physical activity
also has greater reduction in fat mass compared to diet only weight loss and increase muscle mass
which can improve insulin resistance and glycaemic control (269). The effectiveness of these
interventions can be limited by poor engagement and high attrition rates (48, 270) and their longer

term ability to improve weight management are unclear.

There is emerging data that weight is associated with sleep (271). In a cohort of 688 postpartum
women, those that reported less than five hours of sleep showed increased weight retention at 3
months postpartum however this was no longer a significant predictor of weight retention at 12
months (230). Another study however did show women who slept less than five hours at 6months had
significant postpartum weight retention at 1 year (218). Other studies exploring this relationship have
also demonstrated similar findings (272). Obesity is associated with nocturnal sleep disturbance and
short sleep duration even in the absence of obstructive sleep apnoea (273, 274). The findings from
our study of GDM women instead showed a positive relationship between sleep and weight. This is

consistent with another postpartum GDM study where an excess of 8 hours of sleep doubled the risk
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of postpartum weight retention. This may represent a U-shaped relationship that has been described
between sleep duration and impaired glucose tolerance and T2DM (58, 59) however we were unable
to demonstrate this in our postpartum study. Further research could explore the positive relationship
that has been demonstrated in postpartum women with GDM.

7.3 The relationship between sleep and currently targeted lifestyle factors

Sleep is associated with the most commonly targeted modifiable lifestyle factors, physical activity and
diet. There is thought to be a bidirectional relationship between sleep and physical activity with large
population studies showing that poor sleep has higher odds of physical inactivity and vice versa (126).
These effects can be seen on both an acute and chronic basis (134). We found that this effect was
present in our study of postpartum women with GDM where duration of nocturnal sleep was positively
associated with an increase in daily steps the following day.

Sleep restriction is associated with increased caloric consumption, increased intake of fat,
carbohydrates, snacks and less vegetables (141-143, 145, 146). Diet considered healthier such as
Mediterranean diet are associated with better sleep (147, 148). Furthermore, sleep extension reduced

the intake of free sugar, fat and carbohydrates (150).

The relationship between physical activity and diet is less established. Cross sectional studies have
shown that increased physical activity was associated with healthier eating habits such as increased
intake of fruits and vegetables and lower consumption of saturated fats (275, 276). Furthermore,
improvements in fruit and vegetable intake may increase the likelihood of increased physical activity
and vice versa (277).

In all likelihood, the modifiable lifestyle factors of physical activity, diet and sleep are all inter-related
with bidirectional relationships (Figure 21.).
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Figure 21. Relationship Between Sleep, Physical Activity, Diet and Weight
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7.4 Treating sleep as a modifiable lifestyle risk factor

Sleep has hitherto received very little clinical attention and we suggest that the current scope of
lifestyle interventions should be broadened to improve sleep as well, particularly among women with

GDM, both during pregnancy and post-partum.

Multiple studies have demonstrated that treating sleep may improve glycaemic control. In a small
study of 16 healthy participants who were instructed to increase their sleep time from a baseline mean
of 6.5 hours, there was an improvement in fasting glucose levels and higher insulin-to-glucose ratio
suggesting better insulin sensitivity (98). A similar study of 21 nondiabetic subjects who reported less
than 6 hours of sleep per night found that sleep extension improved glucose metabolism only in
individuals who were able to obtain at least 6 hours of sleep per night suggesting a potential threshold
effect (278). A study of adolescent patients with type 1 diabetes found that participants randomly
assigned to sleep extension for one week had a 7.4% improvement in glucose levels with an increase
of 11 hours of glucose time in range (279). In a pilot study of 45 type 2 diabetic patients who slept
after midnight, a structured diabetes sleep education program improved sleep quality, reduced HbAlc
and fasting glucose at 3 months follow up (280). However a sleep education program applied to 74
women with GDM in a pilot RCT found that there were no differences in the proportion of women

achieving glycaemic control during pregnancy or sleep knowledge and quality (281).

The benefits of treating sleep has also been explored in regards to weight management. In a study of
123 overweight and obese women undergoing caloric restriction, sleep duration was positively
associated with weight loss and better sleep quality at baseline was associated with greater fat loss
(282). Similarly in a study of overweight and obese women who were enrolled in a weight loss
program, better subjective sleep quality and sleep duration more than seven hours increased the
likelihood of weight loss (283). The preliminary results from a randomised controlled trial of obese
short sleepers where nonpharmacologic and behaviour based interventions were used to extend
sleep, reported more willingness to exercise and less craving for sweet or salty snacks (284).
Furthermore, in a RCT with 80 overweight adults who slept less than 6.5 hours per night,
individualized sleep counselling that increased mean sleep duration by 1.2 hours per night was
associated with a decrease in energy intake of 270 kilocalories per day after 2 weeks. Theoretically if
this reduction were sustained, it could translate into approximately 12 kilogram weight loss over 3
years (285).

Few sleep treatment studies can be seen in postpartum women possibly because of the altered
priorities of these women in whom interventions must correspond with the demands of caring for a
newborn. A small pilot study that was conducted on twelve women with GDM who were at least 1
year postpartum with less than seven hours of sleep per night found that women randomised to a
sleep coaching intervention reported improvement in sleep quality and a trend towards increased
physical activity. Follow up OGTT at 6 weeks showed increased fasting and 2 hour glucose levels for

both the intervention and control groups but this was worse in the control group (286).
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Current research suggests that lifestyle modifications may be augmented by incorporating the
potential benefits of sleep. Non-pharmacologic behavioural sleep programs could be adapted from
cognitive behavioural therapy for insomnia to pregnant and postpartum women. The general

principles of these programs include:

a) Stimulus control therapy to strengthen the relationship between bed and sleep by having
consistent sleep and wake times and avoiding non sleep activities in bed

b) Sleep restriction therapy to shorten amount of time in bed not sleeping

c) Sleep hygiene including comfortable and cool environment, avoiding tobacco, alcohol,

caffeine and vigorous exercise several hours before bed (287)

The feasibility and benefits of integrating a sleep program with usual lifestyle measures is yet to be
studied.

7.5 Utility of commercial wrist worn devices to support lifestyle interventions

Although expanding lifestyle management to be increasingly multimodal by addressing sleep could
improve care of gestational diabetes during pregnancy and postpartum, success in their
implementation and evaluation would require greater engagement than that seen in the current
interventions. The rapid expansion of technology and its ubiquitous use in society has led to the
adoption of mHealth which utilizes these mobile technologies to support public health practices (166).
The promise of its use if exemplified in a qualitative study that found that women had positive and

accepting views of mHealth for lifestyle interventions in antenatal care.

Trials of lifestyle interventions in pregnant women using a smartphone app have been shown to
improve dietary behaviours and motivation for exercise but may not improve gestational weight gain
(288-291). Another study of 49 women with recent GDM who underwent a 13-week intervention
explored the use of a different form of technology with a web-based pedometer programme with
individualised and adaptive weekly step goals and education on lifestyle modification. However, there
were no significant behavioural changes, or improvements in fasting and 2-hour glucose or weight.
There were low enrolment rates in the programme and the investigators suggested that more
intensive self-monitoring may be needed to change behaviour (292). This is supported by a meta-
analysis of studies promoting healthy dietary and physical activity behaviours which found that

interventions with self-monitoring are more effective (293).

Commercially available wrist worn devices are a newer technology that can be used to support
lifestyle interventions. In particular they could be advantageous in postpartum women who are
managing the childcare demands of new motherhood where engagement and participation might
otherwise be limited by traditional data measurement methods such as surveys or polysomnography.
It could also be used to address issues with engagement seen in previous lifestyle interventions as it

increases self-monitoring, can provide individualised feedback, allows goal setting and can access
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social platforms. Furthermore, these devices also tackle the resource and time burden associated

with the successful but more intensive lifestyle interventions improving scalability.

A meta-analysis of twelve studies using pedometers and accelerometers in participants with T2DM
found an increase in physical activity of one hour per week; however there was no improvement in
HbA1c, BMI or blood pressure (184). However a majority of these studies used pedometers and the
participants had well controlled baseline HbAlc (294). In a systematic review of 21 studies where
activity monitors were used as a feedback tool for physical activity interventions in T2DM patients,
there was increase in physical activity and beneficial effect on HbAlc, systolic blood pressure and
BMI. Another systematic review demonstrated similar improvements in health outcomes in people

with chronic disease (182).

A systematic review exploring interventions using consumer wearable activity monitors on physical
activity compared to devices that do not provide feedback found there was a significant increase in
daily step count, moderate and vigorous physical activity and energy expenditure (181). In a cohort of
people with type 2 diabetes, using an activity monitor that displayed exercise intensity resulted in a
greater reduction in Hbalc compared to a pedometer at 2 months. However, at 6 months the effect
attenuated and there were significant attrition rates (183). This suggests the feedback provided by
these devices may improve engagement in physical activity however these devices may be an

insufficient intervention alone in the long term and ongoing motivation and follow up is required.

Supplementing wearable devices with other technologies such as text messaging is an option to
address this and has been shown to be beneficial. A study in 27 patients with T2DM who did not
regularly engage in physical activity found that the use of a pedometer linked to their smartphone with
text messaging feedback and personalised to their compliance increased the amount and pace of
physical activity and was associated with a reduction in Hbalc (295). A similar study in T2DM that
used individualised text messages with adaptive goals based on daily step counts captured by a
pedometer was able to improve step counts and reduce Hbalc (170). In a systematic review of RCTs
on improving physical activity in adults with chronic disease found that using mobile apps or activity
trackers that allow for self-monitoring and feedback increased daily step count. The effectiveness of

these interventions were higher when text messages and personalisation were included (296).

Sustaining the effects of wearable devices is important if an intervention is to translate into better
health outcomes however few studies have explored how these complementary technologies fare
long-term. Factors that improve maintenance of use include age, internal motivation, social support
and recognising long term benefits (297, 298). Text messaging may be able to provide this remote
support, motivation and education to assist with the maintenance of lifestyle changes. In a study on
improving physical activity in cancer survivors, participants who received an intervention incorporating
an activity monitor, follow up calls and tailored text message support were able to maintain
recommended levels of moderate to vigorous physicality activity over an 8-week period whereas this

declined in the activity monitor only control group. However, the intervention did also include health
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coaches which may account for some of the improved outcomes outside of automated mobile health

technologies alone (299).

