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Chapter 1: Introduction

1.1  Obesity and Type 2 Diabetes

The epidemic of obesity is one of the most durable public health challenges of this century.
Overweight and obesity occur because of a positive energy balance and increases the risk
for the development of several chronic diseases including type 2 diabetes (T2D)[1].
Overweight, defined as body mass index (BMI) of 25 to 29.9kg/m?, and obesity, as BMI >
30kg/m?, broadly reflect the risk of morbidity and mortality in overweight and obese adults.
While limitations of BMI exist, recognising its limited generalisability in diverse populations
and in ability to distinguish between excess fat and muscle, these thresholds provide

significant clinical value, and are commonly used with the understanding of these limitations
[2].

Approximately 30% of the global population is considered either overweight or obese [3]. In
Australia, the prevalence of adult overweight and obesity reached 63% in 2017 (11.2 million)
[4, 5] and the impact of obesity has been considerable in both developed and developing

countries.

Determinants of overweight and obesity are well documented [6, 7]. Despite their complex
nature, the built environment (including urbanisation, food accessibility), excess energy

intake and physical inactivity are well-established determinants [6-8].

Elevated body weight leads to multiple metabolic aberrations, which can increase the risk of
chronic disease, including cardiovascular (CVD) and respiratory diseases, hypertension,
hyperlipidaemia, diabetes mellitus and certain cancers. These diseases are associated with

increased morbidity and mortality rates and contribute to the burden of disease for the
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individual, resulting in poorer quality of life and productivity [3, 9]. Chronic diseases are the
major cause of death and disability worldwide [3, 9]. Diabetes mellitus was the second
leading cause of obesity-related deaths globally in 2015, contributing to 0.6 (C1 0.4 to0 0.7)
million deaths and 30.4 (CI 21.5 to 39.9) million disability adjusted life-years (DALY’s) in

those with T2D and BMI > 30kg/m? [9].

In Australia, obesity-related chronic diseases contribute to 37% of hospitalisations, 87% of
deaths and 61% of the total burden of disease [10]. Diabetes Mellitus (Type 1 and Type 2)
accounts for 9.9% of hospitalisations and 10.4% of all deaths, with half of these due to T2D
(55%; 9 000 deaths) [4]. At least 80% of disabilities and deaths associated with T2D are
classed as being preventable, which can be primarily achieved through lifestyle
interventions, including a healthy diet and regular physical activity [9]. Consequently,
lifestyle modification remains a foundation for obesity and T2D prevention and
management, with the aim of achieving energy balance for weight control in concert with

medical management.

1.2 Economic Impact of Type 2 Diabetes

There is clear evidence that diabetes and its associated complications (discussed further in
section 1.6) have an undesirable financial burden on both the individual and the health care
environments worldwide [11, 12]. The estimated global health expenditure related to
diabetes (direct and indirect costs) is USD 1.3 trillion dollars (1.8% of the global gross
domestic product (GDP)) with predictions for this to increase to USD $2.1 trillion dollars
(2.2% of the GDP) by 2045 [12-14]. The age group with the greatest expenditure in diabetes

is those aged 60-69 years (USD $127 billion) with men realising 7% higher expenditure than
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women in the same age group [14]. The top 5 countries with the greatest expenditure rates
for diabetes were: the USA (International Dollar (ID) $348 billion), China (ID $110 billion),

Germany (ID $42 billion), India (ID $31 billion) and Japan (ID $28 billion) [13, 14].

The major drivers of diabetes costs are attributed to direct costs, including complication
treatment, which is the greatest component of overall healthcare costs that has increased

over 50% in the past decade (2008-2018) [15].

The magnitude of economic burden varies between and within countries. The consistent
message is that the economic burden related to diabetes remains high and those most
affected live in low to middle income countries. However, 80% of this global health
expenditure is projected to be in the world’s highest income countries, displaying an
inequity in global health care relating to diabetes management [11, 14, 15]. These costs are
not sustainable for all health systems and there is an urgent need to identify financially

beneficial solutions for the prevention and management of T2D.

1.3 Diabetes Mellitus and Classifications

Diabetes Mellitus is a chronic, metabolic disease characterised by impaired glucose
metabolism. It occurs as a consequence of the deficiency in the production of the hormone
insulin, either through autoimmune destruction of the pancreatic B-cells (T1D) or from the
chronic loss of B-cells over time in association with insulin resistance (T2D) [16]. Insulin is a
peptide hormone secreted by the B-cells located in the pancreas that allows the healthy
body to maintain normal glucose control by facilitating cellular glucose uptake from the

blood, which is then stored in the muscle and liver for later use [17]. When glucose uptake is
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disrupted, elevated blood glucose concentrations occur (hyperglycemia). As blood glucose
rises over time, B-cell function deteriorates, resulting in inadequate glucose sensing and
worsening hyperglycaemia [16-19]. There is often a long, pre-symptomatic phase before
diabetes diagnosis [16, 19]. Duration of glycaemic burden is considered a strong predictor of
diabetes related micro- and macrovascular complications. These are complications that are
based upon nerve and vascular damage to parts of the body, including diabetic retinopathy
(diabetic eye disease); diabetes nephropathy (diabetic kidney disease); peripheral
neuropathy (loss of protective sensation, as observed in diabetes foot ulcers and infections);
delayed gastric emptying (gastroparesis) and cardiovascular disease (heart disease)[16].
Delay in diagnosis of diabetes is usually a result of the symptoms not being severe enough
to be detected by the patient [16, 19]. Section 1.6 further details diabetes complications and

their consequences.

Traditional classifications divide diabetes into Type 1 diabetes (T1D) and T2D. The American
Diabetes Association (ADA) Standards of Medical Care in Diabetes also include other
categories: gestational diabetes mellitus (GDM) and a subclass labelled “specific types of
diabetes due to other causes”. This latter category captures diabetes secondary to drug or
chemical induced diabetes (such as with glucocorticoid use), monogenic diabetes (i.e.
neonate diabetes or maturity-onset diabetes in the young) and disease induced diabetes

(i.e. pancreatitis or cystic fibrosis induced) [16].

Since 1980, the global prevalence in adults with diabetes mellitus has increased from 108
million in 1980 to 422 million in 2014, with 451 million adults now living with diabetes
mellitus and that figure estimated to grow to 693 million by 2045 [12, 14, 20, 21]. Currently

87-91% of adults are reported to have T2D, 7-12% to have T1D and 1-3% other types of
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diabetes, including GDM [13, 14, 16, 20]. A further estimated 212 million adults aged 20-79

years are living with undiagnosed diabetes [14].

The heterogeneity of determinants for the two most commonly reported types of diabetes
mellitus (T1D and T2D) result in a high variance in clinical presentation and disease
progression, therefore diabetes treatment also varies, despite some similarities in the type

of diabetes-related complications [16].

T1D, previously known as juvenile diabetes or insulin dependent diabetes mellitus (IDDM),
can occur idiopathically, but most cases are characterised by autoimmune related B-cell
destruction, leading to complete insulin deficiency [16]. Autoimmune B-cell destruction has
many genetic predispositions, and although environmental factors play an additional role,
these genetic factors remain poorly defined. Of note, individuals with T1D are predisposed
to other autoimmune disorders including Hashimotos thyroiditis, Graves disease, Addison’s

disease, coeliac disease, vitiligo and pernicious anaemia (vitamin B12 deficiency) [16].

Type 2 diabetes, previously known as adult onset or non-insulin dependent diabetes
(NIDDM), is largely a result of the progressive loss of B -cell function and the subsequent
reduced insulin secretion. As this is associated with peripheral insulin resistance, T2D is
characterised by a relative rather than absolute insulin deficiency [16]. Although definitive
aetiology is not known, genetic predisposition plays a role in T2D combined with factors
such as excess energy intake, suboptimal nutrient intake and sedentary lifestyles. These
factors promote overweight and obesity and are considered to be fuelling the rise in T2D;

45% of T2D is reported to be attributed to overweight and obesity [3, 13, 16, 20, 22].

Gestational diabetes (GDM), or hyperglycaemia in pregnancy, is commonly diagnosed

between 24- and 28-weeks’ gestation. It is a form of diabetes characterised by high blood
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glucose levels during pregnancy that were not evident prior to gestation [14, 16]. GDM is
the most common complication of pregnancy, occurring in 11-14% of pregnancies [3].
During pregnancy, placental hormones (including lactogen and growth hormone) along with
tumour necrosis factor alpha (TNFa) and other cytokines, cause insulin resistance that can
lead to the onset of GDM [23]. Risk factors for GDM development include maternal age >
40 years, ethnicity, family history of diabetes, BMI > 35kg/m?, polycystic ovarian syndrome
or previous macrosomia (baby with birth weight > 4500g) and rapid weight gain during
pregnancy [14]. Although considered a transient disorder, resolving postpartum, 50% of
GDM cases are at increased risk of developing T2D within 5-10 years after delivery [14].
Since GDM confers increased risk for T2D development, those diagnosed with GDM require

lifelong screening for T2D [16].

Overall, the epidemic of overweight and obesity in global communities is promoting a rise in
the prevalence of T2D that is associated with major health implications. Consequently, there
is a critical need to identify effective therapeutic treatment options for the management of
T2D. In accordance with this need, this thesis and the related research will focus on

overweight and obese individuals with T2D.

1.4  Diagnostic Criteria of Type 2 Diabetes

Diagnosis of T2D commonly proceeds once a patient has presented with classical symptoms
of hyperglycaemia. These symptoms include, but are not limited to: increased urinary
frequency (Polyuria); increased hunger (Polyphagia); and, increased thirst (Polydipsia).
Other features suggesting the diagnosis of T2D include: random blood glucose values of >

200mg /dL (>11.1mmol/L) on more than one occasion; a family history of diabetes; the
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presence of overweight or obesity; and, advancing age[16]. The American Diabetes
Association have well established clinical diagnostic criteria for the diagnosis of non-
pregnant adults based on the following plasma glucose benchmarks: fasting plasma glucose
(FPG) OR the 2-hour plasma glucose, obtained during an oral 75¢g glucose tolerance test,
(OGTT) OR glycated haemoglobin (HbA1c%) (See Table 1) [16]. These tests, procedures and
their limitations are further described below.

Table 1: Criteria for the diagnosis of diabetes

Measure Range mg/dL Range mmol/L
Fasting Plasma Glucose (FPG) >126 >7
2-hr Oral (75¢) Glucose Tolerance Test >200 >11.1
HbAlc % >6.5% >48 mmol/mol

Adapted from: American Diabetes Association, Standards of Medical Care in Diabetes 2019

The Fasting Plasma Glucose (FPG) test measures blood glucose in a person who has fasted
(no food or caloric based beverage) for the preceding 8-12hours [16, 19]. The FPG assay is
considered relatively easy and inexpensive to implement and it is widely available, but has
limitations [19]. FPG is a relatively insensitive marker displaying within individual, within day
and between subject variations of up to 12.5% due to biological variations, iliness, stress,
anxiety, medication usage and pre-test exercise [24]. This level of variation suggests that an
individual with a FPG of 126mg/dL (7mmol/L) could experience a FPG range between 110.4

—141.2 mg/dL (6-8 mmol/L), potentially leading to a false negative reading [24].

The oral glucose tolerance test (OGTT) measures blood glucose after the patient has fasted
for the 8-10 hour pre-test period. Following the blood sample, the patient consumes a 75ml

glucose solution in water (drink) followed by an assessment of blood glucose 2 hours post-
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consumption — post prandial glucose (PPG) [24]. As a measure of the body’s efficiency in
metabolising glucose, the OGTT is also a widely used and accepted clinical biomarker for the
diagnosis of diabetes. The OGTT has greater sensitivity in detecting increased glucose
concentration compared to FPG or Glycated Haemoglobin (HbA1c) [16, 24]. The OGTT also
has limitations, including stringent test conditions and cost [19], and within-individual
variation of up to 16.7% leading to lack of reproducibility. Consequently, the FPG is favoured
as a glucose-based diagnostic test for diabetes, despite similar limitations. Today the OGTT

is rarely performed in Australia outside pregnancy [16, 24].

HbA1c is formed by the non-enzymatic attachment of glucose at the N-terminal valine of the
B-chain of haemoglobin. Its measurement is used as a clinical marker of chronic glycaemia.
Compared to the blood glucose markers detailed above, HbAlc levels are strongly
associated with the risk of complications associated with diabetes[19, 25]. HbAlc can be
performed randomly in a non-fasted state, making this test clinically attractive [24]. For
accuracy and to prevent misdiagnosis, it is recommended by the American Diabetes
Association (ADA) that the HbA1lc assay is performed using the Diabetes Control and
Complications Trial (DCCT) standardised assay and protocol, certified by the National Glyco-
hemoglobin Standardisation Program (NGSP) [16]. Advantages of HbAlc measurement
include limited intra-individual biological variability and its high correlation with blood
glucose. The test is not influenced by acute factors of stress, iliness or exercise. This has also
led to HbAlc becoming the reference parameter for assessing the success of therapies
aimed at improving blood glucose control and reducing diabetes associated complication

risk [19, 24-26].
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Given the insidious onset of T2D and asymptomatic increases in blood glucose levels over
months and even years, attention has been given to the prevention or delay of the
development of T2D. This process begins with assessment of at-risk individuals to
determine either the presence of a state of established diabetes or considerable risk of
developing diabetes, called prediabetes. Prediabetes is defined as an intermediate form of
impaired glucose homeostasis where blood glucose is above the normal range but below
that of the clinical diabetes cut off. Prediabetes represents an increased risk of developing
T2D and CVD [16, 19]. Prediabetes thresholds are outlined by the American Diabetes
Association as impaired fasting glucose (IFG), defined as a fasting plasma glucose or an
impaired glucose tolerance (IGT), established by a 2-hour OGTT or an elevated HbAlc (see
Table 2) [16, 27]. Both IFG and IGT signify an increased risk of developing diabetes and/or
CVD through several metabolic abnormalities including hypertension, hyperglycaemia,
hyper-triglyceridaemia, insulin resistance, visceral adiposity and low levels of high-density

lipoprotein (HDL) [28].

Table 2: Criteria for the diagnosis of prediabetes

Classification Measure Range mg/dL  Range mmol/L
Impaired fasting glucose (IFG) Fasting Plasma Glucose (FPG) 100-125 5.6-6.9
Impaired glucose tolerance (IGT)  2-hr Oral (75g) Glucose Tolerance Test  140-199 7.8-11
Prediabetes HbAlc % 5.7-6.4% 39-47
mmol/mol

Adapted from: American Diabetes Association, Standards of Medical Care in Diabetes 2019
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1.5 Pathophysiology of Type 2 Diabetes

Chronic prolonged hyperglycaemias, arising from the body’s inability to maintain glucose
homeostasis resulting in B-cell dysfunction will, overtime, contribute to the
pathophysiological defects underlying T2D [13, 27, 29].

To understand T2D progression, it is important to understand the conditions within which
glycaemia is regulated. Insulin is the key hormone for blood glucose regulation and to
maintain normoglycaemia. Normoglycaemia is regulated through a balanced interaction
between insulin action and insulin secretion [30]. In healthy individuals, insulin is produced
by pancreatic B-cells predominantly in response to nutrient ingestion that enables hepatic
and muscle cells to utilise and absorb glucose for energy [29]. Insulin interacts in the liver to
suppress glucose production and in the muscle and adipocytes to stimulate the uptake of
glucose for optimal glucose control [31].

Progressive B-cell destruction and insulin resistance, predominantly in the liver and muscle,
are the two primary pathophysiological features that not only precede and predict T2D but
also are cardinal features of established T2D [27, 29, 32].

The pathophysiology of T2D has been studied extensively, with evidence reporting that by
the time hyperglycaemia is present, reduction in insulin sensitivity and beta cell function
already exists, with reports that patients have already lost 80% of their B-cell function
requiring immediate medical intervention [32, 33]. Although genetic predisposition may
lead to the onset of insulin resistance, environmental factors, including a sedentary lifestyle,
excess nutrient intake and obesity, are insulin resistant states that are implicated in the

progression to T2D [17, 30-32, 34]
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Insulin resistance arises as a result of nutrient storage pathways developing to maximise
efficient energy utilisation when exposed to long-term energy excess [34]. The state of
being overweight or obese, leads to lipid (non-esterified fatty acid (NEFA)) accumulation in
the liver and skeletal muscle alongside increased circulation of several adipokines. These
adipokines increase visceral adiposity, impeding insulin action in these tissues and adding
stress to the pancreatic B-cells to increase insulin secretion to counteract the reduction in
insulin sensitivity post nutrient ingestion [30, 31, 34]. These factors link the disease
progression from insulin resistance to impaired glucose tolerance (prediabetes), and if not

treated, through to T2D.

As the disease process develops towards overt 72D, and B-cell dysfunction continues, insulin
production and secretion continue to fail and glucose tolerance worsens, resulting in
glycotoxicity or more commonly, chronic hyperglycemia. This chronic hyperglycemia further
progresses the deterioration of B-cell function until the B-cells reach failure, which is not
offset by B-cell proliferation or neogenesis, hence the disease progression is heightened. It
is this progressive loss of B-cell function which governs the rate of T2D disease progression
[27, 31, 35].

Metabolic derangements of T2D are complicated, including incretin abnormalities.
Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) are
incretins, which account for 90% of the incretin effect within the gastrointestinal tract.
Other derangements include increased glucagon secretion from the pancreatic a-cell
(hyperglucagonaemia), deranged adipocyte metabolism, resulting in increased plasma free
fatty acid concentration, and increased renal glucose reabsorption. All of these factors are

associated with the development of glucose intolerance in T2D [33]. To add to the
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complexity, environmental and lifestyle and genetic elements play a role in the initiation of
insulin resistance and contribute to disease progression. These elements include a family
history of T2D, which presents a 2.4-fold increased risk for the disease, with 15-25% of first-
degree relatives of patients with T2D developing prediabetes or 72D [16, 22, 30, 31, 36, 37].
The link between obesity and/or insulin resistance with diabetes is subclinical chronic
inflammation and stimulation of the immune system, which results in inflammatory markers
being raised in insulin resistant states of obesity [35]. Inflammatory markers, including white
blood cell count, C-reactive protein (CRP), pro-inflammatory cytokines (tumour necrosis
factor TNFa and Interleukin (IL-1B and IL-6)) and chemokines, are elevated in obese and
individuals with T2D. These factors are strongly associated with the early development of
insulin resistance, progression to prediabetes and manifestation to T2D [19, 29-31, 37].
These markers have been shown to be reduced in those with obesity and T2D who engage

in lifestyle changes resulting in weight loss [18, 30, 31, 35].

1.6  Complications of Type 2 Diabetes

While T2D itself can lead to health complications, the severity of multiple comorbidities can
be reduced through effective self-management and health practitioner support [16]. The
fewer the complications that a patient develops, the lesser their comorbidity burden, the

lower their mortality risk and the lower the health care system costs.

Diabetes complications can be commonly described by microvascular complications
(diabetic nephropathy, neuropathy, and retinopathy) and macrovascular complications
(coronary and peripheral artery disease leading to angina, myocardial infarction or stroke)

[38, 39].
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It is widely acknowledged that T2D impacts macro-vasculature through persistent
hyperglycaemia, which accelerates atherosclerosis though oxidative stress, thus triggering
various intracellular signalling pathways that create a pro-inflammatory state [16, 39, 40].
Overtime, this leads to chronic inflammation and arterial wall injury, causing narrowing in
the peripheral and coronary vascular systems [16, 39, 41]. Inflammatory meditators, in
particular a-Tumour Necrosis Factor (a TNF) expedite the atherosclerotic changes and the
development of macro complications [41]. As such, poorly controlled diabetes is an
independent risk factor and leading cause of CVD in those with T2D, with diabetes duration
also being a key factor [42]. CVD is the leading cause of mortality in individuals already living
with diabetes. CVD encompasses hypertension, coronary heart disease, cerebrovascular
disease, myocardial infarction, stroke, transient ischaemic attack and atherosclerotic
peripheral artery disease. It is coronary heart disease and cerebrovascular disease which
accounts for 52% of all deaths for T2D and 44% in T1D [41, 43, 44]. Additional risk factors for
progression of CVD in diabetes include dyslipidaemia, insulin resistance, increased

plasminogen, increased fibrinogen, microalbuminuria, proteinuria and nephropathy [45].

1.6.1 Chronic Kidney Disease

Diabetes-related chronic kidney disease, or diabetic kidney disease (DKD), affects
approximately 20-40% of the diabetic population. DKD may be present at the time of T2D
diagnosis and is the primary cause of End Stage Renal Disease (ESRD) necessitating dialysis
or kidney transplantation [16]. A declining Estimated Glomerular Filtration Rate (EGFR),
hypertension and unstable lipids are all signs of early stages of DKD resulting from

glomerular and tubular hypertrophy induced by oxidative stress and chronic inflammation in
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association with poorly controlled diabetes [40, 46]. Additional risk factors that enhance the
probability of DKD and disease progression to ESRD include: persistent presence of elevated
urinary albumin excretion (albuminuria); family history of renal/kidney disease; raised uric
acid concentration; increased or worsening hypertension, in parallel with the presence of
macrovascular disease (CVD) or other microvascular disease, including diabetic retinopathy

[40, 46].

The clinical consequence of these microvascular changes is protein leakage from the kidney
(hyper-filtration or increased permeability) leading to microalbuminuria (urine albumin
excretion 30-300mg/g creatinine) and progressing to macroalbuminuria (>300mg/g
creatinine), which occurs over an estimated 5-15years [46]. Further decline in glomerular
filtration rates can see ESRD being reached in 5-7 years without interventional treatment

[46].

1.6.2 Diabetic Retinopathy

Diabetic retinopathy is another microvascular complication of T2D. Although a spectrum of
diabetic eye disorders exists, including diabetic macular edema, cataracts and glaucoma,
diabetic retinopathy is ranked the fifth most common cause of preventable blindness in
adults, affecting one third of the diabetic population [47]. Those with duration of diabetes >
20 years are at the greatest risk of developing diabetic retinopathy [13, 47]. Diabetic
retinopathy ensues when capillaries inside the retina are damaged because of poor glucose
control [47]. Damage over time progresses from mild to severe to proliferative retinopathy
where micro-aneurysms in retinal vessels leak fluid or blood behind the retina [48]. As the

retina swells and distorts, vision is impacted and, if not managed, loss of vision and
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blindness can occur [48]. Curative treatments are remote, and with diabetes retinopathy
one of the leading causes of blindness in the working aged population, preventative
strategies are required [47, 48]. Additional factors augmenting the risk of progression from
diabetic retinopathy to blindness include prolonged hyperglycaemia, hypertension,

nephropathy and dyslipidaemia [13, 47, 48].

Although no further detail has been provided in this thesis, it has been suggested that
retinal vessels have similar anatomy to cerebral small vessels, raising the possibility that
deleterious changes in the microvascular “at-risk” areas may be responsible for not only
nephropathy and retinopathy, but also moderate cognitive changes, largely in the domains

of memory, psychomotor speed and executive functioning [49].

1.6.3 Diabetic Neuropathy

Ranges of neuropathies exist as complications of diabetes that can be classified as diabetic
neuropathy. This diagnosis is established by the presence of symptoms and/or signs of
peripheral or autonomic nerve dysfunction and can be expressed in several different forms
including peripheral, autonomic and cardiac autonomic neuropathy. Diabetic neuropathy
carries a diverse range of clinical manifestations hindered by asymptomatic presentations
(in up to 50% of cases) [16]. Although the mechanisms of nerve-injury from hyperglycaemia
are largely still being explored, a suggestion is that prolonged hyperglycaemia damages
nerve cells by impairing vasodilation. There is capillary basement membrane thickening
resulting from accumulated advanced glycosylated end products (AGEs) and oxidative stress

[39, 50].
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There is a range of symptoms associated with diabetes neuropathy dependent on the class
of motor or sensory fibres involved. Commonly, neuropathy starts with unpleasant
sensations (dysaesthesia) which include pain and burning (small fibre involvement/loss)
progressing to numbness and loss of protective sensations (large fibre involvement/loss

(LOPS)) [16].

The presence of LOPS indicates lost distal sensorimotor polyneuropathy. This
polyneuropathy is a risk factor for diabetes foot ulceration and Charcot arthropathy. The
lack of sensation in the lower extremities can be compounded by concomitant peripheral

vascular disease and may progress to digital or limb amputation [16, 38, 39, 50, 51].

Evidence suggests that lower limb morbidity such as foot ulcers is one of the most disabling
and painful diabetes complications [51-53]. Up to 15% of the population with T2D will
experience foot ulceration and 11% will progress to amputation if left poorly or un-treated
[16, 52, 53]. The cost of amputations attributed to sub-optimally managed diabetes and
subsequent foot infections ranges between USD $35,000-$45,000 per amputation

depending on the severity of the case [53].

Other neuropathic disorders include autonomic neuropathy, which can present as
orthostatic hypotension, gastroparesis, bowel and bladder disorders and erectile
dysfunction. Cardiac autonomic neuropathy (CAN) is associated with mortality independent
of other cardiovascular risk factors [16]. Cardiac autonomic neuropathy, largely
asymptomatic, is identified by decreased heart rate variability with deep breathing, and, if
the disease becomes advanced, is associated with resting tachycardia and orthostatic

hypotension [16].
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1.6.4 Psychological Functioning

Another consequence of poorly controlled diabetes is impaired psychological functioning,
usually a consequence of microvascular and macrovascular injury [54, 55]. The clinical
features and potential health complications of T2D discussed above, also contribute to
psychological morbidity, reflected by emotional stress, poor health-related quality of life
and diabetes distress [54-56]. Disagreement in the literature exists over the role of stress
and depression in the pathogenesis of T2D, however, the commonality remains that health-
related quality of life (HRQOL) becomes worse when complications start to develop, or
comorbidities co-exist in individuals with T2D [56]. HRQOL is a multifaceted assessment
model capturing physical, social and psychological traits of health. Its assessment permits
the effects of T2D (the disease) or its treatment to be measured [57]. Recently, a secondary
analysis (n=5,367) measured the impact of HRQOL over 5-12 years (mean: 8.7 years) and
compared individuals with T2D or incidence of diabetes (T2D not present at baseline but
classified at follow up) (n=779) to those living without diabetes (n=4,588). Individuals were
aged 45-74 years at baseline [58]. This study showed that the decline in HRQOL was double
for individuals with T2D, or incidence of T2D, compared to those living without T2D,
suggesting that time augments poorer HRQOL in those with T2D [58]. Poorly controlled T2D
has been linked with mild to moderate cognitive decline, mostly in the domains of memory,
psychomotor speed and executive function, and this decline can be seen early in the disease
process [49]. Risk factors for the decline include presence of microvascular complications,
diabetes duration and glycaemic control. Moreover, suggestions exist that T2D increases the

risk of dementia in the elderly T2D population [49].
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Despite the heterogeneity of diabetes-related complications, some commonalities exist.
Specifically, there are modifiable risk factors, and, with modification, the number and
severity of complications diminish; addressing one factor can improve prospects in a variety
of complications. Onset and progression of diabetes-related micro- and macrovascular
complications are primarily related to the duration and magnitude of hyperglycaemia and
hypertension, presence of visceral and/or central adiposity, dyslipidaemia and obesity,
which represent primary therapeutic targets. Broad treatment strategies, inclusive of
multidisciplinary medical and nutritional therapies, target these risk factors. Successful
therapy results in delayed onset or slower progression of diabetes-related complications
with longer median survival rates and improved HRQOL [16, 50, 59]. Nonetheless, once
patients reach an advanced stage of complications, their care usually may focus more upon
symptom management strategies for improved quality of life and rely on using targeted
pharmacological and medical nutrition therapies to achieve comfort care (i.e. pain
management) [16]. Therapeutic options and treatment strategies for T2D management will

be further discussed in the following section.

1.7  Therapeutic Interventions of Type 2 Diabetes

The risk factors for developing complications of T2D, listed in Section 1.6, have multiple and
diverse, short- and long-term health consequences that are underpinned by poor glycaemic
control. Poor glycaemic control underlies the symptoms and complications of diabetes and
so diabetes therapies focus on the pursuit of normoglycaemia. Markers of glycaemic
control are vital in routine clinical practice and clinical trials to guide treatment and to

investigate the effectiveness of treatments on a patient’s/participant’s glycaemic outcomes.
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As aresult of landmark studies providing evidence that glycated haemoglobin (HbALc) is
linked to macrovascular complications, HbAlc has become the benchmark for diabetes

management [60, 61].

HbA1c and FPG are commonly used to assess glycaemic control in clinical practice [16]. With
emerging technologies being able to assess glucose levels more dynamically, new markers
of glycaemic control are being considered. These new markers include inter- and intra-day
glycaemia and variability. These measures incorporate not only fasting glycaemia but also

postprandial glycaemia and hypo- and hyperglycaemia.

1.7.1 Conventional Measures of Glycaemic Control and Clinical Outcomes in Type

2 Diabetes

The advantage of using conventional measures of glycaemic control, FPG and HbAlc, are
that they are relatively low cost and straightforward to perform, making them favourable
for clinical practice and population-based studies. Moreover, landmark studies reinforce

their suitability as markers for predicting diabetes risk and determining glycaemic control

[61-66].

HbAlc is a measurement which reflects mean ambient fasting and postprandial glycaemia
and remains the “gold standard” measure for predicting the occurrence of diabetes-related
complications [16, 60]. Red blood cells (erythrocytes) contain the pigment haemoglobin and
have a lifecycle of 120 days. Consequently, HbALc is an indirect measure of average blood

glucose levels in the preceding 8 to 12- weeks before the test [24]. Factors that influence
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the lifespan of the erythrocyte need to be considered when assessing diagnosis or
complication risk of a patient with diabetes, as they are likely to impact on the glycation of
haemoglobin, providing an erroneous result. These factors include: genetics, haemolytic and
iron deficiency anaemia, haemoglobinopathies, and recent blood loss or transfusion [16,
67]. In cases where these factors are present, just the FPG, or OGTT in isolation, is

recommended as the only test for diagnosing diabetes [16].

Data from many large-scale randomized clinical trials (RCT’s), including the UK Prospective
Diabetes Study (UKPDS); Diabetes Control and Complications Trial (DCCT); Veteran Affairs
Diabetes Trail (VADT); Action to Control Cardiovascular Risk in Diabetes Trial (ACCORD) and
the Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release
Controlled Evaluation (ADVANCE) collaboration trial, provide clear association between
HbA1c and the risk of diabetes-related complications. These studies have established that a
1% incremental increase in HbAlc was associated with a 10-20% increased CVD risk [61-63,

66, 68, 69].

A meta-analysis by Selvin et al., collated the outcomes of 10 observational studies involving
individuals with T2D (n = 7,435) to evaluate the association between HbAlc and CVD. This
meta-analysis found a pooled relative risk for CVD of 18% for every 1% increase in HbAlc
[70]. This is consistent with data from the UKPDS trial which, for every 1% reduction in
HbA1c in recently diagnosed individuals with T2D, identified a risk reduction of 21% for
deaths related to diabetes, 16% for heart failure, 37% for microvascular complications, 14%
for myocardial infarction and 12% for stroke. This analysis was reported after adjusting for
traditional risk factors of CVD (age, gender, duration of diabetes, blood pressure, ethnicity,

cholesterol and smoking) and was achieved typically with intensive glycaemic control [63]. A
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10-year post UKPDS trial monitoring study observed a continued reduction in microvascular
complications of 16-24%, risk reductions for myocardial infarction of 15-33% and stroke of
9-20% over time, indicating that intensive glucose control at time of diagnosis is associated
with significant and sustained reduction in diabetes complication risk [63, 64]. Targets for
HbA1c, used widely in clinical practice to establish glucose control, were largely determined
from data relating to the decreased rates and progression of microvascular complications,

and not from cardiovascular trials [61-63, 66, 68, 71].

Despite a lack of glycaemic thresholds for any category of diabetes-related complications,
near normal HbA1c levels in individuals with T2D are recommended and adjusted based on
the patient’s/individual’s progression of diabetes, age and risk of hypoglycaemia [16, 63].
The approach to individualisation of glycaemic targets suggests a glycaemic continuum
based on an individuals’ characteristics and predicaments [16]. The general HbAlc target of
< 7% (53.0 mmol/mol) is the treatment objective, however, those characterised as low risk
of hypoglycaemia (newly diagnosed T2D with a long-life expectancy and no present
comorbidities with highly motivated behaviour and excellent self-care capabilities and
resource availability) will be targeted for more stringent control, such as HbAlc of <6% (42.1
mmol/mol) [16]. This tighter control is suggested in order to capitalise upon the associated
benefit of reducing microvascular complication risk further in these subjects even though
their risk of hypoglycaemia increases [61, 63]. Conversely, those with long-standing T2D,
shorter life-expectancy, few to several co-morbidities, and poorer self-care behaviour with
limited resources, a less stringent HbA1c is targeted (HbAlc 7-9% [53-74.9 mmol/mol]) but

is also monitored [16].
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Large trials including VADT, ACCORD and ADVANCE that involved individuals with early to
established diabetes (mean diabetes duration >2 years), showed that tight glycaemic control
reduced microvascular complications [62, 66, 71]. In those with established diabetes (mean
diabetes duration > 7 years), large studies failed to demonstrate altered CVD outcomes
consequent to lower HbALC levels [61, 62, 66, 68, 71]. More recently, a 10-year follow-up of
the VADT cohort demonstrated that those previously receiving intensive glucose therapy,
had an 8.6% absolute risk reduction in major CVD events per 1000-person years, however,
no reduction in total mortality was evident [72]. Differences in outcomes for CVD risks in
these studies could be a result of population heterogeneity, in particular age and duration of
diabetes. Those in the UKPDS and DCCT trials were younger and had an overall shorter
diabetes duration than those in the ACCORD, VADTS and ADVANCE trials [61, 62, 66, 68, 71,

73],

These outcomes are suggestive that earlier, intensive glycaemic interventions that reduce
HbAlc may be more effective in lowering CVD risk in the newly diagnosed population than

in those with longer durations of T2D (2 years).

Despite its clinical utility, HbAlc measurement is not without its limitations. Individuals with
T2D can have identical HbAlc levels with different mean glucose concentrations [74, 75].
One limitation of HbA1c, as a single metric for diabetes control, is that it provides limited
information about glucose fluctuations within each day or across several days. Other factors
must also be considered that affect the reliability and accuracy of HbAlc, including
erythrocyte production, ageing and ethnicity. Despite the copious amounts of evidence
supporting HbA1c as the “gold standard” measure of glycaemic control, the limitation of

HbA1c have promoted investigation to consider alternative measures of glycaemic control,
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including glycaemic variability which will be later described in emerging measures of

glycaemic control (Section 1.7.2) [16, 74, 75].

In contrast to HbA1c, other commonly used glycaemic control markers are FPG and
postprandial glucose (PPG). FPG provides an estimation of glucose over a specific time of
fast, overnight (8-12 hours) or 2-4 hours postprandial (i.e. PPG) and is a measurement of
glucose in individuals after a period of fast, therefore reflecting blood glucose control in the
absence of nutrient (glucose) ingestion [16]. The Baltimore Longitudinal Study that assessed
the relationship of FPG and 2-hour plasma glucose (PPG) to mortality, showed that risk of
mortality in those with T2D did not increase until the FPG exceeded 6.1mmol/L (110mg/dL),
with an estimated 40% increased risk in all-cause mortality in the range of 6.1 - 6.9mmol/L
(110 -125mg/dL) and doubled when FPG ranged from 7.0 - 7.7mmol/L (126 -139mg/dL) [76].
However, solitary FPG measures provide suboptimal characteristics of diurnal glucose
oscillations and post-meal hyperglycaemia and are therefore not reflective of longer-term
glucose concentrations. FPG also lacks an ability to predict postprandial hyperglycaemia [76-
79]. FPG is also less tightly linked to diabetes complications compared to HbAlc and only
reflects glucose homeostasis at the point of time the test was conducted, and is not
favoured as an independent marker to determine effectiveness of therapeutic interventions
[19, 24]. Therefore, until recently, the best advice for acute glucose assessment in
individuals with diabetes was derived from studies such as the Baltimore Longitudinal Study
which suggests a combination of FPG and 2-hour plasma glucose (PPG) for providing a
better evaluation of glucose control [76]. Together, FPG and PPG are the time course from
fasting to the time to peak glucose in individuals with T2D [80]. PPG is commonly taken 2

hours post-meal ingestion and is characterised by postprandial hyperglycaemia, with
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findings suggesting PPG is an independent predictor of CVD with 40% greater risk in those

with a mean PPG > 10mmol/L (180mg/dL) [81, 82].

1.7.2 Emerging Measures of Glycaemic Control — Glycaemic Variability

The measurement of HbAlc has been the conventional method for assessing glycaemic
control for many years, however, the inherent limitations of FPG, PPG and HbAlc may limit
a clinician’s ability to assess a patient’s glycaemic variability (GV). In particular, HbAlc is
unable to reflect intra- and inter-day glycaemic oscillations, potentially concealing brief, but
life-threatening hypoglycaemia or post-prandial hyperglycaemic events which have been
linked to macro and microvascular complications [77, 83, 84]. These frustrations have given
rise to the exploration of new markers of glycaemic control [85]. Although national testing
standards exist to minimise the risk of technical error with the HbAlc assay, individual
variations can lead to erroneous outcomes such as a false HbAlc readings, which can impact

the therapeutic management of individuals with T2D [84-86].

While definitive consensus has not been reached, a growing body of evidence suggests that
acute intra- and inter-day glycaemic oscillations play a significant role in the onset of
diabetes-related complications [86, 87]. These oscillations exist beyond the changes
detected by a PPG. Studies demonstrate that acute glycaemic fluctuations (including
hyperglycaemic spikes and the hypoglycaemic lows) are associated with endothelial and
cardiovascular damage in patients with diabetes with optimal glycaemic control (HbAlc
<7%) and these fluctuations result in microvascular and macrovascular complications [86-
95]. Glucose fluctuations are related to oxidative stress, such as mitochondrial super-oxide

anion production leading to endothelial dysfunction and raised inflammation markers, with
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outcomes being macrovascular damage in diabetes (i.e. myocardial infarction, stroke) [82,

96, 97].

A few studies have also revealed that a reduction in GV fluctuations resulted in a reduction
in oxidative stress markers (nitro-tyrosine and 8-hydroxydeoxyguanosine), suggesting that
acute glycaemic fluctuations are more damaging to endothelial cells than chronic
hyperglycaemia in the pathogenesis of macrovascular complications such as CVD [86, 88, 89,

92, 94, 98].

The role of GV (defined in section 1.7.2.1) in microvascular complications of diabetes is
somewhat limited and the area remains controversial; similar to the understanding of the
role of GV in predicting macrovascular complications. In brief, one study associated the
single GV measure, standard deviation (SD) of blood glucose, with peripheral neuropathy
but not with retinopathy or nephropathy [82]. A more recent prospective cohort study with
a median follow up of 10 years identified standard deviation (SD) as an associate of
nephropathy but not peripheral neuropathy and retinopathy [98]. GV was a significant
predictor of diabetes retinopathy development in patients with good glycaemic control (<
7.5% [<58 mmol/mol]) but not in those with poorer controlled diabetes (> 7.5% [>58
mmol/mol]) [98]. The prognostic relevance of GV would be further clarified if more data
were generated regarding the various measures of GV distinct from SD. More work is
needed on all measures of GV and their relation to the incidence and progression of
microvascular (i.e. retinopathy, neuropathy, nephropathy) and macrovascular (i.e.
myocardial infarction, stroke, CVD) clinical endpoints in individuals with good control
(HbA1c <7% [>53mmol/mol]) vs poorly controlled (HbAlc > 7% [> 53mmol/mol]) and in

individuals classified by duration of diabetes.
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The recognition of GV as a clinically relevant maker of glycaemic control has recently
expanded. Recent publications have recommended that diabetes control should not be
expressed by HbAlc alone, but in conjunction with measures of glycaemic variability (GV)
[16, 85, 97, 99]. The use of GV remains the subject of debate. GV has not yet been
definitively confirmed as an independent risk factor for diabetes-related complications.
There remains a large and increasing number of metrics for which GV can be determined,
but no accepted standard of GV measure exists. This heterogeneity confounds the
interpretation of the literature and limits our understanding of factors that influence GV [96,

97, 100-102].

1.7.2.1 Measures of Glycaemic Variability

Glycaemic variability (GV) is a term used to refer to one or more of a set of markers
developed in order to define glycaemic control. GV can be defined by the scale and rate
(including time intervals) of intra-day daily blood glucose fluctuations as well as fluctuations
in blood glucose occurring at the same time on different days, inclusive of postprandial

hyperglycaemic peaks and hypoglycaemic lows [26, 82, 86, 88].

Table 3 below provides a summary of the commonly used GV measures and their

calculations with key advantages and disadvantages associated with the measure.
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Table 3: Common Measures for Assessing Glycaemic Variability (GV)

Measure of
GV

Standard
Deviation (SD)
of glucose

Definition

Rate of variation of
dispersion from
average glycaemia

Calculation
Y(x; —x72)
k—1

Xi : glucose reading (individual)
X-: mean glucose
k: number of observations

Advantages

Within-day and between-
day glucose variability
(dependant on > 24hrs of
measures); easy to
determine; marker of
metabolic stability over
time; extensively used.

Disadvantages

Does not consider
frequency of glucose
oscillations.
Underestimation can
occur (high and low
glycaemic excursions are
not weighted)

Coefficient of
variation (CV)

Describes the
spread of blood

SD
x —

Within-day glucose
variability; good measure

Does not consider
frequency of glucose

_ _ X (o)
D~ === ;{1

k = number of observations in
which there is a value
(observation) n x 60 min
before = n x 60 mins

G = Glucose

progressive variability that
coincides with
observations lasting (n1,
n2, n4 and n8 hrs) most
commonly used are
CONGA-1; CONGA-2 and
CONGA-4.

for glucose glucose of between group oscillations; difficulty in
independent from x — : mean glucose comparisons; easily determining a meaningful
its unit of measure | SD = standard deviation calculated from SD and threshold.
mean
Mean Mean differences of | X4 Correlates well with Not valid if there is only
amplitude of | glucose fluctuations, | 7, oxidative stress in T2D; one hyper or hypo
glycaemic from high to low fA>v extensively used; measure | excursion during the
excursions levels with of within day variability; observation period;
(MAGE) magnitude > 1 SD A : magnitude of each blood reflects glucose excludes minor
glucose excursion from fluctuations (weights high | fluctuations (< 1 SD) of
highest to lowest point (or and low fluctuations) mean glucose; CGM
lowest to highest point) (simple calculation) and
SMBG only with 7
n: number of valid measures daily
observations
v: 1 SD of the mean glucose
for a 24hr period
Mean of daily | Mean of absolute Intra-day variability; high Not directly reported by
differences differences between tk* (GR, — GR, — 1440) MODD score is indicative | CGM; needs additional
(MODD) glucose values k* of large glucose calculation
obtained at exactly fluctuations.
the same time of k* = number of observations
day on two where there is an observation
consecutive days 1,440 minutes (24 hours) ago
under
standardized GRt —GRt-1440 = difference
conditions between glucose readings at
time t and 1,440 minutes (24
hours) ago
Continues Integrates duration Stk (D,—D-?) High level of accuracy of Complex calculation
overall net and scale of glucose = within-day variability and (higher the CONGA value
glycaemic excursions if >24hrs good accuracy the greater the glycaemic
action Dt = GRt — GRt —m for between-day excursion)
(CONGA ) variability; includes

Specifically developed for
continuous glucose
monitoring devices.

SMBG = self-monitoring blood glucose. CGM=continuous glucose monitoring. CV=coefficient of variation. MAGE=mean amplitude
of glycaemic excursions. MODD=mean of daily differences. CONGA-n=continuous overall net glycaemic action

* Table adapted from Ceriello et al 2018; Nusca 2018; Tay et al 2015; Smith-Palmer et al 2014 and Frontoni et al 2013
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Currently, a systematic approach to self-monitoring blood glucose levels (SMBG) can be
used to determine the two main elements of GV; within-day and between-day variability
[96]. This can be achieved by patients using personal glucometers to measure capillary
blood samples (finger-stick) frequently (7-8 times) during the day or on a day-to-day basis
[80, 93, 103]. With these multiple glucose levels, the estimated mean within-day daily
glycaemic variability over the measured time, the standard deviation (SD) or the derived
coefficient of variation (CV), can be determined [96]. It is suggested that a short SMBG
profile (over 1-3 days) be performed once a month in those with T2D treated with lifestyle
intervention alone, and such an approach will improve glycaemic control [16]. For insulin-
treated T2D, SMBG should, at a minimum, be taken twice daily (one morning fasting and
one post-prandial measure) together with one bedtime measure a week [16]. In these
individuals, these data should be used to guide treatment decisions, however, limitations
with adherence exist due to time and cost but also due to the low relative importance
patients place on their self-care [16, 103, 104]. The computation of GV from SMBG requires
there to be enough capillary blood glucose samples to achieve an acceptable interpretation
of a typical diurnal pattern, with the onerous collection being placed on the patient;
consequently, regular compliance with SMBG to meet this need is sub-optimal [103, 105].
The usefulness of the GV data received by traditional SMBG levels is further limited by the
lack of nocturnal glycaemic patterns, and this increases the likelihood of missing night-time
hypoglycaemic episodes [93]. The recent use of continuous glucose monitoring systems
(CGM) to obtain continuous daily glucose data, without relying on the patient to initiate the
sampling, has increased the accuracy and opportunity to streamline GV metrics to

investigate more precise individual characteristics that may influence GV.
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CGM continuously measures interstitial glucose levels at 5-minute intervals over 24 hours
across several days (7-10 days) via a glucose sensor inserted into subcutaneous tissue, which
not only alleviates the patient burden of traditional finger stick tests, but also provides

additional measures for GV which otherwise would not be measured [93, 96, 97].

As previously discussed, although limited studies exist demonstrating a reduction in GV is
directly or indirectly related to a reduction T2D-related complications, there is growing
evidence demonstrating acute glucose fluctuations as emerging risk factors for CVD
outcomes, which have been shown to induce greater vascular damage, mediated by

oxidative stress [86, 91, 92, 99, 106].

Studies have investigated the effect of GV (MAGE, CONGA) on surrogate measures of
diabetic-related complications, including markers of oxidative stress (urinary excretion rate
of fre-8-isoprostaglandine F2 and F2a (8-iso-PGF2)), ventricular mass, advanced glycated
end products and flow-mediated dilatation [88, 89, 107, 108]. These studies demonstrated
that 8-iso-PGF2 was highly correlated to GV (MAGE) [89] and left-ventricular mass was

significantly associated with CONGA>, in adults with T2D [88].