It has been demonstrated that the use of health technologies can be included into multimodal lifestyle
interventions. Activity monitors integrated with text messaging feedback can support lifestyle
interventions to increase and maintain physical activity and improve health outcomes. Furthermore,
adaptive goals and reinforcement has been shown to improve step counts (300) and moderate-to-
vigorous activity in adults (301). In the six-month pilot study, Smart Mums 1, customisable text
messages linked to an activity monitor utilised goal setting and feedback as part of a lifestyle
intervention on postpartum women with GDM and found trends to improved physical activity, diet and
weight loss (172). Smart Mums 2 runs on a similar premise but is a larger multicentre study from
which we have been able to explore the consequences of lifestyle habits. The study is ongoing and
plans to further explore how text messages and activity monitors can increase physical activity and

sustain positive behavior change (190).

In regards to wearability of these devices, it was found in Smart Mums 1 that despite most
participants providing positive feedback, problems with the device such as minor damaged or
technical error cause interruption in their usage limited their participation in and benefits from lifestyle
interventions suing activity monitors (172). Similarly in a study of a acceptability and feasibility of
using activity monitors to support increased physical activity in an exercise referral scheme for adults
found that monitors increased awareness pf physical activity however wearability and malfunctioning
were barriers (302). In a physical activity intervention using Fitbit monitor and text messages in cancer
survivors with participants had positive attitude toward the intervention an most participants felt that
effort required was limited and manageable. However, some felt that the prescribed daily step count
took away self-control and interpreted the encouragements as highlighting participants inability to
meet goals (303). Wearability could be optimised but having a lead in trial period of these devices so
that participants are able to adapt to them and to identify and fix any technical issues prior to the
intervention. Further individualisation of messages and increasing interventions adaptability would
also improve user satisfaction. At the conclusion of SMs2, focus groups are planned to explore

benefits and limitations of the intervention that could be applied to future interventions.

7.8 Conclusion

Sleep and physical activity are important lifestyle factors to consider in management of GDM during
and after pregnancy. Health technologies such as wearable devices could be adjunct in lifestyle
interventions. Models of care should consider using activity monitors to provide continuous remote

support promoting sleep and physical activity.

Page | 97



References

1. Martin. The diagnosis of gestational diabetes. Med J Aust. 1991;155.

2. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care. 2014;37(Supplement 1):581-
S90.

3. Laurie JG, Mcintyre HD. A Review of the Current Status of Gestational Diabetes Mellitus in

Australia-The Clinical Impact of Changing Population Demographics and Diagnostic Criteria on
Prevalence. Int J Environ Res Public Health. 2020;17(24).

4, Zhu'Y, Zhang C. Prevalence of Gestational Diabetes and Risk of Progression to Type 2
Diabetes: a Global Perspective. Curr Diab Rep. 2016;16(1):7.

5. Health Alo, Welfare. Australia’s mothers and babies 2018—in brief. Canberra: AIHW; 2020.
6. Health Alo, Welfare. Incidence of gestational diabetes in Australia. Canberra: AIHW; 2019.
7. Cheung NW, Jiang S, Athayde N. Impact of the IADPSG criteria for gestational diabetes, and
of obesity, on pregnancy outcomes. Aust N Z J Obstet Gynaecol. 2018;58(5):553-9.

8. O'Sullivan JB, Mahan CM. CRITERIA FOR THE ORAL GLUCOSE TOLERANCE TEST IN
PREGNANCY. Diabetes. 1964;13:278-85.

9. O'SULLIVAN JB, GELLIS SS, DANDROW RV, TENNEY BO. The Potential Diabetic and Her

Treatment in Pregnancy. Obstetrics & Gynecology. 1966;27(5):683-9.

10. O'Sullivan JB, Charles D, Mahan CM, Dandrow RV. Gestational diabetes and perinatal
mortality rate. American Journal of Obstetrics and Gynecology. 1973;116(7):901-4.

11. Organisation WH. Definition, diagnosis and classification of diabetes mellitus and its
complications : report of a WHO consultation. Part 1, Diagnosis and classification of diabetes
mellitus. .

12. Hoffman L, Nolan C, Wilson JD, Oats JJ, Simmons D. Gestational diabetes mellitus--
management guidelines. The Australasian Diabetes in Pregnancy Society. Med J Aust.
1998;169(2):93-7.

13. Hyperglycemia and Adverse Pregnancy Outcomes. New England Journal of Medicine.
2008;358(19):1991-2002.
14. International Association of Diabetes and Pregnancy Study Groups Recommendations on the

Diagnosis and Classification of Hyperglycemia in Pregnancy. Diabetes Care. 2010;33(3):676.

15. Nankervis A MH, Moses R, Ross GP, Callaway L, Porter C, Jeffries W, Boorman C, De Vries B,
McElduff A for the Australasian Diabetes in Pregnancy Society. ADIPS Consensus Guidelines for the
Testing and Diagnosis of Gestational Diabetes Mellitus in Australia 2014 2014.

16. Saeedi M, Cao Y, Fadl H, Gustafson H, Simmons D. Increasing prevalence of gestational
diabetes mellitus when implementing the IADPSG criteria: A systematic review and meta-analysis.
Diabetes Research and Clinical Practice. 2021;172:108642.

17. Behboudi-Gandevani S, Amiri M, Bidhendi Yarandi R, Ramezani Tehrani F. The impact of
diagnostic criteria for gestational diabetes on its prevalence: a systematic review and meta-analysis.
Diabetology & Metabolic Syndrome. 2019;11(1):11.

18. Metzger BE. Long-term Outcomes in Mothers Diagnosed With Gestational Diabetes Mellitus
and Their Offspring. Clinical Obstetrics and Gynecology. 2007;50(4).

19. Silverman B, Metzger B, Cho N, Loeb CA. Impaired Glucose Tolerance in Adolescent Offspring
of Diabetic Mothers: Relationship to fetal hyperinsulinism. Diabetes Care. 1995;18:611 - 7.

20. Nomura Y, Marks DJ, Grossman B, Yoon M, Loudon H, Stone J, et al. Exposure to gestational
diabetes mellitus and low socioeconomic status: effects on neurocognitive development and risk of
attention-deficit/hyperactivity disorder in offspring. Arch Pediatr Adolesc Med. 2012;166(4):337-43.
21. Clausen TD, Mortensen EL, Schmidt L, Mathiesen ER, Hansen T, Jensen DM, et al. Cognitive
function in adult offspring of women with gestational diabetes--the role of glucose and other factors.
PLoS One. 2013;8(6):e67107.

22. Kramer CK, Campbell S, Retnakaran R. Gestational diabetes and the risk of cardiovascular
disease in women: a systematic review and meta-analysis. Diabetologia. 2019;62(6):905-14.

Page | 98



23. Friedman S, Rabinerson D, Bar J, Erman A, Hod M, Kaplan B, et al. Microalbuminuria
following gestational diabetes. Acta Obstet Gynecol Scand. 1995;74(5):356-60.

24. Beharier O, Shoham-Vardi |, Pariente G, Sergienko R, Kessous R, Baumfeld Y, et al.
Gestational diabetes mellitus is a significant risk factor for long-term maternal renal disease. J Clin
Endocrinol Metab. 2015;100(4):1412-6.

25. Carr DB, Utzschneider KM, Hull RL, Tong J, Wallace TM, Kodama K, et al. Gestational diabetes
mellitus increases the risk of cardiovascular disease in women with a family history of type 2
diabetes. Diabetes Care. 2006;29(9):2078-83.

26. Daly B, Toulis KA, Thomas N, Gokhale K, Martin J, Webber J, et al. Increased risk of ischemic
heart disease, hypertension, and type 2 diabetes in women with previous gestational diabetes
mellitus, a target group in general practice for preventive interventions: A population-based cohort
study. PLoS Med. 2018;15(1):e1002488.

27. Crowther CA, Hiller JE, Moss JR, McPhee AlJ, Jeffries WS, Robinson JS. Effect of Treatment of
Gestational Diabetes Mellitus on Pregnancy Outcomes. New England Journal of Medicine.
2005;352(24):2477-86.

28. Landon MB, Spong CY, Thom E, Carpenter MW, Ramin SM, Casey B, et al. A Multicenter,
Randomized Trial of Treatment for Mild Gestational Diabetes. New England Journal of Medicine.
2009;361(14):1339-48.

29. Landon MB, Rice MM, Varner MW, Casey BM, Reddy UM, Wapner RJ, et al. Mild Gestational
Diabetes Mellitus and Long-Term Child Health. Diabetes Care. 2015;38(3):445.

30. Gillman MW, Oakey H, Baghurst PA, Volkmer RE, Robinson JS, Crowther CA. Effect of
treatment of gestational diabetes mellitus on obesity in the next generation. Diabetes Care.
2010;33(5):964-8.

31. Bellamy L, Casas J-P, Hingorani AD, Williams D. Type 2 diabetes mellitus after gestational
diabetes: a systematic review and meta-analysis. The Lancet. 2009;373(9677):1773-9.

32. Kim C, Newton KM, Knopp RH. Gestational Diabetes and the Incidence of Type 2 Diabetes.
Diabetes Care. 2002;25(10):1862.

33. Cheung NW, Byth K. Population health significance of gestational diabetes. Diabetes Care.
2003;26(7):2005-9.

34, Vounzoulaki E, Khunti K, Abner SC, Tan BK, Davies MJ, Gillies CL. Progression to type 2
diabetes in women with a known history of gestational diabetes: systematic review and meta-
analysis. BMJ. 2020;369:m1361.

35. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD, Ohlrogge AW, et al. IDF
Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes
Res Clin Pract. 2018;138:271-81.

36. Lin X, Xu Y, Pan X, Xu J, Ding Y, Sun X, et al. Global, regional, and national burden and trend
of diabetes in 195 countries and territories: an analysis from 1990 to 2025. Scientific Reports.
2020;10(1):14790.

37. Health Alo, Welfare. Diabetes. Canberra: AIHW; 2020.

38. Institute BIHaD. Diabetes: the silent pandemic and its impact on Australia. 2012.

39. Diabetes Prevention Program Research G. The Diabetes Prevention Program (DPP):
description of lifestyle intervention. Diabetes care. 2002;25(12):2165-71.

40. Lindstrom J, Louheranta A, Mannelin M, Rastas M, Salminen V, Eriksson J, et al. The Finnish

Diabetes Prevention Study (DPS). Diabetes Care. 2003;26(12):3230.

41. Wein Fracog P, Beischer Ao MDMGOFFN, Harris Mbbch C, Permezel Md MMFM. A Trial of
Simple versus Intensified Dietary Modification for Prevention of Progression to Diabetes Mellitus in
Women with Impaired Glucose Tolerance. Australian & New Zealand journal of obstetrics &
gynaecology. 1999;39(2):162-6.