More recently, a study investigating the prognostic value of GV (using SD Glucose) identified
that the event-free survival rate for freedom from Midterm Major Cardiovascular Events
(MACE), in patients with diabetes and Acute Coronary Syndrome (ACS), to be significantly
lower in patients with a GV >2.70mmol/L (p<0.0001) who demonstrated a 2.21 times
increased risk of developing MACE than those with GV < 2.70mmol/L [106]. The population
of 327 presented with a baseline GV of 2.5 mmol/L and HbAlc of 7.6% (no difference
between groups) [106]. Overall the study suggests the GV cut-off value of >2.70mmol/L to

be a strong independent predictor of MACE for this clinical cohort [106].
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Although research mounts, mechanisms in the pathogenesis of GV mediated diabetes
complications are still largely undetermined. Figurel provides a view of the proposed

mechanisms related to the pathogenesis of GV-medicated diabetes complications [86].

Figure 1: Potential Mechanisms in the pathogenesis of GV-mediated complications: Adapted from Nusca et al 2018
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The increasing interest in understanding the role of GV as an independent risk factor for

diabetes complications, has seen a number of measures emerge for the assessment of GV in
the attempt to understand an optimum method for characterising GV, these include; the
Mean Amplitude of Glycaemic Excursions (MAGE); Mean of Daily Differences (MODD); High
Blood Glucose Index (HBGI); Low Blood Glucose Index (LBGI); Glycaemic Risk Assessment
Diabetes Equation (GRADE); and, Continuous Overall Net Glycaemic Action (CONGA) (see
Table 3) [90, 93, 96, 102, 109-111]. Despite the many measures available, the lack of an
agreed single gold standard measure of GV prevents this area of research reaching

application of GV to clinical practice. Agreement between each GV measure is not clear and
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cannot be assumed to be equivalent. However, since different measurements of GV are
based on measuring different components of the time-dependent glucose profile, it is

possible that different GV metrics are advantageous in different clinical situations.

Future studies should evaluate the most common measures of GV simultaneously to
establish GV as an independent risk factor for diabetes complications, and to confirm
whether lowering GV reduces incidence or progressions of diabetes complications.
Furthermore, to obtain reliable, consistent and stable estimates of GV, CGM data, used to
determine SD glucose, MAGE and CONGAN, is recommended over a period 14 days

minimum to detect reproducible changes in GV patterns [97].

Caution also needs to be exercised when interpreting GV data, as parameters such as MAGE
(reflected as mean) and CONGA (reflected as within 1 SD) require consistent and frequent
glucose data captured across the day and over several days for their estimations to be
meaningful. Although both reflect intra-day variability, MAGE is reported to be more
intuitive for the clinician, reflecting change with CONGA, being more statistically robust [97,
112]. Missing data can weaken the calculation and hinder both the interpretation and
clinical application of the outcomes, suggesting studies with >14 days of continuous glucose

data capture are needed to explore clinical application of these measures of GV.

This is also limited understanding and characterisation of individual and modifiable risk
factors that may influence GV. Chapter 2 describes the associations between various
measures of GV (MAGE, CONGA2 and CONGA4) and individual characteristics such as age,
gender, weight, diabetes duration, physical activity and antiglycaemic medication (MES) use,

which can help to inform targets in diabetes care therapies to manage GV and optimise
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glycaemic control. These findings emphasise the importance of considering lifestyle factors

beyond diet and exercise in diabetes and GV management.

1.7.3 Lifestyle Management Strategies for Type 2 Diabetes

The multiple symptoms and complications of T2D have short and long-term health
consequences, subsequently, there are several lifestyle strategies targeting improvements
in blood glucose control and metabolic health outcomes in those individuals with T2D.
These strategies include therapies towards optimising dietary intake and physical activity
levels to achieve and/or maintain a healthy body weight and improve blood glucose control

[16].

The broad treatment goals for the management of T2D is to firstly, secure a quality of life
and lifespan comparable to those without T2D, and secondly, to prevent or delay
progression of microvascular and macrovascular complications by targeting optimal blood
glucose control (refer to Section 1.7) [16]. Lifestyle modification strategies are recognised as
the cornerstone of diabetes care and serve as adjunctive therapies to pharmacotherapy and

metabolic (bariatric) surgery interventions [16, 113-115].

Understanding the role and efficacy of lifestyle therapies to improve glycaemic control is
pivotal to the research conducted in this thesis and will be outlined further in the following

section.
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1.7.3.1 Weight Loss

The prevalence of overweight and obesity amongst the T2D population is reported to have
reached 60-90% [116, 117]. Obesity has a strong relationship in the progression of insulin
resistance and diabetes, with obesity considered to increase the risk of diabetes by 25% in
those with abdominal obesity, which is known to worsen clinical features of T2D [1]. Weight
loss through manipulation of energy balance (caloric reduction and/or increased physical
activity to increase energy expenditure) is considered the preferred first line treatment in
overweight or obese individuals with T2D, with the primary goal to normalise blood glucose
control [1, 16, 114]. Recommendations further suggest a reduction of at least 5% (to >15%
as BMI increases) of total body weight is required to achieve improvements in glycaemic
control as well as a reducing CVD risk-factors, blood pressure, and obesity-related
comorbidities, with recommendations made based on BMI category (see Table 4 below)

[16].

Table 4: American Diabetes Association’s (ADA) Treatment options for overweight & obesity

in T2D:
BMI Category (Kg/m?)
25.0-26.9 27.0-29.9 30.0-34.9 35.0-39.9 >40 (or > 37.5%)
(or 23.0-26.9%) (or 27.5-32.4%)  (or 32.5-37.4%)
Treatment
Diet, physical activity and J J J J J
behavioural therapy
Pharmacotherapy J J J J
Metabolic Surgery J with J without J without
comorbidities comorbidities comorbidities

* Cut-off points for Asian American individuals. v Treatment may be indicated for selected motivated patients. Adapted from American
Diabetes Association Standards of medical care in diabetes 2019
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An early review of 10 clinical trials with a meta-analysis of 192 individuals with T2D and
obesity, demonstrated a 50% reduction in FPG levels after 6 weeks with a 10% reduction in
total body weight, achieved through caloric restriction (~800-1200 Kcal per day) [117]. The
meta-analysis further investigated the association between weight loss and CVD risk factors,
identifying weight loss was significantly associated with reductions in total cholesterol (TC),

low density lipoprotein (LDL), triglycerides and blood pressure (BP) [117].

More recently, a similar systematic review and meta-analysis, exploring the effects of
intensive lifestyle interventions of 12-months or over on weight loss achieved through
caloric restriction and increased physical activity in 6,754 obese individuals with T2D,
reported a <5% weight reduction of initial weight, with an overall, non-significant reduction
in HbA1c of 0.2% (95% CI: -0.6 -0.2). Furthermore, investigations of the data revealed

further non-significant but clinical beneficial effects on lipids and blood pressure [114].

However, a further sub-analysis in this review discovered two weight loss intervention
studies reporting > 5% weight loss at 12-months, which showed significant reductions in
HbAlc of 0.6-1.2% at 12-months, improvements in systolic blood pressure and HDL
cholesterol [114]. These studies were calorie restricted and presented as a Mediterranean-
style diet in newly diagnosed individuals with mean HbAlc of 7.8% at baseline, and the
other study, an intensive diet and exercise program, the Look AHEAD Trial, including

participants with a 5 year mean duration of diabetes and HbA1lc of 7.3% [114, 118-121].

The Look AHEAD trial, sought to observe the effects of an intensive lifestyle intervention in
5,145 overweight and obese individuals with T2D, to assess if this intervention, based on
caloric restriction and increased physical activity, would reduce CVD mortality and morbidity

[119-121]. Despite this intervention group reducing 8.6% of total body weight by year 1,
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with a 6% overall loss at the end of the 2-years vs.3.5% for the control group, the study did
not demonstrate reduction in CVD morbidity or mortality [120, 121]. However, results from
Look AHEAD Trial, over a median follow up of 9.6-years, has established feasibility in
achieving clinically meaningful weight loss of >5%, with sustainable long-term weight loss
maintenance in 50% of participants at 8-years post-intervention compared to the control
group, reaching 3.5% reduction in weight with lesser improvements in HbAlc or CVD risk

factors [120].

The recommendation for at least a 5% weight reduction in individuals with obesity and T2D
is predominantly based on short-term studies of up to 24-months, with successful longer-
term studies (> 24-months) being few and reporting only modest benefits [114, 120-122].
These results suggest that lifestyle interventions may have limited effect on diabetes
macrovascular-related complications that take years to manifest [64]. Furthermore,
individuals in these trials also received intense counselling by dietitians or active support
from health care professionals on a 2-4 weekly basis, suggesting the weight loss benefits are
augmented by intense health professional contact, and it is unclear whether provision of a
step-by-step guide providing detailed information on how to implement and monitor
lifestyle changes over time, without intensive support, could affect markers of diabetes

control and weight loss outcomes differently [114, 117, 122].

The evidence consistently reports that for every 1kg of mean weight loss, there is an
association with a mean 0.1% reduction in HbA1c percentage points [114, 122] and
0.2mmol/L in FPG [123], with additional reports highlighting that HbA1C lowering is greater

in populations with poorer glycaemic control compared to those with good glycaemic
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control with the same degree of weight loss, independent of method for weight loss (i.e.

weight loss surgery, caloric restriction or pharmacotherapy) [122].

Furthermore, a recent meta-analysis collated 12-year data to develop a linear model to
quantify the effect of weight loss on HbAlc at a group level. The linear modelling
demonstrated that weight loss beyond 15% to 20% does not produce further HbAlc

reductions. This plateau reflected the natural limit in HbAlc reduction [122].

Collectively, data from these trials consistently demonstrates that caloric restriction and
weight loss markedly improved blood glucose control, demonstrated by reductions in HbAlc
and FPG, and identify and deliver cost-effective weight loss strategies for individuals with

T2D that have become the foundation of T2D management.

1.7.3.2. Dietary Patterns and Composition

In addition to the beneficial effects of caloric restriction and weight loss, a separate body of
evidence has examined the effects of different dietary patterns, composition and strategies
that target improved glycemic control [124-132]. Although a one-size-fits-all approach to
dietary intake has not yet been determined, recommendations are to refer individuals with
T2D to a registered or accredited dietitian skilled in providing diabetes-specific medical
nutrition therapy [16]. The role of the dietitian is to provide macronutrient distribution
recommendations based on current evidence in collaboration with the individual’s
assessment of current dietary intake, food preferences and metabolic goals [16]. Recently,
evidence suggests dietary therapies provided by a credentialed dietitian was associated with

a reduction in HbAlc of 0.3 -2.0% in T2D [133].
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In regard to current evidence examining the effect of dietary patterns on glycemic control, a
systematic review with meta-analysis assessing the effect of various dietary patterns lasting
> 6-months on glycemic control, identified 4 distinctive dietary patterns to be effective in
improving HbA1c [130]. These dietary patterns are: low glycemic-index (low GI);
Mediterranean; low carbohydrate; and, higher protein, reducing HbAlc by -0.14%, -0.47%, -
0.12% and -0.28% respectively compared with their respective control diets, with all except

higher protein also increasing HDL cholesterol [130].

A meta-analysis that evaluated 10 years of research on the effects dietary glycaemic index
on glycaemia in T2D, identified 6 articles comparing low glycaemic index diets higher in
wholegrains and mixed fibre (low GI) to higher Gl diets or controls (lower fibre and mixed
grains), for use in the meta-analysis [134]. The duration of the studies ranged between 2
weeks to 22 months and concluded the low-GlI diet resulted in significant improvements in

HbAlc and FPG compared to the higher-Gl diet [134].

In addition, the Mediterranean diet, which includes a large focus on vegetables, fruits,
wholegrains and monounsaturated fat has been extensively evaluated [125, 131]. Within a
systematic review of 8 meta-analysis’ and 5 RCTs published from 2011 to 2014, a sub-
analysis on 3 long-term (> 6-months) studies comparing the effects of the Mediterranean
diet vs. control on HbALc in individuals with T2D, favoured the Mediterranean diet, with a
greater HbAlc reduction between -0.3 to -0.47% compared to the control diet described as
usual care or a low-fat diet [131]. These findings were supported in a later meta-analysis
also reporting that compared to controlled diets, Mediterranean dietary patterns led to
greater reductions in HbAlc (mean difference, - 0.30; 95% Cl, - 0.46 to — 0.14), with

greater CVD benefits and reduction in the concentrations of total cholesterol and
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triglycerides (-0.14 mmol/I; CI, - 0.19 to - 0.09 and - 0.29 mmol/I; ClI, - 0.47 to - 0.10,
respectively), increased HDL cholesterol (0.06 mmol/I; CI, 0.02 to 0.10) and an associated
decline in blood pressure of 1.45mmHg (Cl, - 1.97 to - 0.94) for systolic blood pressure and
1.41mmHg (Cl, - 1.84 to - 0.97) for diastolic blood pressure [125]. The evidence from the
Mediterranean diet research has led the nutritional guidelines to recognise the benefits of

this eating strategy for individuals with T2D [16].

With regard to higher protein diets, an updated meta-analysis of 18 RCTs (2002 to 2018)
involving 1,099 adults with T2D over 4 weeks to 24 months, demonstrated that the change
in HbA1c after following a high protein vs low protein diet were similar (mean difference -
0.07, 95% CI=-0.20 to 0.06, P =.27), suggesting the ratio of energy from protein in these
diets did not significantly affect glycaemic control [135], opposing the views highlighted in
earlier studies [130]. In contrast, a reduction in carbohydrate intake reduces glycaemic load
(GL) and has been shown to improve glycaemic control independent of weight loss during
energy balance with early research demonstrating an absolute reduction in mean HbAlc by
2.2% (from 9.8% to 7.6%) [136]. Later research presented in a Cochrane review comparing
the effects of low Gl compared to low GL also further reported HbA1c reductions of -0.2% to
-0.5% with lower glycaemic load diets [137]. The relative importance of lowering
carbohydrate on glycaemic control has raised significant interest around the role of low
carbohydrate diets for the management of blood glucose control and T2D. In a review of the
literature comparing low carbohydrate diets (LCD < 130g total carbohydrate/day or < 26% of
daily energy from carbohydrate) to normal or higher carbohydrate diets (HCD > 130g total
carbohydrate/day or >26% of daily energy from carbohydrate), reporting on the outcomes
from 9 trials including a total of 734 participants with study durations of 3 to 24- months,

indicated in their meta-analysis that HbA1lc significantly decreased by -0.44% in the LCD
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when compared to the HCD (p = 0.00) [128]. Furthermore, a recently published meta-
analysis of 36-years of low carbohydrate research (January 1980 to August 2016) examined
the effects of carbohydrate restricted diets (<45% of total energy from carbohydrates)
compared to high carbohydrate diets (>45% of total energy from carbohydrates) on the
weighted mean difference in HbA1c change in individuals with diabetes, further revealed a
greater mean HbA1c reduction of -0.19% at 3 months on the carbohydrate restricted diets
overall [132]. In a sub-group analysis, the authors tested the effect of different levels of
carbohydrate restriction on HbAlc, showing that a carbohydrate restriction of < 26% of total
energy produced greater reduction in HbAlc at 3-months of -0.47% and at 6-months -0.36%
with no significant difference at 12 and 24-months. No significant difference between
moderate (26-45% carbohydrate) and high carbohydrate diets (> 45% carbohydrate) were

reported [132].

A limitation of these systematic reviews is that they commonly do not report on the effects
of dietary patterns on day-to-day glycaemic variability, an important factor in reducing the
risk of diabetes-related complications, nor do they systematically assess changes in
diabetes-related medication changes that can alter the HbAlc response. Conversely, a RCT
of 115 individuals with T2D were placed on a prescriptive very-low carbohydrate diet (50g
total carbohydrate, < 15% of carbohydrate from total energy) compared to an isocaloric
higher carbohydrate intake (> 200 g total carbohydrate, 53% of carbohydrate from total
energy), demonstrating that the LCD produced greater reduction in HbAlc among
participants with baseline HbA1c > 7.8%, with no diet effect in those with baseline HbAlc <
7.8%. This study further reported that the LCD produced greater reductions in markers of
GV (CONGA1, CONGA4 and MAGE) and diabetes-related medication, which are outcomes not

often described in the literature due to lack of these data being collected or reported [138].
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Further follow-up of the patients showed that the outcomes and differences between the
diet groups were sustained after 1 and 2 years [110, 139]. Based on the currently available
evidence, it is well demonstrated that caloric restriction and weight loss is an effective
strategy to improve blood glucose control, reduce hyperglycaemia and improve diabetes
control. Furthermore, there is no one-size-fits-all approach and a range of dietary strategies
that deliver an energy deficit can be used to achieve these outcomes, however, emerging
evidence suggests that lowering carbohydrates, independent of caloric restriction, may be
effective to further optimise and magnify the improvement of weight loss due to the lower
glycaemic load. Therefore, realising that energy restriction initiates effective weight loss and
carbohydrate restricted diets demonstrated not only improved glycaemic control but
superior benefits for medication and GV reduction, an energy restricted, low carbohydrate
dietary pattern was selected for implementation into the clinical trial described in Chapter 4

and Chapter 5.

1.7.3.3 Exercise Management

Exercise has long been recognised as an essential therapy for the management of T2D [140-
142] and is often used in combination with dietary modifications and frequent health
professional contact [143, 144] to improve health outcomes and in particular glucose
control (HbA1c) [16, 145]. An abundance of evidence has confirmed beneficial
improvements of physical exercise training in improving insulin sensitivity, bodyweight,
cardiovascular risk factors, blood lipid levels, blood pressure, physical fitness and overall
general wellbeing and reductions in the risk of CVD morbidity and mortality [146-148].

Although several factors associated with physical activity contribute to these beneficial
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effects (i.e. enhanced mitochondrial oxidative enzyme capacity, muscular hypertrophy,
improved blood flow and perfusion to capillary bends and muscle), for glycaemic control the
increased expression of GLUT4 receptors (Glucose transporter type 4), the transporter of
glucose in skeletal muscle, stimulates activity of adenosine monophosphate activated
protein kinase (AMPK) within the muscle [149]. In individuals with T2D and obesity that
have impaired glucose metabolism, exercise-induced stimulation of AMPK activates the
glucose transport system, accelerating muscular glucose disposal and fatty acid oxidation
[145, 150], enhancing glucose uptake by up to 50-fold during physical activity and improving

insulin sensitivity for up to 48-72 hours post exercise [149].

Intensity and duration of exercise are determinants of glucose uptake by skeletal muscle,
and both aerobic and resistance exercise activates different pathways in a synergistic

manner to improve glucose control [16, 142, 148].

Resistance/strength training stimulates isolated muscular contraction to improve muscle
density and hypertrophy, increasing blood glucose uptake, whereas aerobic activity
(repeated and continuous movement of large muscle groups) stimulates whole body insulin
action and glucose uptake, independent from AMPK’s action, as previously discussed [142,

148, 149].

Current physical activity guidelines recommend that for adults with T2D, >150 minutes of
moderate-vigorous aerobic activity at 50-70% of maximum heart rate (MHR) to be spread

over at least 3 days a week, with no more than 2 consecutive days without activity [16].

Furthermore, recommendations have accounted for the younger and more active individual,
suggesting a shorter duration (minimum 75 minutes a week) of vigorous intensity or interval

training to be sufficient (70-80% MHR), with either option including 2 days a week of
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resistance training using compound exercises [16, 142]. However, the overall message to
start to reduce the amount of time spent in daily sedentary behaviour, such as prolonged
sitting, by interrupting this behaviour every 30 minutes, is a simple message to combat the
critical problem facing many individuals with T2D, that is the lack of adherence to longer-

term physical activity recommendations [142, 148].

Generally, exercise independent of modality has repeatedly shown to improve glycaemic
control, assessed as changes in HbAlc in T2D. This is supported by a meta-analysis
investigating the short-term (8-weeks) effects of structured exercise that showed, in the
absence of weight loss, individuals with T2D and obesity reduced HbA1c by 0.66% [151]. A
subsequent meta-analysis exploring resistance training dose, showed a high intensity dose
of resistance exercise had greater reduction in HbAlc compared to a low to moderate dose
of resistance exercise (-0.61% vs -0.23%) over 6-weeks to 12-months [152]. Whist interests
in the effect of high intensity interval training (HITT) on glycaemic control in T2D have
peaked, a systematic review revealed limited evidence to demonstrate the effectiveness of

HITT in this population, citing limited studies and poor methodological quality [153].

Furthermore, when exploring the effect of different exercise modalities on glycaemic
control, Pan and colleagues confirmed that supervised aerobic and supervised resistant
training demonstrated a significant 0.33% reduction in HbAlc, compared to those in the no-
exercise group, however, when the exercise modalities of aerobic and resistance training
were combined, there was a further 17% reduction in HbAlc for the combined group when
compared to the independently supervised aerobic and resistance training groups in < 6

months [154].
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With respect to the impact of exercise on GV, research is still evolving, with study methods
inconsistently calculating and reporting on measures of GV [155, 156]. With the interest in
using CGM to capture rigorous glucose data to evaluate GV response to exercise, it is
prudent that future randomised control trials are conducted to determine the individual
variability in glycaemic control caused by various exercise modalities (dose, frequency, time

and type) in individuals with T2D, using a range of GV markers.

Overall, these reviews consistently report that increasing time spent undertaking physical
activity, independent of exercise modality, produces a significant improvement in blood
glucose control in individuals with obesity and T2D, yielding an average improvement in

HbA1c of between -0.23 to -0.66% percentage points over 3-days to 52-weeks.

1.8 Role of Technology in Diabetes Care

Despite strong efficacy of lifestyle modification programs, effectiveness is often
underpinned by intensive techniques requiring close monitoring and health professionals’
support to achieve desired health outcomes [157, 158]. In the real-world scenario,
adherence and engagement in these self-management strategies has often been difficult to
achieve and/or maintain as the practice models often proposed in research programs are
resource intensive and cost-prohibitive, which can limit their accessibility and widespread
availability [114, 115, 158, 159]. Furthermore, self-regulation that enables a patient to exert
confidence and control over their diet and exercise behaviours, is a key component to
effective lifestyle intervention adherence [160, 161]. Therefore, there is a strong need to

identify and develop a cost-effective health delivery strategy that can be used to support
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and enhance the application of lifestyle programs, including treatment therapies targeting

optimal glycaemic management in T2D, and patient self-monitoring.

Traditional wearable systems and medical devices are commonly used in practice to
measure key health indicators including heart rate (i.e. halter monitor), blood pressure
monitors, blood oxygen saturation, body temperature and activity [162]. Over time these
wearable systems and medical devices have become supported by advanced information
technology software systems. Recent advancements in technology and the rise in availability
of smart mobile phones, roaming internet accessibility and mobile hand-held and wearable
devices, has attracted the interest of healthcare research and professionals of how best to
utilise these technologies to enhance health care communication to optimise patient

outcomes and self-monitoring practices beyond telemedicine [162, 163].

Self-monitoring of health markers and behaviours beyond the research setting, using these
technologies (wearable devices and/or health applications/software interfaces), have shown
to be effective in monitoring treatment response and adherence for a variety of health
outcomes including body weight, blood pressure and physical activity, with mixed outcomes

[162, 164-168].

A systematic review of the current barriers associated with the clinical adoption of wearable
health devices used in acute clinical and community settings for management of chronic
conditions, including T2D, revealed that despite barriers to early adoption, there is clear
appeal in the literature that technologies could potentially facilitate efficiency in managed
care by improving outcomes amongst users, and may also facilitate greater engagement in

diabetes self-care [97, 162, 169, 170].
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The ADA recently incorporated diabetes technology into their standards of medical care in
diabetes, defining diabetes technology as the hardware, devices and software, patients and
health professionals can use as adjunctive tools to assist in the management of blood
glucose control [16]. Technologies for diabetes have traditionally been referred to as either
insulin administering (insulin pens or pumps) or blood glucose monitoring (glucometers or
Continuous Glucose Monitoring (CGM)). More recently, diabetes technologies have
advanced, resulting in a mixture of technologies that can monitor glucose and administer
insulin, whilst combining with software algorithms to provide diabetes self-management
support [16]. Such technologies include the CGM or intermittent/flash glucose monitoring

devices, which will be described below.

1.8.1 Continuous Glucose Monitoring Technology

Self-monitoring of blood glucose (SMBG) is an essential part of the diabetes self-care
regime, enabling individuals living with T2D to evaluate if their glucose targets are being met
and to help not only with self-management of diet and lifestyle but also medication
adjustment [16]. However, traditional SMBG methods place considerable burden on the
patient and is a process impeded by several limitations previously described [103, 104, 171].
Advances in CGM technology since 1999, has seen not only increased accuracy in detecting
interstitial blood glucose levels, from + 20% measurement error to + 10%, resulting in more
robust glycaemic variability computation, but also the evolution of real-time visual feedback
of blood glucose readings, having the potential to overcome the limitations of traditional

SMBG practices [103, 104, 171-173].
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The most recent continuous glucose monitoring systems are wearable health devices usually

involving three main components:

1. A wearable glucose sensor

2. Aglucose transmitter that sends out the glucose data readings to a device

3. The device, being a receiver or glucose monitor (usually hand-held device) with
inbuilt software to receive and convert the glucose transmission into visual displays

for the user to interpret their glucose pattern.

For the purposes of this thesis, description of the CGM system selected and used in the
clinical trials for the associated thesis research is the Medtronic™ Guardian Connect©

device with the Harmony® sensor released 2016 in the USA.

The glucose sensor is a minimally invasive sensor that is inserted into the subcutaneous
tissue (see Figure 2) on the body (usually arm or abdomen) and continuously and
automatically measures interstitial glucose levels at 5 minutes intervals, 24 hours a day
during the sensor wear period of up to 10-days [97, 164]. Interstitial fluid is extracellular
fluid which is looked upon favourably as a potential diagnostic as it possesses a similar
composition to a number of clinically important biomarkers of metabolic health as blood
(such as glucose) [173, 174]. However, the limitation of using CGM and interstitial fluid vs
blood measures, is the lag time of several minutes in detecting change in glucose, which has
more important clinical implications for those requiring insulin, warranting traditional SMBG

and adjunctive CGM monitoring in these cases [16].
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Figure 2: Example of sensor placement
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The CGM device is an integrated system with built in software, which provides the user with
alerts and alarms informing of hyper and hypoglycaemic events. Although still requiring
finger-stick (capillary blood) calibration at 12-hourly intervals, the system provides a
“biofeedback” display of comprehensive glucose profiles received from the transmitter
attached to the glucose sensor via an easy-to-interpret visual display, represented as a
mean blood glucose from the previous 5 minutes (see Figure 3). This continual biofeedback
enables the user (patient, health care provider or both) to view the individual’s biological
response to therapeutic interventions on daily or between-day glucose levels, including the

effects of meal type and dose, exercise, medications, stress and sleep [97, 172, 175, 176].

57



Figure 3: Visual (Real-Time) display of daily glucose readings received from glucose

transmitter:

With the additional accuracy and ability to capture 288 interstitial glucose readings within a
day, continuing across several days within a real-world environment, the RT-CGM moves
towards addressing the limitations inherent of HbAlc testing and traditional self-
monitoring, to improve glycaemic control through prompt remedial action [85, 97, 164, 171,

176].
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1.8.1.1 Continual Emergence of Glucose Monitoring Technologies

Although not considered for within the body of the thesis, it is important to recognise the

evolving landscape of glucose monitoring technologies.

The most recent extension in continuous glucose monitoring technology is the flash glucose
monitoring system (FGM), released in 2017 [172, 177]. At present, the FGM is vastly
different to the RT-CGM described above. Flash glucose monitoring continuously measures
interstitial glucose every minute, however, the user is required to scan the transmitter at
least every 8-hours, if not, the glucose data from the previous 8 hours is overwritten and
will not be available for data downloads or to assist in therapeutic decisions [177]. The FGM
provides retrospective glucose readings for the preceding 8-hour time period displayed in
15-minute intervals, only on scanning the hand-held device over the glucose sensor which is
implanted for up to 14 days in the arm [172]. Although no finger-stick calibration is needed
(factory calibrated), it is limited by the lack of alerts or alarms to indicate to the user when
their glucose levels are out of range [171-173]. Furthermore, accuracy of the FGM in
comparison to RT-CGM is still evolving, with reports identifying that although FGM and RT-
CGM show similar concurrence within a range of > 80-200mg/dL (> 4.4-11.1 mmol/L), the
concern is with the lower ranges, such as if the FGM reads 60mg/dL (2.2 mmol/L) there is a
40% chance that it is actually between > 80-200mg/dL (> 4.4-11.1 mmol/L), prompting the
user to supplement glucose therapeutically, potentiating hyperglycaemia, an important
consideration when interpreting results comparing RT-CGM and FGM systems, as studies
that show equivalence may be inaccurate [177]. The evolution of the FGM is considered to
be a hybrid between standard glucometers and CGM, with the benefit of an overall lower

cost (AUD) compared to CGM (FGM $95 device and $95 per disposable 14-day sensor vs RT-

59



CGM ~$3000 hardware and software and $65 per disposable 10-day sensor). As accuracy
continues to improve over time, FGM may precede RT-CGM and may increase utility of CGM

in clinical practice, independent of type of system [172, 177].

1.8.2  The Role of CGM to improve blood glucose control in diabetes

Although previous studies have used older CGM systems, results from a systematic review
and meta-analysis exploring the effectiveness of CGM on glucose control in diabetes
compared to traditional SMBG, revealed that blinded or retrospective use of CGM was no
more effective than SMBG in reducing HbA1c (-0.13% [95% CI -0.38% to 0.11%])[178].
However, results were contrasting for RT-CGM which achieved greater reductions in HbAlc
compared to SMBG (-0.18% [Cl 95%-0.35% to -0.02%]) [178]. Although these studies
included T1D, the authors produced a sub-analysis on the T2D population showing that the
effect of CGM use in reducing HbAlc was superior to SMBG (-0.31% [Cl 95%-0.6% to -
0.02%]), however, these finding were limited to 4 RCT’s of 116 individuals with T2D of short
study duration with outcomes of HbA1c and did not assess the effect on diet, exercise or

behavioural change [178].

For a more detailed summary of the effects of CGM use on improving blood glucose control
in T2D, Chapter 3 provides a detailed narrative review, conducted using systematic review
protocols, exploring clinical trials evaluating the effectiveness of CGM (real time and/or flash

and/or blinded) to improve HbAlc, body weight and lifestyle behaviour in adults with T2D.

In brief, the narrative review identified a total of 5,542 individuals with T2D recruited into 8

RCTs and 3 observational trials, with study durations of 3 days to 52 weeks. With high
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heterogeneity between studies, a meta-analysis was precluded. However, the available
evidence showed that CGM promoted greater, absolute reductions in HbAlc (-0.4 to -0.9%),
body weight and caloric intake and increases in physical activity compared to the controls.
The findings suggest that these independent benefits may be further enhanced when CGM
is integrated with lifestyle prescription, but attributes of such interventions remain unclear.
Subsequently, two further systematic reviews and meta-analyses to explore the
effectiveness of CGM in adults with T2D were conducted in late 2018 [179] and early 2019
[180] that showed CGM (real-time and flash glucose monitoring) are effective in improving
HbAlc. However, study heterogeneity continued to be identified as a limitation of the
existing literature suggesting further RCT’s are required [179-181].

Together with recent evidence suggesting that a lower carbohydrate diet promotes greater
improvements in glycaemic control, that includes attenuating daily glycaemic fluctuations
and reducing diabetes-medication requirements, the benefit of combining a lower
carbohydrate diet with an exercise prescription, delivered as a lifestyle modification
program, combined with the use of a RT-CGM device for improving glycaemic control in
individuals with T2D, was explored. In Chapter 4, the results of an original experimental
study to examine the effects of RT-CGM compared to Blinded-CGM on blood glucose
control, assessed by HbAlc, GV and CVD risk markers, when undertaking a prescriptive

lifestyle modification program with minimal health practitioner involvement, is reported.

1.8.3 Usability of RT-CGM in Clinical Practice

As the prevalence of T2D grows, therapeutic treatment options are extending into self-
monitoring and mobile-health device delivered therapies to support patients to achieve

better control of their disease, including the use of real-time continuous glucose monitoring

61



systems (RT-CGM) [97, 162, 164, 182]. Self-monitoring makes up to 95% of diabetes self-
care [183], in particular traditional SMBG, which is considered paramount to the self-care
process [16]. Compliance with this behaviour is generally poor, not only due to the issues
including time requirements and perceived pain caused by the lancet device, but the
overwhelming complexity of self-care regimes and the relatively low importance patients
place on their diabetes self-care [103]. A study examining the impact on beliefs and patient
experiences of using SMBG with instruction (training on interpretation and application of
the results to enhance lifestyle (diet and exercise) adherence vs without instruction in
individuals with non-insulin treated T2D, showed that those who were self-monitoring their
blood glucose, with instructions experienced no change in beliefs about their personal
control over diabetes or perceived effectiveness of diabetes lifestyle therapies [184]. In a
sub-analysis, the authors found that those with more intensive SMBG behaviours
experienced significantly lower quality of life (-0.72 [95% CI -0.12 to -0.02]) compared to the
control, which correlated to greater levels of anxiety and depression at 12-months [184].
The goal of effective self-management, in practice, requires considerable patient-clinician
interaction to be effective. In comparison, it seems intuitive that having more data available
via RT-CGM may change clinical practice, improve patient-clinician interaction aid in the

management of T2D.

A retrospective blinded evaluation, examining the application of blinded-CGM in clinical
practice, evaluated the change in baseline HbA1 data at 6-months following CGM-guided
management of 296 individuals with T2D receiving various management therapies (exercise,
diet, medication), with a secondary aim to determine if outcomes were different in therapy
management, compared to a matched control group receiving usual clinical practice [185].

The study showed a significant reduction in HbAlc at 6 months in the CGM-guided group
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(baseline 7.5 + 1.4% vs. baseline 7.0 + 0.9%; p< 0.0001), compared to the control group
(baseline 7.7 + 1.1% vs. baseline 7.4 + 1.0%; p=0.0593). It was also reported that 99%
(n=291) of the CGM-guided treatment group demonstrated improvements in all baseline
treatment therapies [185] including medication adjustments by dose or overall regime and
dietary changes and 96% received exercise recommendations guided by CGM readings,
compared to 94% of control patients who received medication adjustments, 64% received
dietary changes and 67% received exercise recommendations. Although no details were
provided outlining the type of advice implemented, the practice-team showed the CGM-
guided advice included a professionally trained CGM team consisting of diabetologists,
dietitians, nurses, pharmacist and a device technician, who prepared guidelines and
treatment recommendations through a combination of clinical experience and the results of

the CGM data [185].

Furthermore, a review of the evidence provided a narrative and qualitative summation of
clinician’s experience and preference for use of CGM in practice. Reporting clinicians felt a
blinded period of CGM use is helpful to record the patient’s usual habit, referring to diet and
exercise behaviours and identifies patient use of medication. Further recommendations
included a follow-up period of 14-days using either RT-CGM or flash CGM, stating the
visualisation of the glucose trends was a critical education and learning tool to help to drive
treatment changes and aided the clinician in providing education to the patient on how to

modify diet and exercise to improve self-management skills [176].

Together these studies show, that relative to SMBG, CGM can promote and enhance

diabetes self-management and is considered to be an effective interventional tool in
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assisting patients and health professionals to tailor their diet and exercise behaviours to

achieve better glycaemic control, in a time efficient manner [97, 176, 178-181].

From the patient’s perspective, a psychological sub-study of the PRECISE trial was
conducted by Barnard and colleagues in 2018, who delivered a psychological questionnaire
to determine acceptability and impact of the implantable CGM sensor in 102 individuals
with diabetes (T2D n=5; T1D n=41) and found that participants reported the usability of the
CGM system as ‘high’ on ease of use, convenience and comfort with 92% reporting no
experience of pain or discomfort with sensor wear, 93% of participants indicating that CGM
minimised their burden of diabetes identified by reports of improvements on all domains in
the diabetes distress scale [186]. However, these findings are limited, as a high proportion
of the population were T1D (90%) and most participants were previous CGM users (86%)

who are likely to be more motivated and engaged than the T2D population [186, 187].

It is estimated that one quarter of those with T2D may have an affective disorder as a result
of their disease [188] and others may adhere less closely to treatment advice due to the
stress induced by the diagnosis and the consequent requirements for treatment monitoring
[187]. Any negative effects of RT-CGM technology on acceptance, tolerance, stress levels
and behaviour may limit its usefulness as a strategy for T2D, and greater examination of

these effects will assist understanding of the use for RT-CGM in clinical practice [189, 190].

Therefore, despite the promising efficacy of CGM, independent of type, to promote
behaviour change and improve glycaemic control, there appears to be no studies that have
examined the effect of these devices on outcomes including patient acceptance, tolerance

and overall stress or perceived diabetes self-management behaviours.
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In response, Chapter 5 details the outcomes of an original study that examines the effects of
RT-CGM compared to blinded CGM, on tolerance and acceptability of device wear, stress

and diabetes management and motivation to change.

1.9 Summary

Type 2 Diabetes is characterised as a progressive loss of B-cell insulin secretion, resulting in
hyperglycaemic events, commonly preceded by insulin resistance and is associated with
increased prevalence of overweight, obesity, cardiovascular disease (CVD) risk factors and
psychological complications including distress. The incidence of T2D continues to rise
globally, and the burden associated with the direct and indirect costs of diabetes
management warrants concern. Lifestyle modification (diet and exercise) is the first line
treatment of T2D, however, adherence to lifestyle modification is low, complicated by the
lack of explicit biological symptomology.

Interventions targeting management and prevention of T2D focus on achieving optimal
blood glucose control and prevention or management of diabetes related complications.
Self-monitoring of blood glucose to achieve improved blood glucose control, usually
requires using finger stick tests or reliance on the routine clinical measurement of glycated
haemoglobin (HbA1lc) and fasting plasma glucose (FPG), requiring a specialist clinical visit
every 3-6 months. Although relevant for diagnostic or clinical monitoring purposes, these
tests are limited to only providing the patient with a single measure in time, restricting the
patient from seeing the influence of their lifestyle choices on daily blood glucose levels.
However, the emergence of new technologies such as RT-CGM devices that capture glucose

at 5-minute intervals, provides the user with a visual display of continuous glucose reading
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and the ability to measure and monitor within-day and intra-day GV. Growing interest in
measures of GV have emerged with evidence suggesting that large fluctuations in GV is an
independent risk factor for T2D complications, although individual characteristics that

potentially influence GV remains unclear.

This aim of this thesis is to provide original analyses and experiments that will assist to
advance the understanding of factors that influence GV and to investigate the role of Real-
Time Continuous Glucose Monitoring (RT-CGM) as a self-monitoring behaviour change tool
to enhance glycaemic control of individuals with T2D. Therefore, the body of research

provided includes:

Chapter 2 describes the outcomes of a retrospective, secondary analysis of an existing
dataset of patients with T2D exploring associations between measures of GV and factors
such as age, gender, weight, diabetes duration, physical activity and antiglycaemic
medication use.

Chapter 3 represents a narrative review, exploring clinical trials evaluating the effectiveness
of CGM (real time and/or blinded) to improve glycated haemoglobin (HbA1c), body weight
and lifestyle behaviour adherence in adults with T2D, with a secondary aim to understand

CGM user acceptance and potential implications from primary care use.

With recent evidence suggesting lower carbohydrate diets result in greater improvements in

glycaemic control and attenuate daily glycaemic fluctuations, it was proposed that

combining a lifestyle modification program with a real-time continuous glucose monitoring
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device (RT-CGM) would offer benefits for improving glycaemic control in patients with T2D,

which has not been previously studied.

Chapter 4 provides the outcomes of an experimental study testing the hypothesis that the
use of RT-CGM will assist in adherence to a prescribed low carbohydrate diet in overweight
and obese individuals with T2D, thereby inducing greater glycaemic control (HbAlc and
glycaemic variability) compared with a conventional finger prick test for self-monitoring
blood glucose levels. This research focuses on the metabolic effects of T2D, measuring
HbA1c, lipids, body weight, body composition, fasting insulin and fasting glucose, with a
unique focus on observing various indices of glycaemic variability. This study provides
preliminary evidence that RT-CGM may be an effective strategy in optimising glucose
control whilst following a low-carbohydrate lifestyle program with minimal professional

support.

The literature exploring the tolerance and acceptance of CGM device wear on diabetes
management is limited. With the premise that wearing and self-managing a RT-CGM could
pose a burden to the user, potentially having a negative effect and limiting the usefulness of
RT-CGM technology in practice, a greater examination of these effects was deemed

warranted.

Chapter 5, presents the results of a supplementary investigation of the experimental study
to examine the effects of RT-CGM vs. Blinded-CGM on tolerance and acceptability of device
wear, stress and diabetes management and motivation to change in a bid to improve our

understanding of how individuals respond to wearing a device.
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Chapter 6 summarises the overall findings of the research topic and the strengths and
limitations of the current work, combined with recommendations for future research in this

priority area to advance clinical practice of T2D management.
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SHORT COMMUNICATION

Association of glycemic variability and
the anti-glycemic medication effect

score in adults with type 2 diabetes

Pennie J Taylor*12, Kylie Lange’, Campbell H Thompson?, Wittert Gary™ & Grant D
Brinkworth*

ABSTRACT

While evidence implicates glycemic variability (GV) as an independent risk factor for type
2 diabetes (T20) complications, individual characteristics and factors that determine and
influence GV remain unclear. This study explored associations between GV and individual
characteristics including age, body fat, diabetes duration, physical activity, gender, ghycated
haemoglobin (HbATC) with a focus on anti-glycemic medication use. An observational,
cross-sectional investigation was conducted as a secondary analysis on baseline data of 95
participants (age: 35-65 y; Body Mass Index (BMI}: 26-45 kg/m?) with T2D (HbAlc = 7.0%
and/or using diabetes medication) who participated in a Randomised Control Trial. Three
glycemic variability indices were calculated using interstitial glucose level readings (mean of
5-mins) over a 48 h period, collected by continuous blood glucose monitering. Multiple linear
regressions were used to examine the association between the participant characteristics of
interest and the GV indices. There were significant positive associations between all GV indices
and anti-glycemic medication use (all: P<0.004). Similarly, significant positive associations
between all GV indices and HbAlc (all: P<0.001) were observed. However, associations
between HbAlc and all GV indices plateaued above an HbA1c of 8%. Finally, there were no
observable associations between the GV indices and any other characteristics. From a range
of patient characteristics, only the characteristic of a greater anti-glycemic medication score
was significantly associated with greater GV in overweight or obese individuals with T20.
These data suggest clinical targets for optimal glycemic management may require greater
consideration of the impact of pharmacotherapy on GV.

Introduction as well [2,10-12]. However, there is limited
. ) o . understanding and characterisation of individual
E;l}'c:m]c v.'anab]hrfv [{'?'I}’ thF mplm_'ld:’ and modifiable factors that may influence GV.
trcquc;q,' and grm:llml of glycemic _ﬂucruan?ns This limits the development of effective targeted
aruun. e blaa 3 plucose ”_’21 1 -:m_crglng therapeutic strategies that consider all the factors
asla.néndcpend:n:insl_; factor c]t ype 2 l'?]m]:fﬂ:s that influence GV in individuals with T20. The
[g—af}rjc (E;cm_u:-:tl m;;;::ﬂs::t:rind?&l?\n;:: aim of this 5'!'-1!:]}' was 1o cxpl-:.n: associations
b U s . }::l g" ! between characteristics of wcm‘cight or ohese
cComing -T-‘?Ij%m“ 5 dan lm]:K?[J']:‘ﬂJ‘ll’ weatment  ndividuals with T2D, most importantly their
target in management. These strategies ih . and their GV,

involve lifestyle adjustment and often medication prarmacoticrpy anc Ther
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Methods
1 Study outline

This was an observational, cross-sccrional
study conducted as a secondary analysis of the
haseline data of 95 participants who P-an:idpat:d
in a diet and ]i:l'-ﬂl.'}"l.t intervention trial
(ACTRN12612000369820) [13]. Participants
with established T2D under the care of a
general practitioner and/or endocrinologist were
recruited from the community in Adelaide,
Australia. Participants were a.gnd between 33-
G8yrs with T2D (HbAle = 7.0% andfor using
diabetes medication), and with a body mass
index (BMI) of 26 w 45 kg/m’. Exclusion
criteria included smoking, type 1 diabetes,
renal, hepatic, respiratory, pastrointestinal or
cardiovascular  disease; histm}' of maligp'lancy
or any signiﬁc:mt tndocrinup:ﬂh}' {other than
stable treated thyroid disease); pregnancy/
lactation; history of or current cating disorder
[13]. All study participants provided written
informed consent and the study was approved by
the CSIRD Human Research Fthics Committee.

» Covariates and medication effect score

The participant characteristics identified to
have an established and/or p-n‘tn:ntial influence
upon GV and to be included in the analysis
models based on cohort size were: 1. ape; 2.
duration of diabetes; 3. HbAlc measured
by a certified laboratory (SA  Pathology;
Adelaide, Australia); 4. percentage of bud}' fat
determined by whole-body dual-energy X-ray
absorptiometry (DEXA; Lunar Prodigy; General
Electric Corporation, Madison, Wisconsin); 3.
time spent in sedentary and moderate/vigorous
activity assessed using data from seven conscoutive
days of triaxial ac,nc]crcm:tr}r {GT3X+model;
ActiGraph, Pensacola, Florida), with pre-defined
validity cutoffs [14] and 6. diabetes medication
as measured by the anti-glycemic medication
effect score (MeS). The MeS provides an overall
assessment of the utilisation of anti—gl}'c,a:mic
agents based on ype and dose of agent, with
a higher score corresponding to higher anti-
glycemic medication use [13,15). The calculation
includes detcrmining the prescribed dose of
each anti-g]}rc\:mi.c d.ru.g for each patient as a
percentage of the maximum recommended dally
dose of that drug. If the maximum daily dose of
metformin is 3000 mg and the daily dose utilised
is 300 mg, the percentage of maximum daily dose
is 16.7%. This percentage , for cach medication,
is then mu]tip]i:cl b}' an adjustmcnt factor: for
metformin (biguanides) and sulfonylureas the

a.djusl:m:nt factor is 1.5; for insulin 2.5. In this
example, the subject on this dose of metformin
alone has a MeS of 0.25. For a patient taking
more than one anti-glycemic medication, each
medication’s prescribed/maximum daily dose is
multiplied by the respective adjustment factor
and the outcomes summed to generate the final
Me5 [15].

n Glycemic variability assessment

Blood plucose profiles were collected at
S-minute intervals over a 48 h Pcriud, using
an interstitial glucnsc sensor and the iFro
2 continuous glucose monitoring  device
iMedironic, North Ryde, Australia). Glycemic
variability measures were computed and included
the mean amplitu:lr. of glyl:\:mil: CXCUrSIONS
(MAGE, average of blood glucose excursions
exceeding 1 5D of the mean blood glucose value),
and continuous overall net glycemic action
(CONGA-2 and COMGA-4, 5D of differences
between observed blood glucose reading and an
ohserved blood glucose level (n) hours prior (ie.