42. Pérez-Ferre N, Del Valle L, Torrejon MJ, Barca |, Calvo MI, Matia P, et al. Diabetes mellitus
and abnormal glucose tolerance development after gestational diabetes: A three-year, prospective,

Page | 99



randomized, clinical-based, Mediterranean lifestyle interventional study with parallel groups. Clin
Nutr. 2015;34(4):579-85.

43, Ferrara A, Hedderson MM, Brown SD, Albright CL, Ehrlich SF, Tsai A-L, et al. The Comparative
Effectiveness of Diabetes Prevention Strategies to Reduce Postpartum Weight Retention in Women
With Gestational Diabetes Mellitus: The Gestational Diabetes' Effects on Moms (GEM) Cluster
Randomized Controlled Trial. Diabetes care. 2016;39(1):65-74.

44, Ratner RE, Christophi CA, Metzger BE, Dabelea D, Bennett PH, Pi-Sunyer X, et al. Prevention
of diabetes in women with a history of gestational diabetes: effects of metformin and lifestyle
interventions. The Journal of clinical endocrinology and metabolism. 2008;93(12):4774-9.

45, Aroda VR, Christophi CA, Edelstein SL, Zhang P, Herman WH, Barrett-Connor E, et al. The
effect of lifestyle intervention and metformin on preventing or delaying diabetes among women
with and without gestational diabetes: the Diabetes Prevention Program outcomes study 10-year
follow-up. J Clin Endocrinol Metab. 2015;100(4):1646-53.

46. Holmes VA, Draffin CR, Patterson CC, Francis L, Irwin J, McConnell M, et al. Postnatal
Lifestyle Intervention for Overweight Women With Previous Gestational Diabetes: A Randomized
Controlled Trial. J Clin Endocrinol Metab. 2018;103(7):2478-87.

47. Ferrara A, Hedderson MM, Albright CL, Ehrlich SF, Quesenberry CP, Jr., Peng T, et al. A
pregnancy and postpartum lifestyle intervention in women with gestational diabetes mellitus
reduces diabetes risk factors: a feasibility randomized control trial. Diabetes Care. 2011;34(7):1519-
25.

48. O'Reilly SL, Dunbar JA, Versace V, Janus E, Best JD, Carter R, et al. Mothers after Gestational
Diabetes in Australia (MAGDA): A Randomised Controlled Trial of a Postnatal Diabetes Prevention
Program. PLoS Med. 2016;13(7):e1002092.

49, Peacock AS, Bogossian FE, Wilkinson SA, Gibbons KS, Kim C, McIntyre HD. A Randomised
Controlled Trial to Delay or Prevent Type 2 Diabetes after Gestational Diabetes: Walking for Exercise
and Nutrition to Prevent Diabetes for You. Int J Endocrinol. 2015;2015:423717.

50. Goveia P, Cafion-Montafiez W, Santos DdP, Lopes GW, Ma RCW, Duncan BB, et al. Lifestyle
Intervention for the Prevention of Diabetes in Women With Previous Gestational Diabetes Mellitus:
A Systematic Review and Meta-Analysis. Front Endocrinol (Lausanne). 2018;9:583-.

51. Hirshkowitz M. Normal human sleep: an overview. Med Clin North Am. 2004;88(3):551-65,
vii.

52. Institute of Medicine Committee on Sleep M, Research. The National Academies Collection:
Reports funded by National Institutes of Health. In: Colten HR, Altevogt BM, editors. Sleep Disorders
and Sleep Deprivation: An Unmet Public Health Problem. Washington (DC): National Academies
Press (US)

Copyright © 2006, National Academy of Sciences.; 2006.

53. Adams RJ, Appleton SL, Taylor AW, Gill TK, Lang C, McEvoy RD, et al. Sleep health of
Australian adults in 2016: results of the 2016 Sleep Health Foundation national survey. Sleep Health.
2017;3(1):35-42.

54, Watson NF, Badr MS, Belenky G, Bliwise DL, Buxton OM, Buysse D, et al. Recommended
Amount of Sleep for a Healthy Adult: A Joint Consensus Statement of the American Academy of
Sleep Medicine and Sleep Research Society. Sleep. 2015;38(6):843-4.

55. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and endocrine
function. Lancet. 1999;354(9188):1435-9.

56. Beihl DA, Liese AD, Haffner SM. Sleep duration as a risk factor for incident type 2 diabetes in
a multiethnic cohort. Ann Epidemiol. 2009;19(5):351-7.

57. Gangwisch JE, Heymsfield SB, Boden-Albala B, Buijs RM, Kreier F, Pickering TG, et al. Sleep
duration as a risk factor for diabetes incidence in a large U.S. sample. Sleep. 2007;30(12):1667-73.
58. Gottlieb DJ, Punjabi NM, Newman AB, Resnick HE, Redline S, Baldwin CM, et al. Association
of Sleep Time With Diabetes Mellitus and Impaired Glucose Tolerance. Archives of Internal Medicine.
2005;165(8):863-7.

Page | 100



59. Cappuccio FP, D'Elia L, Strazzullo P, Miller MA. Quantity and quality of sleep and incidence of
type 2 diabetes: a systematic review and meta-analysis. Diabetes Care. 2010;33(2):414-20.

60. Shan Z, Ma H, Xie M, Yan P, Guo Y, Bao W, et al. Sleep Duration and Risk of Type 2 Diabetes:
A Meta-analysis of Prospective Studies. Diabetes Care. 2015;38(3):529-37.

61. Anothaisintawee T, Reutrakul S, Van Cauter E, Thakkinstian A. Sleep disturbances compared
to traditional risk factors for diabetes development: Systematic review and meta-analysis. Sleep Med
Rev. 2016;30:11-24.

62. Cappuccio FP, D'Elia L, Strazzullo P, Miller MA. Sleep duration and all-cause mortality: a
systematic review and meta-analysis of prospective studies. Sleep. 2010;33(5):585-92.

63. Wang Y, Huang W, O’Neil A, Lan Y, Aune D, Wang W, et al. Association between sleep
duration and mortality risk among adults with type 2 diabetes: a prospective cohort study.
Diabetologia. 2020;63(11):2292-304.

64. von Schantz M. Phenotypic effects of genetic variability in human clock genes on circadian
and sleep parameters. J Genet. 2008;87(5):513-9.

65. Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K, Gordijn M, et al.
Epidemiology of the human circadian clock. Sleep Med Rev. 2007;11(6):429-38.

66. Kalmbach DA, Schneider LD, Cheung J, Bertrand SJ, Kariharan T, Pack Al, et al. Genetic Basis
of Chronotype in Humans: Insights From Three Landmark GWAS. Sleep. 2017;40(2).

67. Roenneberg T, Wirz-Justice A, Merrow M. Life between clocks: daily temporal patterns of
human chronotypes. J Biol Rhythms. 2003;18(1):80-90.
68. Merikanto I, Lahti T, Puolijoki H, Vanhala M, Peltonen M, Laatikainen T, et al. Associations of

chronotype and sleep with cardiovascular diseases and type 2 diabetes. Chronobiol Int.
2013;30(4):470-7.

69. Reutrakul S, Hood MM, Crowley SJ, Morgan MK, Teodori M, Knutson KL, et al. Chronotype is
independently associated with glycemic control in type 2 diabetes. Diabetes Care. 2013;36(9):2523-
9.

70. Tatti P, Strollo F, Passali D. Sleep Apnea, Sleep Disturbance, and Fasting Glucose Variability:
A Pilot Study. Journal of diabetes science and technology. 2013;7(3):743-8.

71. Stamatakis KA, Punjabi NM. Effects of sleep fragmentation on glucose metabolism in normal
subjects. Chest. 2010;137(1):95-101.

72. Tasali E, Leproult R, Ehrmann DA, Van Cauter E. Slow-wave sleep and the risk of type 2
diabetes in humans. Proceedings of the National Academy of Sciences. 2008;105(3):1044-9.

73. Herzog N, Jauch-Chara K, Hyzy F, Richter A, Friedrich A, Benedict C, et al. Selective slow wave
sleep but not rapid eye movement sleep suppression impairs morning glucose tolerance in healthy
men. Psychoneuroendocrinology. 2013;38(10):2075-82.

74. MURAKAMI H, DAIMON M, MIZUSHIRI S. 827-P: Prevalence and Clinical Characteristics of
Sleep Disorders in Japanese Patients with Type 2 Diabetes: A Case-Control Study. Diabetes.
2019;68(Supplement 1):827-P.

75. Zhu B-Q, Li X-M, Wang D, Yu X-F. Sleep quality and its impact on glycaemic control in
patients with type 2 diabetes mellitus. International Journal of Nursing Sciences. 2014;1(3):260-5.
76. El-Aghoury AA, Elsherbiny TM, Lewis N, Salem TM, Osman N. Characterization of abnormal
sleep patterns in patients with obesity, type 2 diabetes, or combined. Alexandria Journal of
Medicine. 2018;54(4):455-62.

77. McWhorter KL, Park Y-M, Gaston SA, Fang KB, Sandler DP, Jackson CL. Multiple sleep
dimensions and type 2 diabetes risk among women in the Sister Study: differences by race/ethnicity.
BMJ Open Diabetes Research &amp;amp; Care. 2019;7(1):e000652.

78. Leng Y, Cappuccio FP, Surtees PG, Luben R, Brayne C, Khaw KT. Daytime napping, sleep
duration and increased 8-year risk of type 2 diabetes in a British population. Nutr Metab Cardiovasc
Dis. 2016;26(11):996-1003.

79. Lam KB, Jiang CQ, Thomas GN, Arora T, Zhang WS, Taheri S, et al. Napping is associated with
increased risk of type 2 diabetes: the Guangzhou Biobank Cohort Study. Sleep. 2010;33(3):402-7.

Page | 101



80. Wang H, Chen L, Shen D, Cao Y, Zhang X, Xie K, et al. Association of daytime napping in
relation to risk of diabetes: evidence from a prospective study in Zhejiang, China. Nutr Metab (Lond).
2021;18(1):18.

81. Hublin C, Lehtovirta M, Partinen M, Koskenvuo M, Kaprio J. Napping and the risk of type 2
diabetes: a population-based prospective study. Sleep Med. 2016;17:144-8.

82. Bawadi H, Al Sada A, Al Mansoori N, Al Mannai S, Hamdan A, Shi Z, et al. Sleeping Duration,
Napping and Snoring in Association with Diabetes Control among Patients with Diabetes in Qatar. Int
J Environ Res Public Health. 2021;18(8).

83. Guo VY, Cao B, Wong CKH, Yu EYT. The association between daytime napping and risk of
diabetes: a systematic review and meta-analysis of observational studies. Sleep Medicine.
2017;37:105-12.

84. Yamada T, Shojima N, Yamauchi T, Kadowaki T. J-curve relation between daytime nap
duration and type 2 diabetes or metabolic syndrome: A dose-response meta-analysis. Scientific
reports. 2016;6:38075-.

85. Chen GC, Liu MM, Chen LH, Xu JY, Hidayat K, Li FR, et al. Daytime napping and risk of type 2
diabetes: a meta-analysis of prospective studies. Sleep Breath. 2018;22(3):815-24.

86. Wittmann M, Dinich J, Merrow M, Roenneberg T. Social jetlag: misalighnment of biological
and social time. Chronobiol Int. 2006;23(1-2):497-509.

87. Pan A, Schernhammer ES, Sun Q, Hu FB. Rotating night shift work and risk of type 2 diabetes:
two prospective cohort studies in women. PLoS Med. 2011;8(12):e1001141.

88. Larcher S, Benhamou PY, Pépin JL, Borel AL. Sleep habits and diabetes. Diabetes Metab.
2015;41(4):263-71.

89. Monk TH, Buysse DJ. Exposure to shift work as a risk factor for diabetes. Journal of biological
rhythms. 2013;28(5):356-9.

90. Manodpitipong A, Saetung S, Nimitphong H, Siwasaranond N, Wongphan T, Sornsiriwong C,
et al. Night-shift work is associated with poorer glycaemic control in patients with type 2 diabetes.
Journal of Sleep Research. 2017;26(6):764-72.

91. Phillips AJK, Clerx WM, O’Brien CS, Sano A, Barger LK, Picard RW, et al. Irregular sleep/wake
patterns are associated with poorer academic performance and delayed circadian and sleep/wake
timing. Scientific Reports. 2017;7(1):3216.

92. Lunsford-Avery JR, Engelhard MM, Navar AM, Kollins SH. Validation of the Sleep Regularity
Index in Older Adults and Associations with Cardiometabolic Risk. Scientific Reports.
2018;8(1):14158.

93. Rosique-Esteban N, Papandreou C, Romaguera D, Warnberg J, Corella D, Martinez-Gonzalez
M, et al. Cross-sectional associations of objectively-measured sleep characteristics with obesity and
type 2 diabetes in the PREDIMED-PIlus trial. Sleep. 2018;41(12).

94. Reichmuth KJ, Austin D, Skatrud JB, Young T. Association of sleep apnea and type Il diabetes:
a population-based study. Am J Respir Crit Care Med. 2005;172(12):1590-5.

95. Tasali E, Mokhlesi B, Van Cauter E. Obstructive sleep apnea and type 2 diabetes: interacting
epidemics. Chest. 2008;133(2):496-506.

96. Al-Delaimy WK, Manson JE, Willett WC, Stampfer MJ, Hu FB. Snoring as a Risk Factor for
Type Il Diabetes Mellitus: A Prospective Study. American Journal of Epidemiology. 2002;155(5):387-
93.

97. Babu AR, Herdegen J, Fogelfeld L, Shott S, Mazzone T. Type 2 Diabetes, Glycemic Control,
and Continuous Positive Airway Pressure in Obstructive Sleep Apnea. Archives of Internal Medicine.
2005;165(4):447-52.

98. Leproult R, Deliens G, Gilson M, Peigneux P. Beneficial impact of sleep extension on fasting
insulin sensitivity in adults with habitual sleep restriction. Sleep. 2015;38(5):707-15.
99. Knutson KL, Van Cauter E. Associations between sleep loss and increased risk of obesity and

diabetes. Ann N Y Acad Sci. 2008;1129:287-304.

Page | 102



100. Spiegel K, Tasali E, Penev P, Van Cauter E. Brief communication: Sleep curtailment in healthy
young men is associated with decreased leptin levels, elevated ghrelin levels, and increased hunger
and appetite. Ann Intern Med. 2004;141(11):846-50.

101. Taheri S, Lin L, Austin D, Young T, Mignot E. Short sleep duration is associated with reduced
leptin, elevated ghrelin, and increased body mass index. PLoS Med. 2004;1(3):e62.

102. Klok MD, Jakobsdottir S, Drent ML. The role of leptin and ghrelin in the regulation of food
intake and body weight in humans: a review. Obes Rev. 2007;8(1):21-34.

103.  Hirotsu C, Tufik S, Andersen ML. Interactions between sleep, stress, and metabolism: From
physiological to pathological conditions. Sleep Sci. 2015;8(3):143-52.

104. Leproult R, Copinschi G, Buxton O, Van Cauter E. Sleep loss results in an elevation of cortisol
levels the next evening. Sleep. 1997;20(10):865-70.

105.  Spath-Schwalbe E, Schoéller T, Kern W, Fehm HL, Born J. Nocturnal adrenocorticotropin and
cortisol secretion depends on sleep duration and decreases in association with spontaneous
awakening in the morning. J Clin Endocrinol Metab. 1992;75(6):1431-5.

106.  Akerstedt T, Palmblad J, de la Torre B, Marana R, Gillberg M. Adrenocortical and gonadal
steroids during sleep deprivation. Sleep. 1980;3(1):23-30.

107.  Martinez Cerdn E, Casitas Mateos R, Garcia-Rio F. Sleep apnea-hypopnea syndrome and type
2 diabetes. A reciprocal relationship? Arch Bronconeumol. 2015;51(3):128-39.

108.  Chattu VK, Chattu SK, Burman D, Spence DW, Pandi-Perumal SR. The Interlinked Rising
Epidemic of Insufficient Sleep and Diabetes Mellitus. Healthcare (Basel). 2019;7(1).

109. Deibert DC, DeFronzo RA. Epinephrine-induced insulin resistance in man. J Clin Invest.
1980;65(3):717-21.

110. Avogaro A, Toffolo G, Valerio A, Cobelli C. Epinephrine exerts opposite effects on peripheral
glucose disposal and glucose-stimulated insulin secretion. A stable label intravenous glucose
tolerance test minimal model study. Diabetes. 1996;45(10):1373-8.

111. Loredo JS, Ziegler MG, Ancoli-Israel S, Clausen JL, Dimsdale JE. Relationship of arousals from
sleep to sympathetic nervous system activity and BP in obstructive sleep apnea. Chest.
1999;116(3):655-9.

112.  Kumari M, Badrick E, Ferrie J, Perski A, Marmot M, Chandola T. Self-reported sleep duration
and sleep disturbance are independently associated with cortisol secretion in the Whitehall Il study.
The Journal of clinical endocrinology and metabolism. 2009;94(12):4801-9.

113.  liyori N, Alonso LC, LiJ, Sanders MH, Garcia-Ocana A, O'Doherty RM, et al. Intermittent
hypoxia causes insulin resistance in lean mice independent of autonomic activity. Am J Respir Crit
Care Med. 2007;175(8):851-7.

114.  Louis M, Punjabi NM. Effects of acute intermittent hypoxia on glucose metabolism in awake
healthy volunteers. J Appl Physiol (1985). 2009;106(5):1538-44.

115. Lavie L. Oxidative stress inflammation and endothelial dysfunction in obstructive sleep
apnea. Frontiers in bioscience. 2012;4:1391-403.

116.  Aurora RN, Punjabi NM. Obstructive sleep apnoea and type 2 diabetes mellitus: a
bidirectional association. Lancet Respir Med. 2013;1(4):329-38.

117.  Bloch-Damti A, Bashan N. Proposed mechanisms for the induction of insulin resistance by
oxidative stress. Antioxid Redox Signal. 2005;7(11-12):1553-67.

118. Duncan BB, Schmidt MI, Pankow JS, Ballantyne CM, Couper D, Vigo A, et al. Low-grade
systemic inflammation and the development of type 2 diabetes: the atherosclerosis risk in
communities study. Diabetes. 2003;52(7):1799-805.

119. Moller DE. Potential role of TNF-alpha in the pathogenesis of insulin resistance and type 2
diabetes. Trends Endocrinol Metab. 2000;11(6):212-7.

120. Irwin MR, Olmstead R, Carroll JE. Sleep Disturbance, Sleep Duration, and Inflammation: A
Systematic Review and Meta-Analysis of Cohort Studies and Experimental Sleep Deprivation. Biol
Psychiatry. 2016;80(1):40-52.

Page | 103



121.  Stranges S, Dorn JM, Shipley MJ, Kandala NB, Trevisan M, Miller MA, et al. Correlates of
short and long sleep duration: a cross-cultural comparison between the United Kingdom and the
United States: the Whitehall Il Study and the Western New York Health Study. Am J Epidemiol.
2008;168(12):1353-64.

122.  Youngstedt SD, Kline CE. Epidemiology of exercise and sleep*. Sleep and Biological Rhythms.
2006;4(3):215-21.

123.  Kline CE. The Bidirectional Relationship Between Exercise and Sleep: Implications for
Exercise Adherence and Sleep Improvement. American Journal of Lifestyle Medicine. 2014;8(6):375-
9.

124.  Semplonius T, Willoughby T. Long-Term Links between Physical Activity and Sleep Quality.
Medicine & Science in Sports & Exercise. 2018;50(12).

125.  Rayward AT, Burton NW, Brown WJ, Holliday EG, Plotnikoff RC, Duncan MJ. Associations
between Changes in Activity and Sleep Quality and Duration over Two Years. Medicine & Science in
Sports & Exercise. 2018;50(12).

126. Huang BH, Hamer M, Duncan MJ, Cistulli PA, Stamatakis E. The bidirectional association
between sleep and physical activity: A 6.9 years longitudinal analysis of 38,601 UK Biobank
participants. Prev Med. 2021;143:106315.

127.  Chennaoui M, Arnal PJ, Sauvet F, Léger D. Sleep and exercise: a reciprocal issue? Sleep Med
Rev. 2015;20:59-72.

128.  Bromley LE, Booth JN, I, Kilkus JM, Imperial JG, Penev PD. Sleep Restriction Decreases the
Physical Activity of Adults at Risk for Type 2 Diabetes. Sleep. 2012;35(7):977-84.

129. Mah CD, Mah KE, Kezirian EJ, Dement WC. The Effects of Sleep Extension on the Athletic
Performance of Collegiate Basketball Players. Sleep. 2011;34(7):943-50.

130. Bailey BW, Deru LS, Christensen WF, Stevens AJ, Ward ST, Starr ML, et al. Evaluating
Relationships Between Sleep and Next-Day Physical Activity in Young Women. J Phys Act Health
2020;17(9):874-80.

131.  WuJ, Einerson B, Shaw JM, Nygaard IE, Sheng X, Wolpern A, et al. Association between sleep
quality and physical activity in postpartum women. Sleep Health. 2019;5(6):598-605.