2 or 4 hours apart, respectively)) [16).
n Data analysis

Mu]tip]r. linear FEETCSSIONS  Were used to
examine the association between the participant
characteristics  including  ape, duration of
diabetes, HbAlc, percentage of body fat, time
spent in sedentary and moderate/vigorous
activity and diabetes medication and each GV
outcome. All GV outcomes were computed
by automated algorithm and log transformed
iln) prior to analysis [17]. Covariates to be
included were specified a priori, based on clinical
justifications. A quadratic term for HbAlc
was also included to account for non-linearity.
Mormality, heteroscedasticity and  collinearity
assumptions were assessed for each model and
were met. Statistical sipnificance was assesed at
P<0.05. Analyses were conducted using SPSS
Statistics 25 (IBM Corp, 2017).

Results

A total of 95 participants were included
in the multlpl: Tegression :lnal}rsis for this
study. An additional 20 participants had been
recruited for participation in the initial lifestyle
intcrvention  but were excluded from  this
analysis due to the unavailabilicy of diabetes
duration data. Participants’ characteristics are
presented in TABLE 1. TABLE 2 presents
relationships between GV outcomes and patient
characteristics. There were sipnificant positive

118

Diabetes Manag (2018} &(5)

96



SHORT COMMUNICATION

Association of glycemic variability and the anti-glycemic medication
effect score in adults with type 2 diabetes

Table 1. Basaline characteristics of particlpants (n=95)

Characteristics Mean [+ 500
Demographics
Age [years) 583+ 68
Gender (n) 95 (55 Male, 40 Female)
Duration of T2D {years) 67+59
Diabetes Medication
Diabetes Medication Effect Score (Me5) 1.2+ 1.1
Sulformdureas (n [%]) 28[30]
Metformin (n [%]) A0 [42]
GLP 1 agonists (n [%]) 2[2
DPP4 inhibitors (n [%]) 2[4
Thiazolidinedione's {n [%]) 6 6]
Insulin (n [%]) 10011]
Other n [%]) 34
Nil Medication (Lifestyle Control Only) (m [%]) 1[1]
Anti-hypertensive Medication [n (%] 83 (92%)
Body Composition
Weight (kg) 10182157
BMI (ka/m?) 345+ 44
Waist Circumferance {cm) 1120+ 108
Total Body Fat (%) 398+ 74
Glycemic Control
Glycated Hemoglobin (% HbATC) 73210 [(n27=8%)
Fasting Glucose (mmolfL) B1=x21
MAGE {mmal/L) 5117
CONGA -2 (mmoliL) 24108
CONGA-4 jmmoliL) 2910
Physical Activity
Time Spent in Sedentary behavior (%) 875+37
Time Spent in Moderate to vigorous intensity activity (%) 35+ 14

Standard Deviation. Data is mean £ 50, unless otherwise stated Abbreviations: MeS: anti-glycemic Medication
Effect Score; GLP-1 agonists, Glucagon-like peptite-1 agonist; DPP-4 inhibitors, Dipeptidyl-peptidase—4
inhibitors, BMI: Body Mass Index; 50, MAGE: Mean Amplitude of Glycemic Excursions; CONGA-2- Continuous
Owerall Net Glycemic Action of observations 2 hour apart; CONGA-4: Continuous Owverall Met Glycemic Action
of observations 4 hour apart!

Table 2. Adjusted Multiple Regression Output (unstandardized regression coefficients)

Glycemic Variability Indices

Characteristics MAGE [In [mmol/L)) | CONGA 2 [In (mmal/L)} CONGA 4 (In (mmal/L})
Age (yrs) b= 0,006 (P=0.230) b= 10,001 (P=0.820) b= 0.003 (P=0.536)
Female gender b= 0061 (P=0.494) | b=0.115 [P=0.153) b= 0,091 [P=0335)
Body fat (%) b=-0.006 (P=0.344) | b=-0.008(F=0.111) b=-0.009 (F=0.192)
HbATc (%) b= 2018 F <0001 | b=2.157 (P<0.001) b= 2.068 (P<0.001)
HbA ¢ squared b=-0.119(F <0.001) | b=-0.130 (P=0.001) b= -0.123(P<0.001)
Me5 (arbitrary units) b= 0113 (P=0.003) | b=0.115 (P=0.001) b=0.115(P=0.004
Diabetes Duration (yrs) b=-0.002 (P=0.756) | b=-0.003 (P=0.648) b= -0,004 (P=0.596)
Time Spent Sedentary Activity (%) | b= -0.019 (P=0.169) | b=-0.021 (P=0.088) b=-00019 (P=0.196)
Time Spent Mod/Vig Activity (%) | b=-0.032 (P=0398) | b=-0.021 (F=0.525) b=-0.023 (P=0.558)

Significance p=<0.05

Abbreviations. HbA1c%, Glycated Hemoglobin; Me3: anti-Glycemic Medication Effect Score; MAGE: Mean
amplitude of Glycemic Excursions; Conga Z Continuous Owverall Met Glycemic Action 2-Standard Deviations
of the difference in blood glucose readings 2 houwrs apart (Score); Conga 4, Continuous Overall Met Glycemic
Action 3-Standard Deviations of the difference in blood glucose readings 3 hours apart (Score).
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associations between HbAlc and all GV indices
{all P=0.001}, which plateaued above an HhAlc
of 8%, and berween Me5 and all GV indices (all
P<0.004). There were no statistically significant
associations between GV indices and any of the
other characteristics in the model.

Discussion

After mnl:rullin.g for individual
characteristics, results revealed a signiﬁcant,
independent  positive  association  between
GV and the anti-glycemic MeS. Beyond the
expected, positive associations berween HbAlc
and all GV indices [18], there were no observable
associations of GV indices with any of the
other characteristics included in the model
Hyperglycaemia (as measured by HbAld) is
an important contributor to the incidence of
microvascular and macrovascular comp]icnﬂons
in T2D [4,18]. In contrast, a growing body of
evidence suppests that high GV is an important
determinant of vascular damage and reflects
sub-optimal diabetes control [4,5,19-23]. The
positive associations between GV and the anti-
glycemic MeS suppests that a higher use of
anti—glyca:mic medication is not associated with
any decrease in GV, Similarly, a previous study,
conducted in T2D patients on mixed insulin
with concomitant anti-g]}rccmi.c medication,
observed short and occasional  prolonged
tpisnd.cs of h}'pﬂgl}u:mia in individuals with low
mean blood glucose levels and wide Aucuations
in blood gluccﬂ: values in paticnts takin.g hi.gh:r
insulin doses [7]. This stud}r also n:pcm:d no
correlation berween HbAlc and time spent in
h}’pﬂgl}umia. This supgpests that a glyca:mic
profile with smaller GV should be a target
when d.csignin.g an intervention to optimise
gl]ru:mic control over and  above Icrwcﬁn.g
HbAlc concentrations [7]. These findings have
important clinical implical:'luns, sugpesting close
attention should be considered when pn:scril:r]n.g
anti-glycemic medication and dosing regimes.
These drugs may affect GV in addition to any
effect they have on HbAlc. In a separae line of
evidence, a recent cross-over study demonstrated
that participation in moderate intensity exercise
over a 3-day period reduced GV in individuals
with T2D [24]. Mo association between GV
and either time spent in scd:ntar]r activity or
in mod:rab:.f\'igornus activity was ohserved
in the present study. The exact reason for this
discrcpam:y remains unclear. It is pcsslbl: that

medication use has a stronger association with

GV than any of the other variables considered in
the model, at least in patients with T2D.

» Study limitations

This is the fmst sl:u&y investigating
associations  between GV and  individual
characteristics in T2D that includes diabetes
medication usapge yet several limitations exdst.
F'Lrst]}r, this was a sncundar]r :lna]}rsis of baseline
data that consisted of 2 heterogeneons population
treated with a variety of treatment strategics for
diabetes management. Thase stategics included
oral anti-plycemic medications and insulin in
addition to concomitant medications im:lu.ding
anl:'l—h}'pcrh:miv:s. This limits the :lbi]il‘_!." to
explore specific assocations by medication
tvpe. Scccnd]}r, whilst the antl—gl}'c,:mic MeS is
useful in clinical research to assess global v:]'l.ln.gn:s
in medication over time, it has not yet been
established in clinical practice. Ar this point it is
lmpuﬁsibl: o dnclph:r the n:latiunshlp between
GV and specific medication types and dosages.
Flna“]r, the stud}r s:lmplt examined was rclat'm.-l}'
small, with well controlled diabetes. Indusion
of pub:ntial mfnundjn.g variables was limited.
Consequently, the present findings may not be
g:n:rali.z:lb]: to the wider PﬂFHlla.T.iﬂl‘.l and L'{rg:r
studies cxamining more diverse pcpulatinns
considering the confounding effects of diet,
caloric lntslu.-, ]'r.i|:|m.-}r and renal disease should
be conducted to describe these n:lal:'mnships
more comprehesively, It is also important to
ac]muwlndgc that the cross-sectional d.csign of
this stud}r does not prnvi.d.t evidence of cause-
and-effect. Future interventional studies should
be conducted to understand the direct effect of
changing medication desage and type on GV,
including HbAle, It will also be necessary to
conduct |cngl|:u.c|in:1] sudies in controlled s
pum']}r controlled individuals investigating the
effects on GV of deFcring types and c]'l.m.gn:s
of dose of medication over time on. This
will inform clinical practice guid:llnﬁ and
appropriate prescription of medications with
greater consideration of GV control.

Conclusion

From a range of patient characteristics, only
the characteristic of a greater anti-glycemic
medication score was si.gniﬁcand}' associated with
greater GV in overweight or obese individuals
with T2D. These findings suggest thar clinical
targets for upl:'lmsl gl}'c,:mic management should
consider the impact of phﬂmwﬂi:rapy upon
GV because more medication may not translate
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Effectiveness and acceptability of continuous
glucose monitoring for type 2 diabetes
management: A narrative review

Pennie ] Taylor'**, Campbdl H Thompson®, Grant D Brinkworth™([)
TSR0, Health and Bicseourty. Dedpine of Medidne, School of Medicne, Univesity of Aosae Adekice. St Austalia, and TSR0 Health and Bioseausty, Syinsy, New
South Waks, Ausrda

Ghyoemic control, Lifestyle, The present narmative review discusses the role of continuous glucose monitaring (G
Technology in ghpcemic and weight control, and lifestyle behavior adherence in adults with type 2 dia-
betes. A literature search from January 2001 to November 2017 was camied out (MEDLINE,
"Correspondence CINAHL, Web of Scence and Scopus). Eligible studies were trials evaluating the use of
Pennie J Taylor CGM with the aim of achieving glucose contral or festyle-related trestment adherence

Tel: +61-8-8303-8554
Fa: +61-8-8303-8855
E-mail address:

pennietayioRgcsin.au

over a period of =8 weeks in adulis with type 2 diabetes compared with usual care or
another comparison intensention, or absenational trals reparting CGM usar experience A
total of 5542 participants were recruited into 11 studies feight rndomized controlled trials
[n = 5348) and three obserational studies [m = 196 The sample sizz mnged 6-4678
participants, the meaan age was 51.7-600 years and diabetes duration was 21-192 years,
with high heterogensity between studies. Overall, the available evioence showed, com-
pared with traditional self-monitoring of blood glucose levels, CGM promoted greater
reductions in giycated hemoglobin, bodyweight and caloric intake; higher adherence rat-
ing to a personal eating plan; and increases in physical activity. High aompliance to CGM
wear-time and device calibrmtion was repored (=908). The addition of lifestyle andfor
behaviorl counseling to CGM appeared to further potentiate these improvemenits. Prelinm-
inary evidence suggests that OGM use promotes ghycemic and weight contral, and life-
style behavior adherence in adults with type 2 diabetes. These benefits might be further
enhanced with integration of diet, exerdse, and glucose excursion education and counsel
ing. However, specific atiributes of effective intenventions and the application of CGM
information for promoting improved outcomes and healthier choices remain unclear.

J Digbetes Investig 2018

doi: 10.1111/)di.12807

INTRODUCTION

Appmx.i:natdy 422 million adults worldwide have diabetes,
with ~00% of cses having type 2 diabaes’. With a dispropor-
tionatdy greater inrese in type 2 diabetes in the Asbn region,
the burden of type 2 diabetes is fast beng realived, with <25%
reaching good glycemic wntrol® ® Hence, difedive evidemoed-
based stralegies are urpently required. Poor blood gheose con-
trol underpins diabetes-related vascular complications, and its
increasad  risk of cardiovascolar  dismse and  premature
death™, Although diet and lifestyle nterventions remain the

FRecsived 16 Octaber 2017; revised 7 lanuany 2018 accepted 21 Lanuany 2018
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cornerstones of type 2 diabetes management, alone thess are
often insuffident to achieve sustained gf}'u:mi: contrl and
adjunctive therapies are required for effecive |.'|'1'.|.r|el.ﬂp:l:rl:rll‘_J'q“EI
Furthermore, current approaches o implenenting  lifstyle
strategies are olten laborious, msﬂy and resource  intensive,
requiring close health professional suparvision 1o provide feed-
back to blood ghicose response changes. This ereates challenges
for long-term adherence to lifestyle strategies®™™", and the
need for allernative diedive and acceptable treatment sirategies
for sustained therapy.

Seli-monitoring of blooed glumse level (SMBGL) is widely
accepted as being beneficial for long-tem glycemic contrad in
type 2 dinbetes, both with or withowt insulin  therapy'™.
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However, limitations and poor adherence to regular SMBGL
exist due to inconvenience, costs of disposables, and erroneous
and reduced measurement frequency resulting in suboptimal
glycemic control ™", Alternatively, continuous ghicose monitor-
ing systems (CGM) have emerged that utilize sensor technology
inserted subcutanecusly to measure interstiial glucose levels
across the day that could enhance behavior change adherence
and glycemic contral. OGM emables an individual to observe
blood glucose levels, and understand interacions and impact
between diet, physical activity and medication choices with
greater qualitative and quantitative feedback, providing health
practitioners with a unique education ool ™', In 2013, a meta-
analysis including four randomized control trianks (RCTs) of 116
individuals with type 2 diabees, reported OGM improves gly-
cated hemoglobin (HbAld) I type 2 diabdes over 8-
12 weeks'™, However, this met-analysis limited reporting o
HbAlc outcomes, and did not assess lifestyle or behavioral
change adherence, which are critical for effective diabetes man-
agement™, The authors also identified only two of the four
RCT's were high guality’®. More recently, less intrusive device
technology and real-time CGM (RT-OGM) technologies have
emerged that offer greater potential for combining CGM with
lifestyle strategies to enhance type 2 diabetes management
CGM use and sensor wear time have been associated with
treatment adherence and improved glyemic control™ The aim
of the present article was to provide a narrative review of trials
(identified using a systematic search stratepy) investigating the
effectiveness of CGM interventions to improve HbAle body-
weight status and lifestyle behavior adherence in adults with
type 2 diabetes. Where possible, a forther aim was to under-
stand CGM user acceptance and potential implications for pri-
mary care use. A systematic approach with a narrative analysis
was wed due to insufficient availability of high-quality pub-
lished studies and data reporting on the outcomes of interest in
the target population to carry oul a meta -analysis,

METHODS

Search strategy

Conduct and reporting of the present review was based on
guidelines outlined by the Joanna Briggs Institute peer reviewed
protocol for scoping reviews' . To identify appropriate key
words, an initial limited search of MEDLINE and Cumulative
Index to Nursing and Allied Health Literature (CINAHL) was
carried out, and the title, abstract and index terms o describe
the articles were accepted. Search terms were continuous glu-
cose monitoring OR CGM®*, diabetes NOT type 1 diabetes
AND obese* foverweight AND lifestyle OR blood glucose con-
trolfmanagement OR glycemic control AND/OR physical activ-
ity AND/OR nutr* diet®, effectiveness and self-monitoring OR
acceptability.

Key terms were used in the second search phase using MED-
LINE, CINAHL, Wéb of Science and SCOPUS electronic data-
bases to include published and unpublished articles, and limited
to adults (aged =18 years) and English language publications.

httpy/ioninelbrary.wikey.com fournal di

Publication dates were January 2001 {coinciding with Food and
Drug Administration approval for commercial CGM use) to
November 2017 to capture stodies utilizing OGM techndogy to
reflect modern day practice™" . Reference lists of retrieved arti-
cles and relevant systematic reviews were hand-searched for
other relevant smdies’™ "™, The present study represents a
scoping review underpinned by a systematic process’.

Study selection criteria

Duplications were removed using Endnote (EndMote, Version
X7, Clardvate Analytics, Boston, Massachusetts, USA). Title
and abstracts were manually screened for relevant articles based
on selection criteria by the primary reviewer (PT). Full text of
potential artides was retrieved for further assessment. Studies
were seledted if (i) they were RCTs with a reported interven-
tion utilizing (XM with the aim of achieving glycemic control
and/or intervention adherence, or observational studies report-
ing on OGM user experence; (i) they were amied out in
adults (aged =18 years) with clinically diagnosed type 2 dia-
betes; (iii) they were RCTs that included diet and exerdse inter-
ventions as one of the intervention groups targeting glycemic
contra; or (iv) they consisted of a wsual care o control group.
Studies were excluded if (i) participants had type 1 diabetes,
gestational diabetes or were aged <18 years; (i) intervention or
contral was pharmacological/surgical; (iii) participants with pre-
diabetes or type 1 and 2 diabetes were examined, but data for
type 2 diabetes could not be separately extracted; or (iv) partid-
pants were critically il or had postsurgical interventions.
Retrieved studies were independently assessed for relevance by
all authors and discussed for final selection.

Data extraction

Data required for analysis were extracted from included articles
into data extraction tables. Data relating to study methodology/
design, CGM protocols, intervention outcomes including CGM
wear-time and wse, sample size, attrition rates, age, sex, and
outcomes associated with glycemic contrd were captured. One
reviewer (PT) extracted the data from all included articles,
while secondary reviewers (CT and GB) independently cross-
checked data extraction reliability. Inconsistencies were resolved
through discussion and consensus. Meta-analysis was not car-
red out doe to high heterogendty of interventions and out-
comes. A marmative amalysis summarizing the results was used.

RESULTS

Search outcomes

A total of 277 articles were identified. After removal of duplica-
tons, and excluding articles based on tile and abstracs, 12
articles, reporting 11 separate studies (one article reporting
long-term follow up™ of a previously reported short-term inter-
vention™) met the inclusion crileria. Nine articles {eight shad-
ies) were RCTs™ ™, and three were observational trals™
Included stodies were rated as being of acceptable quality™.
The artide seledion process summary, and the study protocads
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Figure 1 | Aticle slection process, CGEM, antinuous glucose
rmonitoning; T1, type 1; T2, type 2

and intervention specifications are presented in Figure 1 and
Table 1, respectivdy.

Participants
A total of 5542 participants were recruited into eight RCTs
(n=5342) and three observational trals (n = 196), with 60%
men™*, and ~9% (n = 487) receiving multiple daily insulin
injections™ . Nine studies assessed baseline body mass index
(BMI)™ ™5 iith the majority of participants dassified as
overweight or obese (BMI =25 kefm% n = 5432). The RCT
sample size ranged between 29 and 4678 partidpants, with a
mean age range of 52-60 years and diabetes duration of 62—
192 years™ "= one RCT (n = 40) did not report diabetes
duration™, The observational trials examined 6 to 181 partici-
pants with a mean age range of 54-57 years and diabetes dura-
tion of 2.1-146 years™ ., (O the 11 studies, a total of 159 of
5542 participants (~3%) were reported as dropouts; one trial
(n = 6) did not report attrition rates™ .
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Continuous glucose monitoring

Al smadies, eccept Cox o al™, reported participant recruit-
ment  strategies inchiding military  healthcare  beneficiaries
(n= 100)"*", public endocrinology clinic andfor cardiac unit
(n= 51001, community health services (n = 271)™**
and general hospitals (n = 65)7. Studies were carried out in
the USASMI53  Conade® India™, Europe®, South
Korea™, and across multiple sites throughout the USA and
Canada™.

Study aims and Intervention description

The aims of the smdies were to determine whether CGM use
elicits  changes  in  glycemic  control™ T,
weight ™% and physical activity™™ to investigate CGM
in rdation to selfefficacy and sel-monitoring behaviee™4,
and acceptability, satisfaction and tolerance 1o CGM wear and
wse 4 Across the studies, different intervention protoceds
were wsed and five disind research themes identified (Table 1).
These research themes included: (i) four RCTs determining the
effects of RT-COGM (user can view visual feedbude of blood glu-
cose responses instantanesusly) compared with SMBGL (con-
ol “* (i} one RCT determining the effects of using
retrospective CGM data with diabetes education combined with
self-efficacy counseling compared with diabetes education with
SMBGL (control)™; (ii) three RCTs determining the effects of
retrospedive CGM with problem-solving counseling compared
with retrospective CGM with standard diabetes education (con-
trol) ™% (i) two observational studies describing the effisct
of retrospective CGM data (requiring researchers health profes-
sionals to download “binded’ OGM data into a graphical for-
mat to share with participants for counseling purposes)™™,
with one including accelerometer data®; and (V) one observa-
tiomal study describing the effects of RT-CGM combined with
a lifestyle program to improve patient outcomes™. Intervention
durations  for  observational  stadies were 3 days™  and
12 weeks™ ™, and for RCTs the range was 8-52 weeks™ .

Hfectiveness of CGM interventions on outcomes
HbATc changes
All RCTs reported HbAlc changes (Table 2)™ . OF the four
studies comparing RT-0GM with conventional SMBGL com-
bined with standard diabetes education over 26 weeks
(7= 363) where 43% (n = 158) were on multiple daily nsulin
injections, three studies reported RT-CGM achieved significant
greater HbAle reductions by a magnimde of 1% (abso-
Lute)™ 7, A 40-week follow up from one of these stdies
assessing the residual diects without wearing RT-OGM showed
the greater HbAle lowering with RT-CGM use was maintained
compared with SMBGL control after 52 weeks (0.8 vs 02%;
P<0001*%, RT-CGM compared with an internet-based
SMBGL protocol after 26 wedks showed no difference between
treatments (—0.9 ve —1.07%; P = 0312)%

Greater HbA le reduction was observed after 8 weeks of ret-
rospective CGM with seli-efficacy counseling compared with
SMBGL with standard education (=116 vs 0.32%, P < 0.05)™,
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Table 1 | Protom| summary of aontinuous gluaose monitoring intervention gudies in adults with type 2 diabetes
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RACT = OGM with curssling o (G without counssling
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Corrmrunilly hesith sevice JLISA) soiing counssing 522 £65 (50 sohving counsding 67+ 60 pocerrrSoiding counseing

Fetopedive CGM +unsl am’ S0

E17 £ 80 =0
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Tlcwal care consisting of diabetes education/physical adivity is defined as per the diabetes management guidelines of the country where the
study was caned out *Unable to separate type 1 diabetes data from type 2 disbetes data for this outcome. CGM, antinuous glicos monitorng;
B, intermet Bood glucose monitoring; MA, not applicable; MR, not epored; RCT, randomized contrdl trial; RT-CGM, real-time continuous gluaose
monitoning; 50, standard deviation; SMBGL, Sel-Monitoning Blood Guanse Levels,

Two stuedies compared retrospective CGM using flash CGM
with visual charts and counsding w0 SMBGL''"". Greater
HbAle redoctions were observed following CGM  after
12 weeks (—09 vs —0.7%, P <0001) in 4678 individuals™,
but not after 24 weeks (—028 vs —021%, P = 0822) of 224
individuals taking multiple daly insulin njections™. After
12 weeks, HbAle reduction with retrospective CGM was simi-
lar when combinal with either problem-solving counseling or

standard diabetes edvcation (no counseling —07 vs 05
P = 069

A 12-week lifestyle program combined with RET-COGM pro-
duced an average 1.1% HbAlc reduction in six participants™.
The authors compared these data with findings from a separate,
independent 12-week intervention (n = 47) that used the same
lifestyle program with SMBGL and reported similar HbAle
reductions (1%)7" . However, popubition size heterogeneity
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between the two datasets arred out over different time- periods
limits the ability to draw dfective comparisons.