132.  Tadayon M, Abedi P, Farshadbakht F. Impact of pedometer-based walking on menopausal
women's sleep quality: a randomized controlled trial. Climacteric. 2016;19(4):364-8.

133.  Atoui S, Chevance G, Romain AJ, Kingsbury C, Lachance JP, Bernard P. Daily associations
between sleep and physical activity: A systematic review and meta-analysis. Sleep Med Rev.
2021;57:101426.

134.  Kredlow MA, Capozzoli MC, Hearon BA, Calkins AW, Otto MW. The effects of physical
activity on sleep: a meta-analytic review. J Behav Med. 2015;38(3):427-49.

135.  Driver HS, Taylor SR. Exercise and sleep. Sleep Medicine Reviews. 2000;4(4):387-402.

136. WangF, Boros S. The effect of physical activity on sleep quality: a systematic review.
European Journal of Physiotherapy. 2021;23(1):11-8.

137. Yamanaka Y, Hashimoto S, Takasu NN, Tanahashi Y, Nishide SY, Honma S, et al. Morning and
evening physical exercise differentially regulate the autonomic nervous system during nocturnal
sleep in humans. Am J Physiol Regul Integr Comp Physiol. 2015;309(9):R1112-21.

138.  Alley JR, Mazzochi JW, Smith CJ, Morris DM, Collier SR. Effects of resistance exercise timing
on sleep architecture and nocturnal blood pressure. J Strength Cond Res. 2015;29(5):1378-85.

139.  StutzJ, Eiholzer R, Spengler CM. Effects of Evening Exercise on Sleep in Healthy Participants:
A Systematic Review and Meta-Analysis. Sports Med. 2019;49(2):269-87.

140. Nguyen NH, Vallance JK, Buman MP, Moore MM, Reeves MM, Rosenberg DE, et al. Effects of
a wearable technology-based physical activity intervention on sleep quality in breast cancer
survivors: the ACTIVATE Trial. J Cancer Surviv. 2021;15(2):273-80.

141.  Calvin AD, Carter RE, Adachi T, Macedo PG, Albuquerque FN, van der Walt C, et al. Effects of
experimental sleep restriction on caloric intake and activity energy expenditure. Chest.
2013;144(1):79-86.

Page | 104



142.  Grandner MA, Kripke DF, Naidoo N, Langer RD. Relationships among dietary nutrients and
subjective sleep, objective sleep, and napping in women. Sleep Med. 2010;11(2):180-4.

143.  Nedeltcheva AV, Kilkus JM, Imperial J, Kasza K, Schoeller DA, Penev PD. Sleep curtailment is
accompanied by increased intake of calories from snacks. Am J Clin Nutr. 2009;89(1):126-33.

144.  Weiss A, Xu F, Storfer-Isser A, Thomas A, levers-Landis CE, Redline S. The association of sleep
duration with adolescents' fat and carbohydrate consumption. Sleep. 2010;33(9):1201-9.

145. Tanaka E, Yatsuya H, Uemura M, Murata C, Otsuka R, Toyoshima H, et al. Associations of
protein, fat, and carbohydrate intakes with insomnia symptoms among middle-aged Japanese
workers. J Epidemiol. 2013;23(2):132-8.

146.  Katagiri R, Asakura K, Kobayashi S, Suga H, Sasaki S. Low intake of vegetables, high intake of
confectionary, and unhealthy eating habits are associated with poor sleep quality among middle-
aged female Japanese workers. J Occup Health. 2014;56(5):359-68.

147.  Zuraikat FM, Makarem N, Liao M, St-Onge MP, Aggarwal B. Measures of Poor Sleep Quality
Are Associated With Higher Energy Intake and Poor Diet Quality in a Diverse Sample of Women From
the Go Red for Women Strategically Focused Research Network. ] Am Heart Assoc.
2020;9(4):e014587.

148.  Campanini MZ, Guallar-Castillon P, Rodriguez-Artalejo F, Lopez-Garcia E. Mediterranean Diet
and Changes in Sleep Duration and Indicators of Sleep Quality in Older Adults. Sleep. 2017;40(3).
149.  Zuraikat FM, Makarem N, St-Onge MP, Xi H, Akkapeddi A, Aggarwal B. A Mediterranean
Dietary Pattern Predicts Better Sleep Quality in US Women from the American Heart Association Go
Red for Women Strategically Focused Research Network. Nutrients. 2020;12(9).

150. Al Khatib HK, Hall WL, Creedon A, Ooi E, Masri T, McGowan L, et al. Sleep extension is a
feasible lifestyle intervention in free-living adults who are habitually short sleepers: a potential
strategy for decreasing intake of free sugars? A randomized controlled pilot study. The American
journal of clinical nutrition. 2018;107(1):43-53.

151. Hartmann E, Spinweber CL. Sleep induced by L-tryptophan. Effect of dosages within the
normal dietary intake. ] Nerv Ment Dis. 1979;167(8):497-9.

152.  Afaghi A, O'Connor H, Chow CM. High-glycemic-index carbohydrate meals shorten sleep
onset. Am J Clin Nutr. 2007;85(2):426-30.

153.  Vlahoyiannis A, Aphamis G, Andreou E, Samoutis G, Sakkas GK, Giannaki CD. Effects of High
vs. Low Glycemic Index of Post-Exercise Meals on Sleep and Exercise Performance: A Randomized,
Double-Blind, Counterbalanced Polysomnographic Study. Nutrients. 2018;10(11).

154.  Phillips F, Chen CN, Crisp AH, Koval J, McGuinness B, Kalucy RS, et al. Isocaloric diet changes
and electroencephalographic sleep. Lancet. 1975;2(7938):723-5.

155.  Wells AS, Read NW, Uvnas-Moberg K, Alster P. Influences of fat and carbohydrate on
postprandial sleepiness, mood, and hormones. Physiol Behav. 1997;61(5):679-86.

156. Lindseth G, Lindseth P, Thompson M. Nutritional effects on sleep. West J Nurs Res.
2013;35(4):497-513.

157.  Lin HH, Tsai PS, Fang SC, Liu JF. Effect of kiwifruit consumption on sleep quality in adults with
sleep problems. Asia Pac J Clin Nutr. 2011;20(2):169-74.

158. Howatson G, Bell PG, Tallent J, Middleton B, McHugh MP, Ellis J. Effect of tart cherry juice
(Prunus cerasus) on melatonin levels and enhanced sleep quality. Eur J Nutr. 2012;51(8):909-16.
159. Lie ML, Hayes L, Lewis-Barned NJ, May C, White M, Bell R. Preventing type 2 diabetes after
gestational diabetes: women's experiences and implications for diabetes prevention interventions.
Diabet Med. 2013;30(8):986-93.

160. Zehle K, Smith BJ, Chey T, McLean M, Bauman AE, Cheung NW. Psychosocial factors related
to diet among women with recent gestational diabetes: opportunities for intervention. Diabetes
Educ. 2008;34(5):807-14.

161. Kim C, McEwen LN, Piette JD, Goewey J, Ferrara A, Walker EA. Risk Perception for Diabetes
Among Women With Histories of Gestational Diabetes Mellitus. Diabetes Care. 2007;30(9):2281.

Page | 105



162. Dennison RA, Ward RJ, Griffin SJ, Usher-Smith JA. Women's views on lifestyle changes to
reduce the risk of developing Type 2 diabetes after gestational diabetes: a systematic review,
qualitative synthesis and recommendations for practice. Diabetic Medicine. 2019;36(6):702-17.
163. Kim C, McEwen LN, Kieffer EC, Herman WH, Piette JD. Self-Efficacy, Social Support, and
Associations With Physical Activity and Body Mass Index Among Women With Histories of
Gestational Diabetes Mellitus. The Diabetes Educator. 2008;34(4):719-28.

164. Zulfiqar T, Lithander F, Banwell C, Young R, Boisseau L, Ingle M, et al. Barriers to a healthy
lifestyle post gestational-diabetes: An Australian qualitative study. Women and Birth. 2017;30.

165. Razee H, van der Ploeg HP, Blignault |, Smith BJ, Bauman AE, McLean M, et al. Beliefs,
barriers, social support, and environmental influences related to diabetes risk behaviours among
women with a history of gestational diabetes. Health Promot J Austr. 2010;21(2):130-7.

166. Organisation WH. mHealth: New Horizons for Health through Mobile Technologies: Second
Global Survey on eHealth 272011 30 May 2021.

167. Linden T, Nawaz S, Mitchell M. Adults’ perspectives on smartphone usage and dependency
in Australia. Computers in Human Behavior Reports. 2021;3:100060.

168.  Hall AK, Cole-Lewis H, Bernhardt JM. Mobile text messaging for health: a systematic review
of reviews. Annu Rev Public Health. 2015;36:393-415.

169. Waller K, Furber S, Bauman A, Allman-Farinelli M, van den Dolder P, Hayes A, et al.
Effectiveness and acceptability of a text message intervention (DTEXT) on diabetes control and self-
management for people with type 2 diabetes: A randomized controlled trial2020.

170. Agboola S, Jethwani K, Lopez L, Searl M, O'Keefe S, Kvedar J. Text to Move: A Randomized
Controlled Trial of a Text-Messaging Program to Improve Physical Activity Behaviors in Patients With
Type 2 Diabetes Mellitus. ] Med Internet Res. 2016;18(11):e307.

171.  Haider R, Sudini L, Chow CK, Cheung NW. Mobile phone text messaging in improving
glycaemic control for patients with type 2 diabetes mellitus: A systematic review and meta-analysis.
Diabetes Res Clin Pract. 2019;150:27-37.

172. Cheung NW, Blumenthal C, Smith BJ, Hogan R, Thiagalingam A, Redfern J, et al. A Pilot
Randomised Controlled Trial of a Text Messaging Intervention with Customisation Using Linked Data
from Wireless Wearable Activity Monitors to Improve Risk Factors Following Gestational Diabetes.
Nutrients. 2019;11(3).

173.  Chow CK, Redfern J, Hillis GS, Thakkar J, Santo K, Hackett ML, et al. Effect of Lifestyle-
Focused Text Messaging on Risk Factor Modification in Patients With Coronary Heart Disease: A
Randomized Clinical Trial. JAMA. 2015;314(12):1255-63.

174. Burn E, Nghiem S, Jan S, Redfern J, Rodgers A, Thiagalingam A, et al. Cost-effectiveness of a
text message programme for the prevention of recurrent cardiovascular events. Heart.
2017;103(12):893-4.

175. WongC, Jiao F, Siu S-C, Fung C, Fong D, Wong K-W, et al. Cost-Effectiveness of a Short
Message Service Intervention to Prevent Type 2 Diabetes from Impaired Glucose Tolerance. Journal
of Diabetes Research. 2016;2016:1219581.

176.  Nelson LA, Spieker A, Greevy R, LeStourgeon LM, Wallston KA, Mayberry LS. User
Engagement Among Diverse Adults in a 12-Month Text Message-Delivered Diabetes Support
Intervention: Results from a Randomized Controlled Trial. JMIR Mhealth Uhealth. 2020;8(7):e17534.
177. Mahloko L, Adebesin F, editors. A Systematic Literature Review of the Factors that Influence
the Accuracy of Consumer Wearable Health Device Data. Responsible Design, Implementation and
Use of Information and Communication Technology; 2020 2020//; Cham: Springer International
Publishing.

178.  Fuller D, Colwell E, Low J, Orychock K, Tobin MA, Simango B, et al. Reliability and Validity of
Commercially Available Wearable Devices for Measuring Steps, Energy Expenditure, and Heart Rate:
Systematic Review. JMIR Mhealth Uhealth. 2020;8(9):e18694.

179.  Chinoy ED, Cuellar JA, Huwa KE, Jameson JT, Watson CH, Bessman SC, et al. Performance of
seven consumer sleep-tracking devices compared with polysomnography. Sleep. 2021;44(5).

Page | 106



180. Haghayegh S, Khoshnevis S, Smolensky MH, Diller KR, Castriotta RJ. Accuracy of Wristband
Fitbit Models in Assessing Sleep: Systematic Review and Meta-Analysis. Journal of medical Internet
research. 2019;21(11):e16273-e.

181.  Brickwood K-J, Watson G, O'Brien J, Williams AD. Consumer-Based Wearable Activity
Trackers Increase Physical Activity Participation: Systematic Review and Meta-Analysis. JMIR
mHealth and uHealth. 2019;7(4):e11819-e.

182.  Franssen WMA, Franssen GHLM, Spaas J, Solmi F, Eijnde BO. Can consumer wearable activity
tracker-based interventions improve physical activity and cardiometabolic health in patients with
chronic diseases? A systematic review and meta-analysis of randomised controlled trials.
International Journal of Behavioral Nutrition and Physical Activity. 2020;17(1):57.

183.  Miyauchi M, Toyoda M, Kaneyama N, Miyatake H, Tanaka E, Kimura M, et al. Exercise
Therapy for Management of Type 2 Diabetes Mellitus: Superior Efficacy of Activity Monitors over
Pedometers. Journal of Diabetes Research. 2016;2016:5043964.

184.  Baskerville R, Ricci-Cabello I, Roberts N, Farmer A. Impact of accelerometer and pedometer
use on physical activity and glycaemic control in people with Type 2 diabetes: a systematic review
and meta-analysis. Diabetic Medicine. 2017;34(5):612-20.

185. Brooke SM, An HS, Kang SK, Noble JM, Berg KE, Lee JM. Concurrent Validity of Wearable
Activity Trackers Under Free-Living Conditions. J Strength Cond Res. 2017;31(4):1097-106.

186.  Tudor-Locke C, Sisson SB, Collova T, Lee SM, Swan PD. Pedometer-determined step count
guidelines for classifying walking intensity in a young ostensibly healthy population. Can J Appl
Physiol. 2005;30(6):666-76.

187.  Jovanovic-Peterson L, Durak EP, Peterson CM. Randomized trial of diet versus diet plus
cardiovascular conditioning on glucose levels in gestational diabetes. Am J Obstet Gynecol.
1989;161(2):415-9.

188.  AlSheikh MH. Effect of exercise on glycaemic control and pregnancy outcomes in women
with gestational diabetes mellitus: A review. Indian Journal of Physiology and Pharmacology.64.
189. BarakatR, Perales M, Garatachea N, Ruiz JR, Lucia A. Exercise during pregnancy. A narrative
review asking: what do we know? Br J Sports Med. 2015;49(21):1377-81.

190. Marschner S, Chow C, Thiagalingam A, Simmons D, McClean M, Pasupathy D, et al.
Effectiveness of a customised mobile phone text messaging intervention supported by data from
activity monitors for improving lifestyle factors related to the risk of type 2 diabetes among women
after gestational diabetes: protocol for a multicentre randomised controlled trial (SMART MUMS
with smart phones 2). BMJ Open. 2021;11(9):e054756.

191. RANZCOG. Exercise During Pregnancy 2020 [

192. Rose AJ, Richter EA. Skeletal Muscle Glucose Uptake During Exercise: How is it Regulated?
Physiology. 2005;20(4):260-70.

193.  Connolly CP, Conger SA, Montoye AHK, Marshall MR, Schlaff RA, Badon SE, et al. Walking for
health during pregnancy: A literature review and considerations for future research. J Sport Health
Sci. 2019;8(5):401-11.

194. Bo S, Rosato R, Ciccone G, Canil S, Gambino R, Poala CB, et al. Simple lifestyle
recommendations and the outcomes of gestational diabetes. A 2 x 2 factorial randomized trial.
Diabetes Obes Metab. 2014;16(10):1032-5.

195. Onaade O, Maples JM, Rand B, Fortner KB, Zite NB, Ehrlich SF. Physical activity for blood
glucose control in gestational diabetes mellitus: rationale and recommendations for translational
behavioral interventions. Clinical Diabetes and Endocrinology. 2021;7(1):7.

196.  Hayashi A, Oguchi H, Kozawa Y, Ban Y, Shinoda J, Suganuma N. Daily walking is effective for
the management of pregnant women with gestational diabetes mellitus. J Obstet Gynaecol Res.
2018;44(9):1731-8.

197. Coe DP, Conger SA, Kendrick JM, Howard BC, Thompson DL, Bassett DR, Jr., et al.
Postprandial walking reduces glucose levels in women with gestational diabetes mellitus. Appl
Physiol Nutr Metab. 2018;43(5):531-4.

Page | 107



198. Bambicini JT, Soares VCM, Zanetti MRD, Torloni MR, Ribeiro MC, Mattar R. M221 EFFECTS
OF AEROBIC AND RESISTANCE EXERCISES ON GLYCEMIC LEVELS OF PATIENTS WITH GESTATIONAL
DIABETES: PILOT STUDY. International Journal of Gynecology & Obstetrics. 2012;119(S3):S603-S.
199. Pien GW, Schwab RJ. Sleep disorders during pregnancy. Sleep. 2004;27(7):1405-17.

200.  Facco FL, Kramer J, Ho KH, Zee PC, Grobman WA. Sleep disturbances in pregnancy. Obstet
Gynecol. 2010;115(1):77-83.

201.  Kizihrmak A, Timur S, Kartal B. Insomnia in Pregnancy and Factors Related to Insomnia. The
Scientific World Journal. 2012;2012:197093

202.  Mindell JA, Jacobson BJ. Sleep disturbances during pregnancy. J Obstet Gynecol Neonatal
Nurs. 2000;29(6):590-7.

203. Hedman C, Pohjasvaara T, Tolonen U, Suhonen-Malm AS, Myllyla VV. Effects of pregnancy
on mothers' sleep. Sleep Med. 2002;3(1):37-42.

204. Pamidi S, Pinto LM, Marc |, Benedetti A, Schwartzman K, Kimoff RJ. Maternal sleep-
disordered breathing and adverse pregnancy outcomes: a systematic review and metaanalysis. Am J
Obstet Gynecol. 2014;210(1):52.e1-.e14.

205.  Reutrakul S, Zaidi N, Wroblewski K, Kay HH, Ismail M, Ehrmann DA, et al. Interactions
between pregnancy, obstructive sleep apnea, and gestational diabetes mellitus. J Clin Endocrinol
Metab. 2013;98(10):4195-202.

206. LiR,Zhangl, Zhou R, Liu J, Dai Z, Liu D, et al. Sleep disturbances during pregnancy are
associated with cesarean delivery and preterm birth. The Journal of Maternal-Fetal & Neonatal
Medicine. 2017;30(6):733-8.

207. WangH, LengJ, LiW, Wang L, Zhang C, Li W, et al. Sleep duration and quality, and risk of
gestational diabetes mellitus in pregnant Chinese women. Diabetic Medicine. 2017;34(1):44-50.
208.  Alnaji A. The relationship between sleep and glucose control in gestational diabetes [PhD
Thesis]: University of Leeds; 2018.

209. CaiS, Tan S, Gluckman PD, Godfrey KM, Saw SM, Teoh OH, et al. Sleep Quality and Nocturnal
Sleep Duration in Pregnancy and Risk of Gestational Diabetes Mellitus. Sleep. 2017;40(2).

210. Ladson G, Chirwa S, Nwabuisi C, Whitty J, Clark J, Atkinson R. Sleep Disturbances in
Pregnancy Increases Risk for Gestational Diabetes. Obstetrics and gynecology. 2014;123 Suppl
1:152S.

211.  Okun M, Roberts J, Marsland A, Hall M. How Disturbed Sleep May Be a Risk Factor for
Adverse Pregnancy Outcomes. Obstetrical & gynecological survey. 2009;64:273-80.

212.  Gooley JJ, Mohapatra L, Twan DCK. The role of sleep duration and sleep disordered
breathing in gestational diabetes mellitus. Neurobiol Sleep Circadian Rhythms. 2018;4:34-43.

213.  Christian LM, Carroll JE, Porter K, Hall MH. Sleep quality across pregnancy and postpartum:
effects of parity and race. Sleep Health. 2019;5(4):327-34.

214. TwedtR, Bradley M, Deiseroth D, Althouse A, Facco F. Sleep Duration and Blood Glucose
Control in Women With Gestational Diabetes Mellitus. Obstetrics and gynecology. 2015;126(2):326-
31.

215.  Alnaji A, Ellison GT, Law GR, Scott EM. Relationship between sleep quality, sleep duration
and glucose control in pregnant women with gestational diabetes. The Proceedings of the Nutrition
Society. 2016;75(0OCE1):1.

216. Bellamy L, Casas JP, Hingorani AD, Williams D. Type 2 diabetes mellitus after gestational
diabetes: a systematic review and meta-analysis. Lancet. 2009;373(9677):1773-9.

217.  Hunter LP, Rychnovsky JD, Yount SM. A selective review of maternal sleep characteristics in
the postpartum period. J Obstet Gynecol Neonatal Nurs. 2009;38(1):60-8.

218.  Gunderson EP, Rifas-Shiman SL, Oken E, Rich-Edwards JW, Kleinman KP, Taveras EM, et al.
Association of fewer hours of sleep at 6 months postpartum with substantial weight retention at 1
year postpartum. Am J Epidemiol. 2008;167(2):178-87.