Bodyweight changes

For bodyweight changes BMI (kg/m®) is reported in the
instance where weight (kg) data is not reported. Eight studies
reported bodyweight changes (Table 2/ **, Three inter-
vention studies compared RT-CGM ambined with education

including RT-CGM output interpretation to SMBGL combined
with standard diabetes education (control) = Two studies
showed a trend for greater weight loss with RT-CGM after
12 weeks (range —1.8 to —22 kg RT-CGM vs —14 o 04 kg
contrd)™ ™, A further study reported 1.3-kg weight gain with
ET-CGM ws —02 kg control (P-valoe not reported), and was
the only tial w indude individuals taking insulin (Table 2™
Another intervention showed a non-significant greater BMI
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reduction in the RT-CGM group compared with control partic-
ipants over 26 weeks (~1.44 vs —035 kg/m’)™ A 40-week fol-
low up from a previous 12-week CGM smdy showed a
sustained, non-significant greater weight reduction in the
RT-CGM group compared with contra participants (—19 vs —
0.9 kg; P = 0.2)*. The specific details of counseling and educa-
tion provided were unclear, although contact frequency was
reduced from every 3 weeks during the initial 12-wedk inter-
vention to 3 monthly during 40-week follow wp™.

A 12-week intervention using retrospecive OGM with prob-
lem-solving counseling produced a non-significant greater
weight loss compared with retrospective CGM with standard
diabetes education (—62 vs +24 kg P = 009", Furthermore,
retrospective CGM plus  behavior change counseling for
8 weeks produced significantly greater BMI reduction com-
pared with SMBGL and standard diabetes education (~0.53 vs
—0.12 kg/m®; P < 005,

A 12-week lifestyle program combined with counseling and
RT-CGM achieved a 7.3-kg weght loss™. This was greater than
the weight loss reported in a previous stody using the same
lifestyle program combined with counseling and SMBGL
(=25 kg™

Change in behavior, physical activity and diet

Eight of the 11 studies reported at least one of the three life-
style behavior modification domains of physical activity, dietary
and behavioral outcomes (Table 2).

Behavioral change

Six studies — one observational™ and five RCT™ 2685
reported behavioral changes with CGM, noting a generally mini-
mal effect Two studies comparing RT-CGM vs SMBGL with
standard diabetes education over 12 wedks™ and a 40-week fol-
low up without RT-CGM™ reported no differences between
groups for changes in diabetes distress™. Meanwhile, greater
diabetes treatment satisfaction was observed in a control group
utilizing SMBGL combined with an internet-based monitoring
protocol and standard diabetes eduation compared with a RT-
CGM intervention group™. Conversely, greater improvements in
diabetes treatment satisfaction were observed after an interven-
tion using retrospective, flash CGM with clinidan interaction o
adjust insulin compared with SMBGL combined with wsual care
control™. A further stody reported retrospedtive CGM with
problem-solving counseling achieved pgreater improvements in
diabetes problem-sdving compared with retrospective CGM with
standard education (1.06 vs 043 arbitrary units; P = 0.02)™,

An Bweek intervention of retrospective CGM  achieved
greater imcreases in the ‘sticking to @' domain of the Sdf-Effi-
cacy for Exercise Behavior Survey compared to SMBGL with
standard diabetes education (0.52 vs —0.11; P = 005/ A 12-
week lifestyle program combined with RT-CGM lowered the
diabetes distress score™, However, similar improvements were
achieved with the same lifestyle program combined with
SMBGL®,

httpyion inelbrary.wiley.com joumal di

Physical activity outcomes

Four stodies (ome observational trial®™ three RCTs™ &)
reported physical adivity outcomes after CGM intervention
with differing assessment methodologies and results. RT-CGM
with standard diabetes education produced greater increases in
total exercise minutes compared with SMBGL with standard
diabetes education (+1584 vs +435 min‘wedg P = 0.02)".
Similarly, 8 weeks after retrospective CGM with education
relating to exercise-associated blood glucose response produced
greater increases in mean activity counts/day compared with
SMBGL with standard exercise guideline education (31,144 vs
—9281 counts; P < 005)*, Another study investigating retro-
spective CGM with counseling and problem-solving or with
standard edocation showed no differences in changes in physi-
cal activity levels after 12 weeks; although the growp that
received retrospective CGM with problem-solving skills showed
a non-significant greater increase in activity counts (+15,000/
day vs —4,000/day; P = 0.48) and levels of moderate activity
(5 minfday vs =3 min/day; P = 011/, An increase in absolute
step counts (8.400-13,000 steps/per day) occurred after a 12-
weel lifestyle intervention combined with RT-CGM™. A similar
magnitude of change was reported in a separate shady carried
out in a different cohort following the same lifestyle program
combined with SMBGL™,

Dietary outcomes

Three studies (one observational™ and two RCTs™ ) assessed
dietary outcomes. There were greater redudions in caloric
intake after 12 weeks of RT-CGM compared with SMBGL and
standard diabetes education (—1687 wvs —1139 kealiday;
P =005, It was found that 12 weeks of retrospective OGM
with problem-solving counsding achieved higher ratings of
adherence to a personal eating plan compared with retrospec-
tive CGM and standard diabetes education (27 vs 0.7 arbitrary
units; P = 001}, with no difference between the groups for
domains of healthful eating, fruits and vegetables, and high-fat
foods™,

A 12-week observational study showed a lfestyle intervention
combined with RT-CGM reduced total energy intake (pre:
2,680 Kcal, post 1,796 Keal [diference —884 Keal]) and total
carbohydrate intake (pre: 2433 g, post: 1505 g (difference —
28 g

Device acceptability, useability and wear time

Total CGM sensor wear time and compliance is deseribed in
Table 1. One stdy showed no change in CGM wear accep-
tance using a system useabiity scale score before and afier
12 weeks of RT-CGM wear, indicating moderate-to-good use-
ability™. Another study (n = 181) reported a high CGM wear
comfort (6.1/7) and improved diabetes awareness (627"
Three stdies (n = 287) recorded compliance with CGM proto-
cols defined as attendance at OGM counseling sessions and
complianee with CGM  wear  protocol™ ™™, One study
(n=29) comparing CGM with problem-sdving counseling
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with CGM without counseling showed high levels of compli-
ance to the intervention protocol based on session attendance
(=90%)™. Two studies compared RT-CGM with SMBGL with-
out counsding; a 12-week intervention used a wear time proto-
col of 2 weeks of continuous device wear separated by 1 week
of no wear (Le, 56 days total wear time required), and showed
32% of participants (n = 16) used the CGM device <48 days,
and 68% (n = 34) for =48 days™™; whereas a 24-week inter-
vention wsing a continuous daily wear protocol for 168 days
reported 95% compliance with mean wear time of 159 days™.

A folow-up interview of participants prescribed to wear a
blinded CGM device for 72 h with limited suppont reported
just 57% of partidpants remembered o wse event butons on
the monitor o enter medication, and meal and physical acivity
times, and reported many other problems in contrast o using
manual logs™, Tssues with wearing appropriate clothes to attach
the monitor at night were also reported™. Positive emerging
themes included visual CGM graphs reinforcing the need for
behavior change, and the role of diet, exercise and stress on
ghumse levels™,

DISCUSSION

Continuous ghiaose monitoring has a potential role in limiting
the frequency and/or onset of hypoglycemia in type 2 diabetes
patients, particularly for those receiving insulin therapy, who
have a history of severe hypoglycemia or with irregular routines
(skipping meals, vigorous exercise and poor sleep pat-
terns)* >, The present narrative review evaluated the evi-
dence of the acceptance and effectiveness of OGM use on
improving glycemic control, weight status and behavior change
in adults with type 2 diabetes. Published observational and ran-
domized controlled studies over the past decade were induded,
and revealed a relatively small number of studies with high
heteropeneity in intervention desipn and outcomes reported. OF
the studies available, a high level of CGM technology accep-
tance was reported and, compared with standard SMBGL com-
bined with diabetes education, CGM wse promoted greater
HbAlc lowering and weight loss. The addition of lifestyle and/
or behavioral counseling to OGM promoted higher diabetes
treatment  satisfaction and reduced diabetes-related distress,
However, specific counseling or lifestyle attributes that were
most effective could not be ascertained Although visual glu-
cose outputs from CGMs were repeatedly reported as benefi-
cial for educational purposes, communication specifics
surrounding  effective  delivery  strategies  were  not
provided ™14,

Compared with standard SMBGL with standard education,
RT-CGM  achieved a 04-07% (absolute) greater HbAle
reduction over 12-24 weeks in non-insulin- (m = 165) and
insulin-dependent (n = 158) individuals with type 2 diabetes,
respectively”™ . In non-insulin-dependent individuals, a 40-
week follow-up period without continued RT-CGM use showed
these differential changes between the groups were main-
tained™, Similady, provision of retrospective CGM feedback

REVIEW ARTICLE
Continuous glucose monitoring

delivered with diabetes edocation plus self-efficacy counseling
achieved a 09% (absolute) greater reduction in HbAle com-
pared with standard diabees education alone over 8 weeks™,
More recently, a 12-week study of 4,678 individuals showed the
use of retrospective flash OGM, delivered with professional sup-
port at weels 0, 4 and 12 wsing visual glecose charts to address
medication management, achieved greater HbAle reduction
compared with SMBGL with standard education (—0.2% abso-
lute; P =< 00010, These data suppest that access to CGM
information can promote greater HbAle reductions compared
with standard care, and that these effects are sustained over the
longer term. Furthermore, the addition of self-efficacy counsd-
ing and not problem-solving counseling has been shown to fur-
ther magnify the CGM treatment effeds without medication
intensification™®, The exact reason for the varation of HbAlc
change observed between the studies (04-0.9%) is not clear,
but might arise becanse the smdy showing the greatest absolute
change provided a walling and exercise plan as part of the
standard educaion™, compared with exercise information and
monitoring™ . A meta-analysis has shown that supervised
walking achieved greater HhAle reduction compared with non-
walking controls (~0.5%)™*, This sugpests an additive benefit
of prescriptive exercise instruction in conjunction with OGM
for intensifying glycemic control.

The current stady results concur with a previous meta-analy-
sis that reported a grouped mean —031% greater HbA le reduc-
tion over an 8-12-week period of CGM use compared with
SMBGL in adubs with type 2 diabetes™. The Juvenile Diabetes
Research Foundation Continwous (GGlucose Monitoring Study
for the use of CGM in type 1 diabetes management in children
and adults also showed a —0.53% greater reduction in HbAlc
compared with SMBGL over 26 wedis for individuals aged
=25 years*', This smaller HbAle change in the Juvenile Dia-
betes Research Foundation cchort compared with shodies
reported in the current analysis could be explained by the tigh-
ter glycemic control at baseline (HbA lc <8 vs =8%). By way of
comparison of magnitude, lifestyle-based welght loss interven-
tions lasting between 16 weeks and 9 years produced a smaller
non-significant greater redoction in HbAlc of —029% com-
pared with usual diabetes care and edocation in type 2 diabetes
patients™. A 1% HbAlc redudion is estimated to reduce the
risk of diabetes-reated death by 21%, myocardial infarction by
14% and microvascular complications by 37%%. Hence the
additional ~0.5% redudion achieved by RT-CGM use could
translate to significant further reductions in diabetes complica-
tion risk.

Interestingly, no differences in HbAle changes were observed
between RT-CGM and SMBGL when delivered through an
internet protocol with endocrinologist feedback. The reason for
this lack of additional effect of RT-CGM is difficult to explain
However, these data sugpest using an internet phtform to mon-
itor blood glucose readings throughout the day andfor close
professional support might engender similar effects w RT-
CoML
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Excess weight is a strong predictor of type 2 diabetes and
HbAle* ®. Approximately 80% of people with type 2 diabetes
are overweight or obese'™. Studies comparing SMBGL with
RT-CGM showed no statistically significant differences in
weight loss or BMI dhanges between treatments™ =, Never-
theless, three of the four studies using RT-CGM consistently
achievad ~1 kg greater weight loss redudion compared with
standard SMBGL over 12-26 weeks™ ™™, an effect that was
sustained 40 weeks after the cessation of RT-CGM treatment™,
It is possible the relatively small sample sizes used in previous
studies preclided realization of the relatively modest effect sizes
as statistically significant. Previows studies have shown as litde
as a I-kg or 1% weight loss can have a substantial benefit for
ghvcemic control, morbidity and mortaliy™® . It is therefore
possible that RT-CGM could offer modest, yet clinically rele-
vant, weight loss benefits™,

Interestingly, a 24-week RT-CGM intervention in patients
with type 2 diabetes on mubiple daily injections of insulin
showed a 1.3-kg weght gain compared with a —02-kg weight
loss for the control™. This was despite significant greater
HbAle reductions with RT-CGM, supgesting that, although
HbAlc and weight are closely linked, for those requiring insu-
lin, weight gain might be acceptable™. However, more research
documenting insulin titration strategies for weght management
using RT-CGM is required.

The studies identified in the present review further suggest
the possibility that CGM data could be wsed to potentiate the
weight loss effects of other intervention initiatives to provide a
comprehensive weight loss strategy. CGM information com-
bined with seli-efficacy and/or problem-solving counseling (the
latter which incorporates individualized unseling based on
blood ghimse responses) provided an additional -2-kg greater
loss compared with CGM with standard diabetes education™
However, only few, small studies have examined the effects of
diet and lifestyle advice combined with OGM use on body-
weight, and more research is required to establish these effects.
Nevertheless, personalization achieved through feedback or tai-
lored information received during counseling support has been
established as a critical component of successful weight loss
interventions™*, The Adion for Health in Dibetes study
(Look AHEAD) showed a 5-10% weght loss in individuals
with type 2 diabetes effedtively reduces HbAle, and diabees
and lipid-lowering medication requirements™, Hence, the
potential role for OGM technology as an adjunctive therapy for
sustainable  weight loss  management  warrants  forther
investigation.

Diet, physical activity and behavioral therapy are the comer-
stones of type 2 diabetes management. It is wdl established that
dietary habits, food choices and physical inactivity profoundly
affect blood glucose resporse and controf**-12 and self
monitoring is a key driver for behavior change™. However,
therapeutic strategies are often required for optimal glycemic
control®. Recent availability of realtime and ambulatory CGM
technology provides the opportunity o wse this monitoring

httpefon linelibrary.wiley.com joumal fdi

information to educate patients on blood gluocose response to
lifestyle choices (diet and exercise), with the objective of modi-
fying choices and augmenting adherence to effective behaviors,
in the absence of mediation intensification. Preliminary data
suggest short-term use of RT-CGM that incorporates graph
interpretation and hyperglycemic alarms without counseling
can promote greater physical activity levels and redudions in
caloric intake” "™, Yoo et al®’ successfully mstructed partic-
pants Lo increase exercise and redoce food portions in response
o RT-CGM-generated hyperglycemic event alarms (=300 mg/f
dL). Similarly, provision of retrospective CGM data with feed-
back on physical activity responses using self-efficacy counseling
was shown to increase physical activity levels and confidence in
engaging with a physical activity routine™. These eardy data
suggest that access to CGM information might promote favor-
able dhanges, and adherence to diet and ecercise behaviours,
However, the emse and significance of data mterpretation for
the wser is an important consideration. Future lifestyle and
béhavior change studies need to investigate the integrated role
between CGM and the quality and quantity of information
provided to the user with type 2 diabetes to identify practices
that fadlitate adherence to lifestyle modification changes.

The few studies reporting user acceptance andfor compliance
o CGM wear™ ¥ sugpest a high-level device wear
compliance, confidence with wsing RT-CGM devices™™ and
moderate-to-good wseability™. Secondary analysis of 7,916 indi-
viduals with type | diabetes and type 2 diabetes using glhioose
sensors for 15 days during any 6-month period over 2 years'
reported that compliance with sensor use in the first month of
therapy predicted longer-term compliance and self- management
adherence™. High satisfaction and perceived value ratings have
also been reported in interventions using CGM combined with
either problem-solving andior  seli-dficacy counseling or
standard diabetes education™*** Some evidence exists sug-
gesting greater CGM satisfaction when combined with prob-
lem-solving and ted feedbade directly linked to diet and
exercise behaviors™ . These data suggest the relative ease of
use and high short-term acceptance of CGM systems among
type 2 diabetes patients. This concurs with reported responses
in type 1 diabetes™™ that could assist to promote long-term
compliance and acceptance of this device technology.

The reported high acceptance of OGM as a useful therapeu-
tic and educational tool™™ 57 dyould be considered in
the context of the relatively imited feedback altermatives pro-
vided by standard diabetes seli-management strategies that rely
on 3 or 6-monthly HbAle measures and SMBGL™. The lat-
ter only provides a snapshot of current glucose levels and lades
the sensitivity to detect small changes or specific ghose
responses 1o food or activity, The Emited ability of these estab-
lshed twols to provide individualized insight into ghiose
response might therefore contribute to the reported frostration
and poor compliance with current diabetes self-management
and attendant poor glycemic control™'**, Overall, the present
review suggests a potential role for CGM Lo improve awareness
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of the effedtiveness for diet and exercise in diabdes treatment,
and enhance adherence to behavioral strategies in primary
care'' ¥ Therefore, it is disappointing that because of the
limited evidence available o date, current consensus on the
optimal frequency and duration of CGM use in primary care
remains unclear. The rae and the type of counseling to accom-
pany CGM, and a clear strategy for uwse of OGM in insulin
management in this milien & even more unclear. To promote
effective use of CGM in clinical practice, research must con-
sider and report on the type of complementary advice provided
for medication management and counseling style used in order
to determine its full benefits and overall effects™™.

The relatively small number of studies available and small
sample sizes associated with some of the shadies have resulted
in the high heterogeneity of outcomes assessed and stody
design features used. This suggests results should be interpreted
with some caution. This ako has precluded the ability o carry
oul a meta-analysis at this time, and to draw specific and reli-
able conchsions regarding the effectiveness and acceptability of
CGM use for type 2 diabetes. Additionally, the quality, quantity
and diversity of adjunctive counseling, education techniques
and clinical involvement further confound nterpretation of
these studies for optimization of clinical type 2 diabetes man-
agement With the view of using CGM in primary care, there
is an urgent need to provide evidence o identify individual risk
and the frequency of hypoglycemia for the dfective develop-
ment of risk management strategies for dinical practice More,
larger, longer-term studies that detail intervention methods and
delivery protocols will provide better understanding of the
chronic effects and durabiity of CGM, its acceptance and the
appropriate balance of its application with clinical nvolvement
Additionally, given the greater disproportionate burden of type
2 diabetes in Asians®, future studies should also focus on these
popubtions. As more rgorous evidence emerges from larger
studies uwsing homogenous study designs, a meta-analysis is
warranted. The current review was also unable to directly com-
pare and differentiate responses o OGM use between insulin-
dependent and non-nsulin-dependent individuals with type 2
diabetes, or the effects of medication types and doses in these
popubtions. Individuals requiring insulin for glycemic control
might experience greater risk of hypoglycemia uwsing CGM
when compared with their non-insulin-taking counterparts.
Therefore, larger, controllad studies that consider these factors
and examine diverse population subgroups are required o bet-
ter understand the wider benefits and application of CGM use
in primary cre. The pavcity of detail regarding specific educa-
tion and counseling protocols used within the reported studies
also precludes description or the comparison of the type and
frequency of education and support counseling provided within
the lifestyle interventions. The American Association of Clinical
Endocrinologists and American College of Endocrinology™
have identified the necessity for users and adminitrators in pri-
mary care to be well informed of the benefits and potential
issues associated with CGM device wse, and the appropriate
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translation of such information into lifestyle strategies to opti-
mize plycemic control and diabetes care. It is imperative there-
fore, when reporting study protocols i fuhore stodies, that
counseling, edvcation and feedback strategies are cleardy
described. If these strategies polentiate the benefits of CGM
wear, this will assist the translation of these new clinical prac-
tices into established diabetes management strategies. It is long
overdue that CGM devices with lifestyle interventions are com-
pared with wsual dinical care in both depth and detail

In wnclosion, the present narralive review suggests that
CGM promotes mprovements in glycemic and weight cntrol,
and lifestyle behaviour change in adults with type 2 diabetes,
and that these benefits might be enhanced when CGM is inte-
grated with diet, exercise, and glucose evcursion education and
counseling. However, the limited number of highly heteroge-
neous studies available makes it difficalt to identify specific
attributes of effective interventions and to draw cohesive robust
evidence for multidisciplinary dinical practice that promotes
healthier choices for the type 2 diabetes patient population. As
new evidence begins o emerge, there is a considerable need for
a meta-analysis to inform a greater understanding of the appli-
cation of OGM for pradice In particular, ils integration with
pre-existing and establshed monitorng and education tods
should facilitate user engagement and device acceptability in
type 2 diabetes and lifestyle management
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ABSTRACT

Introduction: Optimising patient adherence to
prescribed  lifestyle interventions to achieve
improved blood glucose control mmains a
challenge. Combined use of real-time continu-
ous glucose monitoring systems (RT-CGM) may
promote improved glycaemic control. This pilot
study examines the effects of a prescriptive
lifestyle modification programme when com-
bined with RT-CGM on blood glucose control
and cardiovascular disease risk markers.
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Methods: Twenty adults (10 men, 10 women)
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60.55 + B.38 vears, BMI 3422 + 4.67 kg/m~)
were randomised to a prescriptive low-carbo-
hydrate diet and lifestyle plan whilst continu-
ously wearing either an RT-CGM or an ‘offline-
blinded" monitor (control) for 12 weeks. Out-
comes were glycaemic control (HbAle, fasting
gluoose, glycaemic vadability [GV]), diabetes
medication (MeS5), weight, blood pressure and
lipids assessed pre- and post-intervention.

Results: Both groups experenced reductions in
body weight (RT-CGM — 7.4 £ 4.5 kg vs. con-
trol — 5.5 + 4.0 kg), HbAlc (— 0.67 £ 0.82% vs.
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sixfold in RT-CGM  compared to  control
(CONGA-1 — 0.27 £ 0.36 mmol/L vs. 0.06 +
0.19 mmol/L; CONGA-2 — 0.36 + 0.54 mmol/L
vs. 0.05 = 2.88 mmol/L; CONGA-4 — 0.44 +
067 mmol/. vs. = 0.02 £ 0.42 mmol/L;
CONGA-8 — 036 + 0.61 vs. 0.02 + 0.52 mmol/
L; MAGE — 0.60 + 1.14 vs. — 0.09 £ 0.08
mmol/L, although there was insufiicient power
to achieve statistical significance (P = 0.11).
Owverall, there was an approximately 40%
greater reduction in blood glucose-lowering
medication (Mes) in RT-CGM (= 0.30 £ 0.59)
compared to control (0,02 = 0.23).
Conclusion: This study provides preliminary
evidence that RET-CGM may be an effective
strategy to optimise glucose control whilst fol-
lowing a low-carbohydmate lifestyle programme
that targets improved glycaemic control, with
minimal professional support.

Trial Registration: Australian New Zealand
Clinical Trials Registry identifier, ANZTR: 372898.
Funding: Grant funding was received for the
delivery of the clinical trial only, by the Dia-
betes Australia Research Trust (DART).