Page | 108



219. Bhati S, Richards K. A Systematic Review of the Relationship Between Postpartum Sleep
Disturbance and Postpartum Depression. Journal of Obstetric, Gynecologic & Neonatal Nursing.
2015;44(3):350-7.

220.  Vladutiu CJ, Evenson KR, Borodulin K, Deng Y, Dole N. The association between physical
activity and maternal sleep during the postpartum period. Matern Child Health J. 2014;18(9):2106-
14.

221. Pereira MA, Rifas-Shiman SL, Kleinman KP, Rich-Edwards JW, Peterson KE, Gillman MW.
Predictors of change in physical activity during and after pregnancy: Project Viva. Am J Prev Med.
2007;32(4):312-9.

222.  Quillin SI. Infant and mother sleep patterns during 4th postpartum week. Issues Compr
Pediatr Nurs. 1997;20(2):115-23.

223.  Matsumoto K, Shinkoda H, Kang MJ, Seo YJ. Longitudinal Study of Mothers’ Sleep-Wake
Behaviors and Circadian Time Patterns from Late Pregnancy to Postpartum — Monitoring of Wrist
Actigraphy and Sleep Logs. Biological Rhythm Research. 2003;34(3):265-78.

224.  GayCL, Lee KA, Lee S-Y. Sleep patterns and fatigue in new mothers and fathers. Biol Res
Nurs. 2004;5(4):311-8.

225.  Gore SA, Brown DM, West DS. The role of postpartum weight retention in obesity among
women: a review of the evidence. Ann Behav Med. 2003;26(2):149-59.

226. Rooney BL, Schauberger CW. Excess pregnancy weight gain and long-term obesity: one
decade later. Obstet Gynecol. 2002;100(2):245-52.

227. Amorim Adegboye AR, Linne YM. Diet or exercise, or both, for weight reduction in women
after childbirth. Cochrane Database Syst Rev. 2013(7):Cd005627.

228.  Nascimento SL, Pudwell J, Surita FG, Adamo KB, Smith GN. The effect of physical exercise
strategies on weight loss in postpartum women: a systematic review and meta-analysis.
International Journal of Obesity. 2014;38(5):626-35.

229.  Maturi MS, Afshary P, Abedi P. Effect of physical activity intervention based on a pedometer
on physical activity level and anthropometric measures after childbirth: a randomized controlled
trial. BMC Pregnancy and Childbirth. 2011;11(1):103.

230. Siega-Riz AM, Herring AH, Carrier K, Evenson KR, Dole N, Deierlein A. Sociodemographic,
perinatal, behavioral, and psychosocial predictors of weight retention at 3 and 12 months
postpartum. Obesity (Silver Spring). 2010;18(10):1996-2003.

231.  Gunderson EP, Rifas-Shiman SL, Oken E, Rich-Edwards JW, Kleinman KP, Taveras EM, et al.
Association of Fewer Hours of Sleep at 6 Months Postpartum with Substantial Weight Retention at 1
Year Postpartum. American Journal of Epidemiology. 2008;167(2):178-87.

232.  Herring SJ, Yu D, Spaeth A, Pien G, Darden N, Riis V, et al. Influence of Sleep Duration on
Postpartum Weight Change in Black and Hispanic Women. Obesity (Silver Spring). 2019;27(2):295-
303.

233.  Davidson L, Crites Y, LaGuardia J, Gunderson E. Early Postpartum Sleep and Substantial
Postpartum Weight Retention in Women with Gestational Diabetes Mellitus [21A]2016. 16S-7S p.
234.  Institute of Medicine Committee on Nutritional Status During P, Lactation. Nutrition During
Pregnancy: Part | Weight Gain: Part Il Nutrient Supplements. Washington (DC): National Academies
Press (US)

Copyright © 1990 by the National Academy of Sciences.; 1990.

235.  Ruchat S-M, Mottola MF, Skow RJ, Nagpal TS, Meah VL, James M, et al. Effectiveness of
exercise interventions in the prevention of excessive gestational weight gain and postpartum weight
retention: a systematic review and meta-analysis. British Journal of Sports Medicine.
2018;52(21):1347.

236.  Davenport MH, Giroux |, Sopper MM, Mottola MF. Postpartum exercise regardless of
intensity improves chronic disease risk factors. Med Sci Sports Exerc. 2011;43(6):951-8.

237.  Blum JW, Beaudoin CM, Caton-Lemos L. Physical activity patterns and maternal well-being in
postpartum women. Matern Child Health J. 2004;8(3):163-9.

Page | 109



238.  McTiernan A, Friedenreich CM, Katzmarzyk PT, Powell KE, Macko R, Buchner D, et al.
Physical Activity in Cancer Prevention and Survival: A Systematic Review. Med Sci Sports Exerc.
2019;51(6):1252-61.

239. Chew HSJ, Lopez V. Global Impact of COVID-19 on Weight and Weight-Related Behaviors in
the Adult Population: A Scoping Review. Int J Environ Res Public Health. 2021;18(4).

240.  Staff F. The impact of coronavirus on global activity 2020 [Available from:
https://blog.fitbit.com/covid-19-global-activity/.

241. Tison GH, Avram R, Kuhar P, Abreau S, Marcus GM, Pletcher MJ, et al. Worldwide Effect of
COVID-19 on Physical Activity: A Descriptive Study. Ann Intern Med. 2020;173(9):767-70.

242.  Constandt B, Thibaut E, De Bosscher V, Scheerder J, Ricour M, Willem A. Exercising in Times
of Lockdown: An Analysis of the Impact of COVID-19 on Levels and Patterns of Exercise among
Adults in Belgium. International Journal of Environmental Research and Public Health.
2020;17(11):4144.

243.  Mottola MF. Exercise prescription for overweight and obese women: pregnancy and
postpartum. Obstet Gynecol Clin North Am. 2009;36(2):301-186, viii.

244,  Hillyard M, Sinclair M, Murphy M, Casson K, Mulligan C. The impact of COVID-19 on the
physical activity and sedentary behaviour levels of pregnant women with gestational diabetes. PLoS
One. 2021;16(8):e0254364.

245.  Lequertier B, McLean MA, Kildea S, King S, Keedle H, Gao Y, et al. Perinatal Depression in
Australian Women during the COVID-19 Pandemic: The Birth in the Time of COVID-19 (BITTOC)
Study. International Journal of Environmental Research and Public Health. 2022;19(9):5062.

246. DeYoung SE, Mangum M. Pregnancy, Birthing, and Postpartum Experiences During COVID-19
in the United States. Frontiers in Sociology. 2021;6.

247.  Evenson KR, Herring AH, Wen F. Self-Reported and Objectively Measured Physical Activity
Among a Cohort of Postpartum Women: The PIN Postpartum Study. Journal of Physical Activity and
Health. 2012;9(1):5-20.

248.  Ancoli-Israel S, Cole R, Alessi C, Chambers M, Moorcroft W, Pollak CP. The role of actigraphy
in the study of sleep and circadian rhythms. Sleep. 2003;26(3):342-92.

249.  de Souza L, Benedito-Silva AA, Pires ML, Poyares D, Tufik S, Calil HM. Further validation of
actigraphy for sleep studies. Sleep. 2003;26(1):81-5.

250.  Martin JL, Hakim AD. Wrist actigraphy. Chest. 2011;139(6):1514-27.

251.  Berger AM, Wielgus KK, Young-McCaughan S, Fischer P, Farr L, Lee KA. Methodological
challenges when using actigraphy in research. J Pain Symptom Manage. 2008;36(2):191-9.

252.  Sylvia LG, Bernstein EE, Hubbard JL, Keating L, Anderson EJ. Practical guide to measuring
physical activity. J Acad Nutr Diet. 2014;114(2):199-208.

253. Bao W, Yeung E, Tobias DK, Hu FB, Vaag AA, Chavarro JE, et al. Long-term risk of type 2
diabetes mellitus in relation to BMI and weight change among women with a history of gestational
diabetes mellitus: a prospective cohort study. Diabetologia. 2015;58(6):1212-9.

254.  Nicklas JM, Rosner BA, Zera CA, Seely EW. Association Between Changes in Postpartum
Weight and Waist Circumference and Changes in Cardiometabolic Risk Factors Among Women With
Recent Gestational Diabetes. Prev Chronic Dis. 2019;16:E47-E.

255. Ehrlich SF, Hedderson MM, Quesenberry CP, Jr., Feng J, Brown SD, Crites Y, et al. Post-
partum weight loss and glucose metabolism in women with gestational diabetes: the DEBI Study.
Diabetic medicine : a journal of the British Diabetic Association. 2014;31(7):862-7.

256. Mannan M, Doi SA, Mamun AA. Association between weight gain during pregnancy and
postpartum weight retention and obesity: a bias-adjusted meta-analysis. Nutr Rev. 2013;71(6):343-
52.

257.  Nehring |, Schmoll S, Beyerlein A, Hauner H, von Kries R. Gestational weight gain and long-
term postpartum weight retention: a meta-analysis. Am J Clin Nutr. 2011;94(5):1225-31.

Page | 110


https://blog.fitbit.com/covid-19-global-activity/

258.  Ketterl TG, Dundas NJ, Roncaioli SA, Littman AJ, Phipps Al. Association of Pre-pregnancy BMI
and Postpartum Weight Retention Before Second Pregnancy, Washington State, 2003-2013. Matern
Child Health J. 2018;22(9):1339-44.

259. HeX,Zhu M, Hu C, Tao X, Li Y, Wang Q, et al. Breast-feeding and postpartum weight
retention: a systematic review and meta-analysis. Public Health Nutr. 2015;18(18):3308-16.

260. Olson CM, Strawderman MS, Hinton PS, Pearson TA. Gestational weight gain and
postpartum behaviors associated with weight change from early pregnancy to 1y postpartum. Int J
Obes Relat Metab Disord. 2003;27(1):117-27.

261.  Hill B, McPhie S, Skouteris H. The Role of Parity in Gestational Weight Gain and Postpartum
Weight Retention. Womens Health Issues. 2016;26(1):123-9.

262.  Herring SJ, Rich-Edwards JW, Oken E, Rifas-Shiman SL, Kleinman KP, Gillman MW.
Association of postpartum depression with weight retention 1 year after childbirth. Obesity (Silver
Spring). 2008;16(6):1296-301.

263.  Hollis JL, Crozier SR, Inskip HM, Cooper C, Godfrey KM, Harvey NC, et al. Modifiable risk
factors of maternal postpartum weight retention: an analysis of their combined impact and potential
opportunities for prevention. International Journal of Obesity. 2017;41(7):1091-8.