Keywords: Glycemic  variability; Real-time
continuous glucose monitonng Type 2 diabetes

INTRODUCTION

Type 2 diabetes (T2D) poses an enormous socio-
economic burden [1]. It is associated with
numerous vascular complications and a three-
to sixfold increase in cardiovascular disease
(CVD) risk Optimising blood glucose levels
remains a primary therapeutic target |2]. Despite
modest effects, lifestyle modification incorpo-
rating diet and exercise remains the cormentone
of T2D management [2-6]. Lifestyle modifica-
tion and particularly a low-catbohydrate diet
can improve glycaemic control |7, 8] including
reducing a patient’s glycaemic vadability (GV),
i.e. the oscillations in blood glucose levels
throughout the day [9]. GV has been identified
as an independent risk factor for diabetes come-
plications including CVD |1, 10-14]. Despite
strong efficacy of lifestyle modification pro-
grammes, their effectiveness is often under-
pinned by intensive techniques requiring close

monitoring and health professionals” support to
achieve adherence and desired health outcomes
[15]. These practice models are therefore
resource-intensive and cost-prohibitive, limit-
ing their widespread availability.
Self-regulation that enables a patient to exert
confidence and control over their diet and exer-
cise behaviours is a key component to effective
lifestyle intervention adherence [16, 17]. One
approach to enhance patient self-regulation is to
provide them with immediate feedback based on
the results of their behaviours |18]. Self-moni-
toring of health markers and behaviours beyond
the clinical setting has been used as an effective
tool to monitor treatment response and improve
adherence for a variety of health outcomes
including body weight, blood pressure and
physical activity [18]. This suggests that self-
monitoring of blood glucose (SMBG) in T2D
could serve as animmediate feedback function to
provide patients with evidence of the biological
effect of lifestyle choices on blood glucose levels
that may improve adherence to lifestyle pre-
scription and  improve glycaemic outcomes
[19-21]. Real-time continuous glucose monitor-
ing (RT-CGM), which provides an ongoing dis-
play of glucose levels over an extended period
ii.e. days/weeks), allows an individual to self-
monitor how their blood glucose level responds
to varous lifestyle factors inchiding diet and
exercise, with direct and continuous dynamic
feedback. It is therefore possible that RT-CGM
might motivate and guide patients toadapt their
lifestyle patterns in an appropriate manner to
reduce GV and improve glycaemic control. Pre-
vious studies have shown that RT-CGM can
promote an approximately 0.53% (absolute)
greater reduction in HbAlc compared to con-
ventional SMBG using the finger-prick method
in T2D [20, 22-25]. However, these studies did
not comprehensively assess the effects of RT-
CGM on GV or combine this therapeutic strategy
within a comprehensive and structured diet and
lifestyle programme that targets minimisation of
wide glucose fluctuations. Consequently, previ-
ous studies have required patients to make
changes todiet and exercise in response to SMBG
in the absence of advice on those changes that
will be most effective to optimise glycaemic
control. The purpose of this feasibility study was
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to examine the effects of RT-CGM compared to
blinded CGM on blood glucose control as asses-
sed by HbAle, GV and CVD dsk markers when
undertaking a prescriptive lifestyle modification
programme that has minimal healthcare practi-
tioner involvement.

METHODS
Study Participants

Twenty adults who were overweight or obese
(BMI 26-45 kg/m®, age 20-75 years) with T2D
[HbAle 5.9-6.9% (41.0-51.9 mmol/mol)] were
recruited via public advertisement to participate
in a mndomised controlled study, conducted
between June and September 2017 at the
Commonwealth  Scientific  and Industrial
Research Organisation (CSIRO), Health and
MNutrition Research Unit (Adelaide Auwstralia),
Table 1, Fig. 1 (participant flow). Exclusion cd-
tera were type 1 diabetes; proteinuria (urinary
albumin-to-creatinine atio = 30 mg/mmol),
abnormal liver function |alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST)
or gamma-glutamyl transferase (GGT) = 2.5
times the normal upper limit], impaired renal
function (eGFR < 60 ml/min), any abnormal or
significant clinical history including current
malignancy, liver, respiratory, gastrointestinal,
cardiovascular disease or pregnancy/lactation,
eating disorder or clinical depression; any sig-
nificant endocrinopathy iother than
stable treated thyroid disease); have takenfor
taking glucocorticoids (oral/inhaled or topical)
within last 3 months, psychotropics other than
a stable dose of a selective serotonin reuptake
inhibitor; illicit drugs, medications which affect
gastrointestinal motility or hunger/appetite
je.g. metoclopramide, domperidone and cis-
aprde, anticholinergic drugs (e.g. atropine),
erythromycin} or past history of gastrointestinal
surgery which may affect study outcomes. All
participants provided written informed consent
prior to participation. The study was registered
with the Australian New Zealand Clinical Trials
Registry (ANZTR 372898) and approved by the
Human Research Ethics Committees of the
CSIRD and the University of Adelaide.

Study Design and Intervention

This was a feasibility pilot study, ie. a small-
scale investigation that was conducted and
published to infomm researchers of important
parameters and sample size requirements
required for an adequately powered mndomised
control trial. In a parallel design, participants
were matched for age and gender and ran-
domised using a computer-generated randomi-
sation procedure (www. randomisation.com) to
undertake a 12-week hifestyle (diet and exercise)
intervention with either (1) real-time continu-
ous glucose monitoring (RT-CGM) with access
to wvisual display or (2) continuous glucose
monitoring (blinded CGM; control), with no
access to wvisual display. Randomisation (se-
quence generation) was performed by the clin-
ical trials manager, who was unblinded for the
purpose of providing device and technology
support, including technical troubleshooting
for device connectivity and the administration
of sensor kits to the participants. All other
research associates responsible for data collec-
tion, processing and analysis were blinded until
data analysis was complete. Participants
received a once-off honorarium ($200 AUD) for
tral participation.

At week 0 (after the completion of baseline
assessments), participants in both groups
received a prescriptive low-carbohydrate, high-
protein and unsaturated fat diet (LC diet) and
exercise plan, incorporating moderate intensity
aerobic/resistance exercises in the form of a
commercial publication; at this point ran-
domisation was revealed to participants and to
primary staff responsible for administration of
glucose sensors and downloads |26). The dietary
prescription had a planned macronutrient pro-
file of 14% of total energy as carbohydrate, 28%
protein and 58% total fat (35% monounsatu-
rated fat), individualised for energy level based
on achieving a 30% energy restriction. This
dietary profile and lifestyle programme have
been previously demonstrated to promote
weight loss and enhance glycaemic control and
cardiovascular disease risk markers [7, 8]. At
week 3, participants were provided with educa-
tion on food exchanges and provided lists of
alternative foods, based on similar nutrient and
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Fig 1| Participant flow

energy density of foods within the dietary
benchmarks, to assist participants with making
suitable food substitutions to improve their
dietary flexibility. Use of the materials was self-
regulated. Participants received no further for-
mal lifestyle counselling regarding the diet and
exercise plan.

Both groups were instructed to perform usual
SMBG readings before and after each meal and
at bedtime, as per standard practice. Blood glu-
cose monitoring logs were kept and participants
were provided with glucometers and testing
strips to promote compliance. To facilitate
compliance with CGM device wear, at com-
mencement of the study, participants met with
a research nurse and dietitian who provided
training with practice demonstrations on how
insert, initiate, calibrate and change the glucose
sensor every 10 days over the 12-week period.
Contact details for the research nurse were
provided to participants for remote device sup-
port and to answer any quedes on insertion,
initiation and changing of the sensor during the

intervention. Participants wvisited the clinic
every 3 weeks for the research nurse to down-
load sensor glucose data, check on glucose
sensor  insertion  and initiation  technique,
review moming fasting glucose logs, and to
replenish devices supplies.

Dutcome Measures

Outcomes were assessed at baseline (week 0)
and end of intervention (week 12). The primary
outcomes were HbAlc (Clinpath, Adelaide,
Australia), dinwrnal GV [7, 27] and diabetes-re-
lated medication changes assessed by the anti-
glycaemic medication effect score  (Me5)
|7, 28, 29]. The anti-glycaemic medication effect
score is an overall assessment of the total use of
anti-glycaemic agents, based on type and dose
of agents, with the high scores corresponding to
higher anti-glycaemic medication usage. This
calculation takes into consideration each pre-
scribed drug by daily patient dose and is
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expressed as a percentage of maximum recom-
mended daily dose of that drug. This percentage
is then multiplied by an adjustment factor, e.g.
1.5 for sulfonylureas and biguanides and 2.5 for
insulin. For individuals prescribed more than
one anti-glycaemic agent, each agent's daily
dose is multiplied by the respective adjustment
factor and outcomes aggregated to generate the
final MeS [28-30]. For example, at baseline one
participant was prescribed 1000 mg and 500 mg
of an oml hypoglycaemic agent, metformin, in
the moming and night, respectively, for a total
daily dose of 1500 mg. Maximum daily dose for
this medication is 3000 mg, and therefore the
participant’s dose for this medication was 50%.
This value is then multiplied by the relevant
drug’s adjustment factor, 1.5 in this example,
providing an overall baseline MeS of 0.75. At
trial completion (week 12), this participant had
experienced a dose reducton in metformin to
500 mg twice daily resulting in a total daily dose
of 1000 mg (33% of the drugs maximum daily
dose) and a Mes of 050, To determine the
change in the MeS (and medication intensity),
the post-study MeS (0.50) is subtracted from
baseline MeS (0.75) to provide an overall abso-
lute reduction in MeS and medication intensity
of 0.25.

Secondary outcomes included weight and
body composition assessed by bioelectrical
impedance (InBody 230, InBody Co. Ltd. South
Korea), fasting blood lipids (total cholesterol,
triglycerides and HDL-cholesterol), glucose and
insulin (Clinpath, Adelaide, Australia) with
LDL-cholesterol calculated using the modified
Friedewald equation [31] and blood pressure
was measured wsing an automated sphygmo-
manometer (SureSigns Vs3, Phillips Medical
Systems, MA, USA); and physical activity levels
assessed  using  seven consecutive days  of
ambulatory accelerometer monitoring (GT3X+;
ActiGraph, Pensacola, FLA).

Continuous Glucose Monitoring,
Glycaemic Variability and Medication
Effect Score

Participants wore the Medtronic™ Guardian
Connect® device with the Harmony® glucose

sensor (Medtronic, Los Angeles, CA, USA) con-
tinuously for 13 weeks. All participants were
blinded CGM for 1 week prior to commence-
ment of the lifestyle intervention for baseline
data collection, then randomisation revealed at
baseline (week ) for 12 weeks whilst following
the lifestyle intervention. Devices were cali-
brated according to the manufacturer’s recom-
mendations with a sensor change every 10 days.
Participants in the RT-CGM group received an
il'od device (Apple iPod Nano, portable medial
player, Cupertino, CA) which was Bluetooth
connected to the CGM to provide real-time
blood glucose level displays throughout the
12-week intervention period. All participants
were asked to pedform SMBG first thing in the
morning before breakfast (fasting) and before
each meal. Participants were provided with
AccuChek™ glucometers (Roche Diagnostics,
Sydney Australia) and testing strips, to replicate
standard care.

Diurnal glucose profiles, derived from inter-
stitial fluid readings performed every 5 min over
back-to-back 10-day cycles for 91 days (ie
13 weeks), were collected using the CGM
device. CGM data for the 7 days prior to inter-
vention commencement and the final 7 days of
the intervention were used as the pre- and post-
study outcomes respectively to compute GV
measures including mean, maximum and min-
imum glucose levels; standard deviation of
glucose (SDinimasy)i mean amplitude of gly-
caemic excursions (MAGE); continuous overall
net glycaemic action (CONGA-1, 2, 4 and 8);
overall percentage of total ime spent in eugly-
caemia (3.9-10 mmol /1), hyperglycaemia
(= 10.0 mmaol/L) and hypoglycaemia
(= 3.9 mmol/L)were calculated as per glycaemic
control targets described by the American Dia-
betes Association (ADA) [2].

At baseline and throughout the study, blood
sugar-lowerng medication type, dosage and
changes were monitored and documented. The
anti-glycaemic MeS was calculated to assess
overall utilisation of blood sugar-lowernng
medication, with higher MeS corresponding to
higher usage of blood sugar-lowernng medica-
tion [28, 29].
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Statistical Analysis

Statistical analysis was conducted using SP5S
Statistics 25 (IBM Corp, 2017). Analysis of
covariance (ANCOVA) was used to test between-
group differences at 12 weeks, using baseline
measures as covariates [32]. The model residuals
were examined for normality and constant
variance. Where these assumptions were not
met, transformations of the wvariables were
considered. Log (natural) transformation
improved the distributional assumptions for
serum LDL-C, GV indices and Me§, and P values
from the transformed analyses are reported.
Statistical significance was determined at
P <= 0.05. Data are presented as mean = 5D.

RESULTS

Twenty paricipants commenced and com-
pleted the study (Fig. 1). Baseline characteristics
were similar between groups (mean =+ 5D; RT-
CGM vs blinded CGM): age 60.2 = 8.8 years vs.
60.9 = B.4 vears, diabetes duration 105 =
7.3 vears vs. 11.0 £ 4.1 years, HbAlc 6.6 £ 0.9%
vs. 7.0 = 0.8% (49 = 2mmol/mol vs. 54 =
2 mmol/mol) with an even gender distribution
(5 men/5 women in both groups) (see Table 51
in the supplementary material).

Changes from baseline (mean = 5I)) are
meported in Table 1 (see supplementary material
and Tables 1, 2 and 3 for changes in pomary
and secondary outcome profiles during the
study and comparisons between treatments).
After week 12, body weight, body fat, HbAlc,
fasting glucose, insulin, blood lipids (total
cholesterol, LDL-C, triglycerides and HDL-C)
and blood pressure were not statistically differ-
ent between groups (P = 0.10).

Participants wore the CGM device for 84
consecutive days, with wear-time adherence at
100% for all but one participant who removed
the device for aquatic activities for 3 days only.
GV owas assessed in 15 participants (RT-CGM,
#=9; blinded CGM, # =6). Sufficient data, at
week 12, were not collected for n =5 partici-
pants secondary to reduced connectivity
between glucose sensor and glucose recorder.
Mo statistically significant differences between

the groups at week 12 occurred for markers of
GV including MAGE, CONGA-1, CONGA-8 and
5D or anti-glycaemic Me5 (P = 0.11). Despite the
lack of statistical significance, at week 12, GV
indices were consistently 20-25% lower in the
BT-CGM group compared with the blinded
CGM group. Post hoc power analysis deter-
mined that a minimum of 35 participants per
group would have been needed to achieve sta-
tistical significance. This was based on deter-
mining, for a parallel group superiority trial, the
number of participants required in two ran-
domised groups to have an 80% chance of
detecting as significant at the 3% level the
minimum difference between the groups means
observed for the GV outcomes in the present
study.

The level of diabetes medication, as reflected
by the anti-glycaemic Me§, was 40% lower in
the RT-CGM compared to the blinded CGM
group at week 12. Thirteen participants had no
change in anti-glycaemic MeS (RT-CGM, n=7;
blinded CGM, n = 6). In the RT-CGM group,
three participants experienced a reduction in
MeS with no participants experiencing an
increase. In the blinded CGM group, two par-
ticipants experienced a decrease in Me5 and two
participants experienced an increase.

Percentage time spent in sedentary beha-
viour and percentage time spent in moderate/
vigorous activity were similar in both groups
(P=0.11)at 12 weeks.

DISCUSSION

This pilot study examined the effects of RT-
CGM with visual feedback compared to blinded
CGM, with no visual feedback in individuals
with T2D when undertaking a low-intensity,
prescriptive low-carbohydrate diet and lifestyle
plan. Despite the apparent lack of statistical
power, this study provides preliminary evidence
that access to RT-CGM feedback is an effective
approach to reinforce the effects of lifestyle
modification strategies to improve diabetes
control by reducing GV and diabetes medica-
tion requirements. The high level of device
wear-time adherence also suggests a good tol-
erability to the device usage.
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Table 3 C,ha.ngs in gl}'\cacmi.c \-'ari.abilll:y Prnﬁlcs for MAGE, CONGA-1, 2, 4 and 8 dl.tring the SL‘L‘I:d‘_r' and cnmpari_mns

berween trearments

Variable RT-CGM (n = 9) Blinded CGM (n = &) P value
Baseline 12 weeks Change Bascline 12 weeks Change (ANCOVA)

CONGA-1 130036 103036 — 027 £036 124 + 041 130 = 0.48 006 £ 019 0.074
(mmol/L)

CONGA-2Z 172051 136055 — 03605 179+ 0633 184 =077 005 = 288 0.110
(mmol/L)

CONGA4 202068 158075 — 044067 218074 216093 — 002 £042 0.186
(mmol/L)

CONGA-E 209068 173083 —036+£061 225+ 073 2224095 — 002 £052 0298
(mmol/L)

MAGE 369 £ 108 301 £ 144 — 069+ 114 406 %= 123 405 = Lél — 009 = 080 0250
(mmol/L)

Total a.nalyscd n=15 I:RT—CGM 9, blinded CGM ). Missing ﬁu:cnsc data due to device ru:nrc[irg O SEMSOT LNSertion

error. All values are mean £ 5D unless otherwise stared

RT-CGM real-dme continuous glucose monitoring, Blnded CGM blinded continuous glucose monimring, CONGA-T

continuouns overall net gl}tunﬁ: action of ohservations 1k apart, CONGA-2 continoous overall net ﬁ}\cacrnic action of

observations 2-h apart, CONGA-4 continuous overall net glymemic action of observations 4 h apart, CONGA-8 continuous

overall net glycaemic action of observations 8 h apart, MAGE mean amplitude of glycasmic excursions

Overall, both groups achieved approximately
6% weight loss which is considered clinically
mlevant and comparable to most structured
weight loss programmes that typically involve
intensive counselling compared to this study
that provided limited professional support
[4, 33]. The lifestyle intervention in the present
study used a low-carbohydrate-based prescrip-
tive meal plan combined with a prescriptive
aerobic/resistance-based exercise programme
presented in a book format. This demonstrates
that provision of a highly structured, prescrip-
tive lifestyle plan can be an effective strategy to
promote weight loss without the necessity of
intensive professional support.

Together with weight loss, both groups
experienced an average 0.7% HbAlc reduction.
This is consistent with other weight loss studies
in T2D of similar study duration [20, 23, 34]. A
recent meta-analysis demonstrated an  esti-
mated mean HbAlc reduction of 0.1% for each
1 kg of reduced body weight in this population
[35]. For every 1% reduction in HbAlc there is
an expected 37% reduced risk for microvascular

complications and 21% reduction in the risk of
premature death related to T2D [33). This
highlights the clinical significance of the
changes observed in the present study.

Beyvond HbAlc, which reflects average blood
glucose levels over approximately 3 months, GV
relates to fluctuations in blood glucose levels
across the day or between days [36, 37]. GV has
been identified as an independent rsk factor of
T2D-related micro- and macrovascular compli-
cations. Intermittent high blood glucose spikes,
as opposed to constant exposure to high blood
glucose, has been shown to promote damaging
effects [10, 12, 38]. Daily glucose fluctuations
are incompletely expressed by HbAlc alone,
particulady in patents considered to have good
metabolic  control  or  with  prediabetes
[2, 13, 36, 39, 40]. To date, few studies have
examined the effects of RT-CGM on GV. Yoo
et al. demonstrated a 22% reduction in GV as
measured by MAGE following the use of RT-
CGM (worn for 3 days a month for 3 months) in
65 individuals with poorly controlled T2ZD
(HbAlc = 8%) [20]. In this study no control
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group comparison was made. Similarly, in the
present study, GV was approximately 20-25%
lower in the RT-CGM compared to the blinded-
CGM control after the intervention. However,
as a result of the small sample size and lack of
statistical significance, these data need to be
interpreted with caution.

MNonetheless, these data suggest that RT-
CGM may assist individuals to minimise blood
glucose fluctuations and, given the emerging
clinical importance of GV for promoting dia-
betes-related complications, larger studies are
required to confirm these effects. A larger study
could also investigate differences in the trajec-
tories in the GV response over the intervention
perdod. Additionally, since the individuals
studied were in reasonable glycaemic control at
baseline (mean HbAlc < 7% and a high pro-
portion of time spent in the euglycaemic range)
this may have moderated the degree of
improvement observed. Hence, further invest-
gation of poorly controlled individuals that
may experience more amplified improvements
warrants further investigation. Larger future
trials could use an intention to treat design and
appropriate analysis to mitigate completer bias.

Despite commencing with a lower Me5, the
RT-CGM group expedenced a greater reduction
in MeS compared to the blinded CGM group
such that MeS was 40% lower in RT-CGM at
week 12, However, it is important to note that
these differential group changes were driven by
medication changes in only a few individuals.
Hence, these observations need to be treated
with great caution. Nonetheless, despite the
clinical benefits of intensive hypoglycaemic
medication prescription for reducing
macrovascular and microvascular disease risk
through HbAlc reduction [2], a recent report
suggests that HbAlc reduction alone may not
reduce macrovascular endpoints [41, 42] and
the side effects of pharmacotherapy are well
known [43, 44]. Thus it is necessary to examine
the potential of RT-CGM to alter medication
prescription in larger populations, particularly
in highly medicated individuals.

It is well known that lifestyle therapies are
effective in T2D management but adherence is
difficult and that negatively impacts effective-
ness [15, 40, 45]. The preliminary data from

the current study suggest that instant access to
feedback regarding their daily glucose levels
may improve patients’ adherence and sustain-
ability of lifestyle changes to optimise glucose
control [40, 46). This is supported by a recent
systematic review providing robust evidence
suggesting that engagement in self-manage-
ment education had a most favourable effect
on glycaemic control [45]. However, debate
exists on the duration and frequency of CGM
data exposure that are required to modify
behaviour and achieve clinically melevant
improvements. Further studies should also
examine the dose-response effect of exposure
to RT-CGM data for the improvement of dia-
betes control

The present study had several limitations.
Firstly, this was a pilot study and, despite the
promising magnitude of the differences
observed between groups, results should be
treated with caution and these promising
results warrant further investigation with larger
trials. The study also examined individuals with
relatively good glycaemic control and future
studies examining larger populations with
wider levels of glucose control would allow a
better understanding of the applicability of RT-
CGM for T2D management. Additionally, eval-
uation of various drug types on markers of GV
or MeS5 was not performed. Previous studies
have demonstrated that an increase in oral
hypoglycaemic medications may sometimes
result in a drop in MAGE [40]. To better
understand the clinical implications of RT-CGM
on GV, future trials should closely monitor and
consider medication types, doses and changes
in dose over the time course of the intervention.
Some difficuldes with device connectivity
between sensor and recorder in the blinded
CGM group were also experienced and future
studies should specifically examine whether
this is related to the blinded use of the CGM
device. Finally, our retention rate was high, and
it cannot be ruled out that provision of an
honorarium, which is not reflective of current
clinical practice, could have potentially influ-
enced participant compliance to  the
intervention.
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CONCLUSION

This study provides preliminary evidence that
RT-CGM may enhance the benefits of a pre-
scriptive  low-carbohydrate diet and exercise
plan delivered with minimal professional sup-
port, improving glvcaemic control by reducing
daily GV. These pilot findings provide a ratio-
nale for more comprehensive, larger-scale ran-
domised controlled frials to be conducted.
Trials should also consider the duration and
frequency of sensor-wear time, medication
types and changes in medication over longer-
tenn interventions in order to better assess this
therapeutic technology.
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Abstract

Introduction

Therapeutic options are now involving real-time continuous glucose monitoring systems
(RT-CGM) for self-monitoring, however the impact of these on patients’ stress levels and
behaviour is poorly understood. This study examined the effects of RT-CGM on tolerance

and acceptability of device wear, stress, diabetes management and motivation to change.