264. Hure A, Young A, Smith R, Collins C. Diet and pregnancy status in Australian women. Public
Health Nutr. 2009;12(6):853-61.

265.  Smith BJ, Cheung NW, Bauman AE, Zehle K, McLean M. Postpartum Physical Activity and
Related Psychosocial Factors Among Women With Recent Gestational Diabetes Mellitus. Diabetes
Care. 2005;28(11):2650-4.

266. vander Pligt P, Olander EK, Ball K, Crawford D, Hesketh KD, Teychenne M, et al. Maternal
dietary intake and physical activity habits during the postpartum period: associations with clinician
advice in a sample of Australian first time mothers. BMC Pregnancy and Childbirth. 2016;16(1):27.
267. LimS, O'Reilly S, Behrens H, Skinner T, Ellis |, Dunbar JA. Effective strategies for weight loss in
post-partum women: a systematic review and meta-analysis. Obes Rev. 2015;16(11):972-87.

268. Dalrymple KV, Flynn AC, Relph SA, O'Keeffe M, Poston L. Lifestyle Interventions in
Overweight and Obese Pregnant or Postpartum Women for Postpartum Weight Management: A
Systematic Review of the Literature. Nutrients. 2018;10(11).

269.  Swift DL, Johannsen NM, Lavie CJ, Earnest CP, Church TS. The role of exercise and physical
activity in weight loss and maintenance. Prog Cardiovasc Dis. 2014;56(4):441-7.

270.  Makama M, Skouteris H, Moran LJ, Lim S. Reducing Postpartum Weight Retention: A Review
of the Implementation Challenges of Postpartum Lifestyle Interventions. J Clin Med. 2021;10(9).
271.  Li Q. The association between sleep duration and excess body weight of the American adult
population: a cross-sectional study of the national health and nutrition examination survey 2015—
2016. BMC Public Health. 2021;21(1):335.

272.  Xiao RS, Kroll-Desrosiers AR, Goldberg RJ, Pagoto SL, Person SD, Waring ME. The impact of
sleep, stress, and depression on postpartum weight retention: a systematic review. J Psychosom Res.
2014;77(5):351-8.

273.  Resta O, Foschino Barbaro MP, Bonfitto P, Giliberti T, Depalo A, Pannacciulli N, et al. Low
sleep quality and daytime sleepiness in obese patients without obstructive sleep apnoea syndrome. J
Intern Med. 2003;253(5):536-43.

274.  Vorona RD, Winn MP, Babineau TW, Eng BP, Feldman HR, Ware JC. Overweight and obese
patients in a primary care population report less sleep than patients with a normal body mass index.
Arch Intern Med. 2005;165(1):25-30.

275.  Gillman MW, Pinto BM, Tennstedt S, Glanz K, Marcus B, Friedman RH. Relationships of
Physical Activity with Dietary Behaviors among Adults. Preventive medicine. 2001;32(3):295-301.
276.  Eaton CB, McPhillips JB, Gans KM, Garber CE, Assaf AR, Lasater TM, et al. Cross-sectional
relationship between diet and physical activity in two southeastern New England communities. Am J
Prev Med. 1995;11(4):238-44.

Page | 111



277. Heredia NI, Fernandez ME, van den Berg AE, Durand CP, Kohl HW, Reininger BM, et al.
Coaction Between Physical Activity and Fruit and Vegetable Intake in Racially Diverse, Obese Adults.
Am J Health Promot. 2020;34(3):238-46.

278.  So-Ngern A, Chirakalwasan N, Saetung S, Chanprasertyothin S, Thakkinstian A, Reutrakul S.
Effects of Two-Week Sleep Extension on Glucose Metabolism in Chronically Sleep-Deprived
Individuals. J Clin Sleep Med. 2019;15(5):711-8.

279. PERFECT M, FRYE S, BLUEZ GP. The Effects of a Sleep Extension Intervention on Glucose
Control in Youth with Type 1 Diabetes. Diabetes. 2018;67(Supplement_1).

280. LiM,LiD,TangV, MengL, Mao C, Sun L, et al. Effect of Diabetes Sleep Education for T2DM
Who Sleep After Midnight: A Pilot Study from China. Metab Syndr Relat Disord. 2018;16(1):13-9.
281. Twedt R, Facco F, Buysse D, Franzen P, Hamm M. 168: Sleep intervention to improve
glycemic control in women with gestational diabetes mellitus: A pilot RCT. American Journal of
Obstetrics & Gynecology. 2020;222(1):5120-S1.

282.  Chaput JP, Tremblay A. Sleeping Habits Predict the Magnitude of Fat Loss in Adults Exposed
to Moderate Caloric Restriction. Obesity Facts. 2012;5(4):561-6.

283. Thomson CA, Morrow KL, Flatt SW, Wertheim BC, Perfect MM, Ravia JJ, et al. Relationship
between sleep quality and quantity and weight loss in women participating in a weight-loss
intervention trial. Obesity (Silver Spring). 2012;20(7):1419-25.

284.  Cizza G, Marincola P, Mattingly M, Williams L, Mitler M, Skarulis M, et al. Treatment of
obesity with extension of sleep duration: a randomized, prospective, controlled trial. Clin Trials.
2010;7(3):274-85.

285.  Tasali E, Wroblewski K, Kahn E, Kilkus J, Schoeller DA. Effect of Sleep Extension on
Objectively Assessed Energy Intake Among Adults With Overweight in Real-life Settings: A
Randomized Clinical Trial. JAMA Internal Medicine. 2022.

286.  Reutrakul S, Martyn-Nemeth P, Quinn L, Danielson K, Rydzon B, Baron K, et al. 667 Effects of
Sleep-Extend on glucose metabolism in women with a history of gestational diabetes: A pilot study.
Sleep. 2021;44(Supplement_2):A261-A.

287.  Pigeon WR. Treatment of adult insomnia with cognitive-behavioral therapy. J Clin Psychol.
2010;66(11):1148-60.

288.  Sandborg J, Soderstrom E, Henriksson P, Bendtsen M, Henstrom M, Leppanen MH, et al.
Effectiveness of a Smartphone App to Promote Healthy Weight Gain, Diet, and Physical Activity
During Pregnancy (HealthyMoms): Randomized Controlled Trial. JMIR Mhealth Uhealth.
2021;9(3):26091.

289. Dodd JM, Louise J, Cramp C, Grivell RM, Moran LJ, Deussen AR. Evaluation of a smartphone
nutrition and physical activity application to provide lifestyle advice to pregnant women: The SNAPP
randomised trial. Matern Child Nutr. 2018;14(1).

290. Ainscough KM, O'Brien EC, Lindsay KL, Kennelly MA, O'Sullivan EJ, O'Brien OA, et al.
Nutrition, Behavior Change and Physical Activity Outcomes From the PEARS RCT-An mHealth-
Supported, Lifestyle Intervention Among Pregnant Women With Overweight and Obesity. Front
Endocrinol (Lausanne). 2019;10:938.

291. Li LJ, Aris IM, Han WM, Tan KH. A Promising Food-Coaching Intervention Program to Achieve
Optimal Gestational Weight Gain in Overweight and Obese Pregnant Women: Pilot Randomized
Controlled Trial of a Smartphone App. JMIR Form Res. 2019;3(4):e13013.

292. Kim C, Draska M, Hess ML, Wilson EJ, Richardson CR. A web-based pedometer programme in
women with a recent history of gestational diabetes. Diabet Med. 2012;29(2):278-83.

293.  Michie S, Abraham C, Whittington C, McAteer J, Gupta S. Effective techniques in healthy
eating and physical activity interventions: a meta-regression. Health Psychol. 2009;28(6):690-701.
294. Vaes AW, Cheung A, Atakhorrami M, Groenen MT, Amft O, Franssen FM, et al. Effect of
'activity monitor-based' counseling on physical activity and health-related outcomes in patients with
chronic diseases: A systematic review and meta-analysis. Ann Med. 2013;45(5-6):397-412.

Page | 112



295. Hochberg|, Feraru G, Kozdoba M, Mannor S, Tennenholtz M, Yom-Tov E. Encouraging
Physical Activity in Patients With Diabetes Through Automatic Personalized Feedback via
Reinforcement Learning Improves Glycemic Control. Diabetes Care. 2016;39(4):e59-e60.

296. Laranjo L, Ding D, Heleno B, Kocaballi B, Quiroz JC, Tong HL, et al. Do smartphone
applications and activity trackers increase physical activity in adults? Systematic review, meta-
analysis and metaregression. British Journal of Sports Medicine. 2021;55(8):422-32.

297. Kononova A, Li L, Kamp K, Bowen M, Rikard RV, Cotten S, et al. The Use of Wearable Activity
Trackers Among Older Adults: Focus Group Study of Tracker Perceptions, Motivators, and Barriers in
the Maintenance Stage of Behavior Change. JMIR Mhealth Uhealth. 2019;7(4):e9832.

298.  Friel CP, Cornelius T, Diaz KM. Factors associated with long-term wearable physical activity
monitor user engagement. Transl Behav Med. 2021;11(1):262-9.

299. Gell NM, Grover KW, Savard L, Dittus K. Outcomes of a text message, Fitbit, and coaching
intervention on physical activity maintenance among cancer survivors: a randomized control pilot
trial. J Cancer Surviv. 2020;14(1):80-8.

300. Adams MA, Sallis JF, Norman GJ, Hovell MF, Hekler EB, Perata E. An Adaptive Physical
Activity Intervention for Overweight Adults: A Randomized Controlled Trial. PLOS ONE.
2013;8(12):82901.

301. Adams MA, Todd M, Angadi SS, Hurley JC, Stecher C, Berardi V, et al. Adaptive Goals and
Reinforcement Timing to Increase Physical Activity in Adults: A Factorial Randomized Trial. American
Journal of Preventive Medicine. 2022;62(2):e57-e68.

302. Kelson M, Hawkins J, Edwards M, McConnon L, Hallingberg B, Oliver E, et al. P26 Exploring
the acceptability and feasibility of using activity monitors to support increased physical activity
within an exercise referral scheme for adults with, or at risk of, a chronic health condition2019.
A83.2-A p.

303. Groarke JM, Richmond J, Mc Sharry J, Groarke A, Harney OM, Kelly MG, et al. Acceptability
of a Mobile Health Behavior Change Intervention for Cancer Survivors With Obesity or Overweight:
Nested Mixed Methods Study Within a Randomized Controlled Trial. JMIR Mhealth Uhealth.
2021;9(2):e18288.

Page | 113