Methods
20 adults (10 Male) with T2D (aged 60.618.4 years, BMI 34.2+4.7 kg/m2), were randomised

to a low-carbohydrate lifestyle plan whilst wearing a RT-CGM or an ‘offline-blinded’
(Blinded-CGM) monitoring system continuously for 12-weeks. Outcomes include glycaemic
control, weight, perceived stress scale (PSS), CGM-device intolerance, acceptability,

motivation to change and diabetes management behaviour questionnaires.

Results

Both groups experienced significant reductions in body-weight (RT-CGM -7.4+4.5kg vs.
Blinded-CGM -5.5+4.0kg) and HbA1c (-0.67+0.82% vs. -0.68 £0.74%). There were no
differences between groups for PSS (P=0.47) or device-intolerance at week-6 or 12 (both
P>0.30). There was evidence of greater acceptance of CGM in the RT-CGM group at week-12
(P=0.03), improved blood glucose monitoring behaviour in the RT-CGM group at week-6 and
week-12 (P<0.01), and a significant time x group interaction (P=0.03) demonstrating

improved diabetes self-management behaviours in RT-CGM.
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Conclusion

This study provides preliminary evidence of improved behaviours that accompany RT-CGM
use in the context of diabetes management and glucose self-monitoring, without resulting

in increased disease distress.

Key Words

Continuous Glucose Monitoring, Type 2 Diabetes, Acceptability, Tolerance
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1. Introduction

As the prevalence of Type 2 Diabetes (T2D) grows, therapeutic treatment options are extending into
self-monitoring and mobile-health device delivered therapies to support patients to achieve better
control of their disease [1]. This includes real-time continuous glucose monitoring systems (RT-CGM)
that provide users with immediate feedback by enabling them observe their current glucose levels
every 1-5 minutes [2, 3]. Traditional methods of self-monitoring glucose levels (SMG) use finger stick
glucometer readings that only provide a snapshot of daily fasting and postprandial blood glucose
concentrations as 1-3 ‘isolated’ measures at best, and compliance with this behaviour is generally
poor due to issues including perceived pain caused by the lancet device, insufficient or contaminated
blood droplet onto the test strip, or low relative importance patients place of their diabetes self-care
[4] .In comparison, RT-CGM provides advantages of greater ease and frequency of measurement
throughout the day and prompt feedback. This may enable the user to better understand the impact
of a particular behaviour on blood glucose response and could subsequently result in timely

remedial action and improved glycaemic control [4-12].

Emerging data suggests the use of RT-CGM can promote and enhance diabetes self-
management [6, 13-15] and is an effective interventional tool in assisting patients and
health professionals in tailoring diet and exercise behaviours in a timely manner to achieve
better glycaemic control. However, despite the promising efficacy of RT-CGM to promote
behaviour change and improve glycaemic control, there appears to be no studies that have
examined the effect of these devices on outcomes including patient acceptance, tolerance
and overall stress or perceived diabetes self-management behaviours. Many people with
chronic disease have to adjust emotionally, often grieving about the changes they face
related to management of their disease [16]. One quarter of those with T2D may have an

affective disorder as a result of their disease [16] and others may adhere less closely to
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treatment regimens due to the stress induced by the diagnosis and the subsequent
requirements for treatment monitoring [17]. Any negative effects of RT-CGM technology on
acceptance, tolerance, stress levels and behaviour may limit its usefulness as a strategy for
T2D. Consequently, greater examination of these effects will assist understanding of the use
for RT-CGM in clinical practice [18, 19]. Therefore, the purpose of this study was to examine
the efficacy of RT-CGM compared to blinded CGM, on tolerance and acceptability of device

wear, stress and diabetes management and motivation to change.

2. Methods

2.1  Study Participants

Recruitment criteria, study design and the primary study outcomes have been previously
described [20]. In brief, 20 overweight/obese adults (BMI 26-45 kg/m?, age range 20-75 yrs)
with T2D (HbAlc: 5.9-6.9% [41.0 — 51.9 mmol/mol], Diabetes Duration mean 10.8 + 5.4 yrs)
were recruited through public advertisement at the Commonwealth Scientific and Industrial
Research Organisation (CSIRO), Health and Nutrition Research Unit (Adelaide Australia),
Figure 1(Participant Flow). Exclusion criteria included type 1 and gestational diabetes and
any poorly controlled endocrinopathies. The study was registered with the Australian New
Zealand Clinical Trials Registry (ANZTR: 372898) and approved by the Human Research
Ethics committees of the CSIRO and the University of Adelaide. Participants provided

written informed consent before trial commencement.

In a parallel study design, participants were matched for age and gender and randomised

(www.randomisation.com) to one of two, 12-week lifestyle intervention groups: (i) Real

Time Continuous Glucose Monitoring group (RT-CGM; n = 10) with use of a real-time

continuous glucose monitor and access to real-time data, or (ii) Blinded-CGM Group
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(Blinded; n = 10), with use of a non-display, continuous glucose monitor without access to

real-time data. All participants wore the Medtronic™ Guardian Connect ® device with the

Harmony® glucose sensor (Medtronic, Los Angeles, CA).

Figure 1: Participant Flow
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2.2 Intervention

One week prior to baseline in preparation for the intervention, all participants were
instructed by the research nurse and dietitian on daily self-monitoring of blood glucose
levels (SMBG), including daily fasting and 2hr postprandial readings, as per standard
practice, and how to perform CGM glucose sensor insertion, calibration and hygiene
requirements, which were performed every 10 days. Additional education to the RT-CGM
group was provided by the clinical trial manager that included how to activate the CGM
glucose sensor and initiate connectivity to the proprietary Guardian Connect® Application
(Medtronic, Los Angeles, CA) for translating the glucose feedback into readable glucose
curves and identification of acceptable glucose ranges. To facilitate compliance with CGM
device wear, all participants were provided adequate supplies free of charge to enable self-
care and hygiene regimes. Every 3 weeks participants returned to the clinic for a body
weight check and for the research nurse to review glucose sensor insertion and initiation

techniques and to re-stock supplies.

In addition to wearing the glucose monitors all participants were provided a prescriptive low
carbohydrate, high protein and unsaturated fat diet (LC diet) and exercise plan
incorporating moderate intensity aerobic and resistance exercises in the form of a
commercial publication [21]. This dietary profile and program components have been
previously demonstrated to optimise glycaemic control, including diurnal blood glucose

stability and reduce CVD risk markers and to facilitate dietary compliance [22-24].

At week 3, participants were provided a 30-minute group-based education session on food

exchanges, which informed the participant of food groups and proportions of foods that are
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matched for the benchmark food (i.e. 1 slice of bread can be exchanged for 3 regular sized
crispbreads). A food exchange booklet, to assist participants in making informed food
exchanges, to maintain the prescribed energy level and macronutrient profile was provided
at visit 2. Participants received no further formal lifestyle counselling or support regarding
the diet and exercise plan, or clinical counselling to provide individual strategies that would
assist them to achieve their blood glucose goals

2.3 Outcomes

2.3.1 Glycated Haemoglobin (HbA1c) and Weight

Outcomes were assessed at baseline (wk 0) and end of study (wk 12). HbAlc was measured
by a certified pathology laboratory (Clinpath Adelaide, Australia). Weight (kg) was assessed

using bioelectrical impedance scales (InBody 230, InBody Co. Ltd. South Korea) [20].

2.3.2 Perceived Stress Scale

At baseline and Week 12, the Perceived Stress Scale (PSS-14), a 14-item (7 positive and 7
negative) self-report measure, was used to assess the degree to which participants perceive
the impact of CGMS wear on levels of chronic stress. Responses range from “never” (0) to
“very often” (4) on a 5-point Likert scale. A higher score indicates higher perceived stress,
with a total score ranging between 0-40. The PSS-14 is a well validated measure that has

been shown to correlate well with stressful life events measures and social anxiety [25].

2.3.3 CGM Device Tolerance and Acceptability questionnaire

To assess participant’s acceptance or intolerance of the CGM device, a purpose-designed
guestionnaire was developed because of the apparent absence of any other validated
measures pertaining to this technology. The questionnaire consisted of 16 items, each

scored using a 5-point Likert scale ranging from 1=strongly disagree to 5=strongly agree. A
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total of 9-items measured intolerance of the device (e.g., “The sensor and recorder caused
me problems with regards to showering”, “Installation of the sensor caused me pain”, “It
was difficult to be intimate with others whilst wearing the sensor and recorder” etc), and 7-
items measured acceptability (e.g., “Installing the sensor was easy for me”, “I was easily
able to calibrate the sensor using my finger-prick lancet”, “I was satisfied with the look and
feel of the sensor and recorder” etc). Participants completed the questionnaire at Week 6
and Week 12. Scores were summed across items measuring the intolerance and
acceptability domains, and internal consistency of the questionnaire—assessed using
Chronbach’s alpha—was high at each time point (Week 6: intolerance a,=0.96, acceptability
a,=0.85. Week 12: intolerance a,=0.89, acceptability a;=0.81). Higher scores were associated

with higher acceptance, or greater intolerance as per their respective domains.

2.3.4 CGM Motivation to Change questionnaire

The extent to which the CGM device directly motivated behavioural change was assessed
using a purpose-designed CGM motivation questionnaire. This measure included 20-items
assessing four broad behavioural areas (diet, exercise, blood glucose, and social). Each item

was answered in response to the phrase: “Wearing the Continuous Glucose Monitor

motivated me to ...”. A total of 5-items were used for diet behaviours (e.g., “ ... reduce my
meal portions”, “ ... modify my diet to better suit my diabetes” etc), 6-items assessed
exercise behaviour (e.g., “ ... increase my exercise frequency”, * ... increase the duration of

my exercise sessions” etc), 6-items assessed blood glucose related behaviours (e.g., “ ...
understand the impact of difference foods on my blood glucose levels”, “ ... monitor and
take note of my blood glucose levels” etc), and 3-items assessed social behaviour (e.g., “ ...
educate my friends about my health needs”, * ... interact with my Doctor about my diabetes

management” etc). The questionnaire was administered at Week 6 and Week 12. Scores

143



were summed across items measuring the same domain, and internal consistency of the
guestionnaire—assessed using Chronbach’s alpha—was high at each time point (Week 6:
diet a,=0.86, exercise a,=0.84, blood glucose a,=0.90, social a,=0.82. Week 12: diet a,=0.63,
exercise a;=0.83, blood glucose a,=0.88, social a,=0.72). Higher scores on each domain were

associated with improved behaviours in relation to managing diabetes.

2.3.5 Diabetes Management Questionnaire

Change in diabetes management behaviours was assessed using a purpose-designed
questionnaire. This questionnaire consisted of 18-items assessing a range of behavioural
domains (e.g., “I set goals for managing my diabetes”, “I feel in control of my diabetes”, I
often binge on food” etc). Each item is answered using a 5-point Likert scale (ranging from
1=strongly disagree to 5=strongly agree). The questionnaire was administered at Week 6
and Week 12 and obtained estimates of diabetes self-management behaviours at each time
point. In addition, following the retrospective pre-test methodology [26], participants
provided retrospective ratings of their diabetes-related behaviours before commencing the
study (both at Week 6 and again at Week 12). This approach overcomes the phenomenon of
response-shift which occurs as a result of interventions, and controls for the effect of
participants overestimating their behaviours at baseline, which often occurs in traditional
pre-then-post designs [27]. Distributions of reverse-coded items were reflected, and scores
were summed across items to produce a total diabetes self-management score. Internal
reliability of the scale was strong at Week 6 (baseline a,=.082, current o,=0.85) and Week 12
(baseline ay=0.71, current a,=0.88). Higher scores on this measure signify better behavioural

management of diabetes.
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2.4 Statistical Analysis

Statistical analysis was conducted using SPSS Statistics 25 (IBM Corp, 2017) and data were examined
for normality (no violations were noted). Analysis of covariance (ANCOVA) was used to test between
group differences at Week 12, using baseline measures as covariates for Weight (kg) and HbAlc [28].

The model residuals were assessed for normality and constant variance, assumptions were met.

For the Diabetes Management Questionnaire, retrospective pre-study estimates of
behaviour provided at Week 6 and Week 12 were not significantly different (p>.05) and
were strongly correlated (r=0.65, p=0.002), demonstrating participants’ ability to
retrospectively rate their baseline self-management behaviours. The baseline score for this
measure was therefore generated by averaging the retrospective responses provided at
each time point. Linear mixed effects models were used to examine change over time for
the Diabetes Management Questionnaire and the Perceived Stress Scale. Time was
modelled as a continuous variable to enable a comparison of difference in slopes of change
through the study. Parameter estimates (using time as a fixed factor) were used to interpret
significant interaction effects if present. For measures that did not obtain baseline data
(Device Tolerance and Acceptability Questionnaire and the Motivation to Change
Questionnaire), independent samples t-tests were used to compare scores across groups
within each of the data collection time points. All models were two-tailed and used a
threshold of p<0.05 for statistical significance. Cohen’s d is reported to reflect the

magnitude of the effects observed between groups.
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3. Results

A total of 20 participants completed the study. For the duration of the intervention (12
weeks, 84 days) all participants achieved 100% compliance to wear time; the only exception
being one participant from the RT-CGM group who did not wear the glucose sensor and

recorder for 3 non-consecutive days secondary to participation in aquatic activities.

Over the 12 weeks, reduction in weight (RT-CGM — 7.41+4.5kg vs. Blinded CGM -5.45+4.03)
and HbAlc (RT-CGM; -0.67+0.82 kg vs. Blinded CGM -0.68+0.74) were not statistically

different between groups (p>0.30).

Descriptive statistics for all behavioural measures are provided in Table 1. Over the course
of the study, there was no differential change in PSS scores between groups. CGM
intolerance scores were not different between groups at either Week 6 or Week 12. CGM
acceptance scores were similar between groups at Week 6, but there was a significantly

higher score in the RT-CGM group at Week 12 (Cohen’s d=1.04).
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For the motivated behaviour change scales, social and exercise behaviour scores did not
differ between groups at either Week 6 or Week 12. For diet behaviour, there was no
difference between groups at Week 6, but a trend for a higher score in the RT-CGM group at
Week 12 was noted (d=0.81). For blood glucose monitoring behaviour, scores were
significantly higher in the RT-CGM group compared to the Blinded group at both Week 6

(d=1.24) and Week 12 (d=2.06).

For the total diabetes self-management behaviour assessment, there was a significant effect
between treatments (p=0.03 time x group interaction), such that there was a greater overall
increase and maintained improvement in behaviour throughout the trial in the RT-CGM
group compared to the Blinded group. Post-hoc, within group analysis revealed that scores
for the Blinded group had increased significantly from baseline to Week 6 (p=0.03, d=1.24)
but were reduced at Week 12 such that scores were not different from baseline (p>0.05,
d=0.90). In contrast, scores in the RT-CGM group were significantly higher compared to

baseline at Week 6 (p<0.001, d=1.68) and remained higher at Week 12 (p<0.001, d=1.71).

4. Discussion

This study demonstrates that individuals with T2D who were prescribed to follow a self-
directed lifestyle modification program expressed good tolerance and compliance to
wearing a CGM for 12 weeks as demonstrated by the high level of wear time achieved.
Furthermore, compared to wearing a blinded device, access to glucose data in real time was
linked with greater device acceptance and improvements in diabetes self-management
behaviours over a 12-week period. Interestingly, both groups experienced similar reductions
in HbA1c suggesting that possibility that the potency of the prescriptive lifestyle plan that

was administered to both groups may have overridden additional benefits of the RT-CGM
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over this short time period. Future longer studies (>12 weeks) are required to better
understand the chronic effects of RT-CGM when used in conjunction with prescriptive

lifestyle interventions.

Previous reports suggest that monitoring of blood glucose in patients with diabetes is
associated with general stress and/or anxiety which can impact quality of life [29, 30] and
promote poorer diabetes self-management and glycaemic control [17, 31]. In contrast, the
present study showed no evidence of changes in stress levels over time or between groups,
suggesting that exposure to real-time blood glucose data did not adversely affect stress. The
specific reason for discrepant findings between this and previous studies is not clear.
However, previous studies reporting high stress levels associated with blood glucose
monitoring have included newly diagnosed participants who may have had insufficient time
to adjust to their diabetes diagnosis. These studies also examined the 7-point method of
blood glucose self-monitoring (7 or more finger sticks daily), a method that results in pain
from multiple finger sticks and requires greater patient effort could explain the reported
negative effects on stress [29, 30]. It is possible that differences between studies in device
wear and support protocols could influence the effects of RT-CGM use on stress levels and
that differences in the type and frequency of technical and clinical professional support also
could contribute to differences between the current findings and others’ and therefore
future studies to explore the effects of RT-CGM compared to traditional SMBG on diabetes
management and stress are warranted [32-34]. In this study, the device was administered
with a prescriptive lifestyle plan that engendered improvements in clinical outcomes such as
weight and HbA1c. These positive clinical effects, some of which were obvious to
participants, may have countered any possible negative effects of stress that were

associated with glucose monitoring.
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In the present study, there was no significant difference in tolerance of the device between
groups but there was evidence of higher acceptance in the RT-CGM group at Week 12
compared to the blinded condition. Changes in acceptance and tolerance of RT-CGM device
wear with time are rarely reported in the literature [15]. Overall, on the basis of compliance
reports, a consistently high level of device acceptance and tolerance has usually been
observed [33-35]. Studies that examined acceptance and tolerance to RT-CGM use by
applying a system usability score [33] or a purpose designed acceptability and utility survey
[36] also reported no change in either acceptance or tolerance following 12 week
interventions [33, 36]. Therefore, there is novelty to the present finding that RT-CGM
produced a greater level of acceptance by study endpoint. This is highly likely due to the
perceived value and positive reinforcement of the visual display of real-time blood glucose
data for participants in this condition compared to those who could not access their glucose
data in real time.

Current diabetes management guidelines promote patient engagement in self-management
behaviours. If patients have increased engagement in their own health, this should increase
their motivation towards adapting appropriate diet and lifestyle strategies [37]. The present
study showed that access to RT-CGM did not change diet, exercise and social behaviour
domains compared to blinded-CGM, although there was some preliminary evidence of
improved diet behaviour in RT-CGM at Week 12. However, direct measures of dietary and
physical activity compliance were not measured. It is also important to note, that both
groups were provided a lifestyle intervention consisting of diet and exercise changes, thus
precluding our ability to explore specifically the impact of RT-CGM on diet and exercise

behaviour in individuals who are otherwise not asked to modify such behaviours.
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Access to RT-CGM did appear to have a positive influence on other behaviours, blood
glucose monitoring and overall self-management behaviour. Self-monitoring blood glucose
is considered an integral part of diabetes self-management that can optimise glycaemic
control to prevent the onset of diabetes related complications [4, 38-40]. Traditional SMBG
in people with diabetes presents compliance challenges that are well documented and
include high levels of avoidance (a desire not to think about blood glucose levels and
diabetes), perceived pointlessness (the belief that self-monitoring is not of personal value),
and low engagement with health professionals including limited sharing of glucose data with
their health care provider [12]. The current data provide preliminary evidence that RT-CGM
may offer a solution to overcome difficulties with compliance and improve diabetes self-
management leading to improvements in diabetes-related outcomes. Larger, longer-term
studies are required to understand the effects of prolonged RT-CGM use upon self-

management behaviour and diabetes control.

Although this experiment provides early insights into the effects of RT-CGM on diabetes
management and self-monitoring glucose behaviour, there are several study limitations. The
study had a small sample size and was conducted in a well-controlled and possibly highly-
motivated population of individuals with T2D that limit generalisability of the findings.
Future larger studies conducted in diverse populations including individuals newly
diagnosed with either T2D, T1D, Gestational Diabetes or have poorer glycaemic control
should be conducted. The study duration was also relatively short and longer-term studies
are needed to better understand the durability and tolerability of this intervention approach
before the practical applications can be fully realised. Both groups wore a CGM device
making it difficult to understand the effects of general device wear on the study’s outcomes,

however this was not the purpose of this study. Provision of RT-CGM compared to usual
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control (SMBG) is likely to have more profound effects, and should be incorporated in
designs of future studies. It is also important to acknowledge that health professionals,
although providing lifestyle information, were not actively involved in reinforcing the
lifestyle intervention and patient management protocols, only providing device support
(calibration, insertions and hygiene management). Health professionals play an important
role in the management of patients with T2D [38] and further research should examine the
effects of RT-CGM administered with a structured lifestyle program that includes close
professional support and interaction. RT-CGM should help health professionals to
understand the educational needs of patients and enable integration of this technology with
other management paradigms to enhance patient practice and glucose management advice

and support.

5. Conclusion

In summary, this pilot study showed a high degree of tolerability and acceptance of an RT-
CGM device continuously-worn over a 12-week period. There were accompanying
improvements in diabetes self-management behaviour in those with real time visual access
to frequent BGL data, suggesting CGM offers an alternative approach to glucose
management that may effectively support some individuals with T2D without promoting
disease distress. Moreover, the use of RT-CGM systems opens the prospect for more
insightful patient interaction relative to current practice. RT-CGM could overcome negative
barriers associated with traditional glucose monitoring methods. Focussed device education
and technical support for participants may explain differences between these findings and
others’. RT-CGM should be evaluated further for its use as a lifestyle management tool

because it encourages patient engagement with diabetes self-management behaviours.
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Chapter 6: Thesis Summary

1. Summary of the Research and Key Findings

In this thesis, the effect of RT-CGM compared to blinded-CGM for improving glycaemic
control and reducing CVD risk makers when combined with the prescription of a low
carbohydrate (50g total carbohydrate) diet and exercise program in overweight and obese

individuals with T2D was examined.

In addition, the potential beneficial effects of an individual’s acceptance, tolerance
experiences of wearing and interacting with the real-time continuous glucose monitoring

device and how it impacts on diabetes self-care was also explored.

In this final Chapter, the main findings will be summarised and discussed with the emphasis

on the implications for clinical practice and future research direction.
2. General Discussion Summary

The epidemic of T2D is one of the most durable public health challenges of the 215 century,
with prevalence likely to continue to increase into the future. Due to the various associated
cardio-metabolic, psychological and cost implications, T2D represents a major public health
concern and there is a high importance to identify effective therapies to alleviate or

minimise complications associated with the disease.

The beneficial effects of lifestyle modification (diet and exercise) on these outcomes, in
particular glycaemic control in overweight and obese individuals with T2D, are well
documented. However, for several reasons, difficulties in optimising patient engagement in

self-care regimes for improved glycaemic control have been problematic, including patient
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perception of disease risk and effect of treatments, accessibility, and cost and time
associated with therapy implementation for both the practitioner and patient. Historically,
patient education and adherence to diabetes management strategies have represented the
cornerstone for prevention or reducing the progression of diabetes-related complications,
but in more recent times, technology has provided additional therapeutic approaches,
including the increased accuracy in measuring and providing feedback on acute blood
glucose responses and inter and intra-day glycaemic variability. This has led to the
exploration of the inclusion of RT-CGM technology to assist in optimising glycaemic control
and the hypothesis that use of RT-CGM combined with a prescriptive lifestyle modification
program might be associated with improved glycaemic control compared with current
practice. However, to date there has been limited research evaluating the effects of RT-CGM
combined with prescriptive dietary and lifestyle modification strategies that has limited the
ability to understand the effectiveness and patient acceptance of this approach. There is
also limited knowledge regarding the effect of RT-CGM use on psychological well being in
overweight and obese individuals living with T2D, which needs exploration as a negative

effect could be detrimental for in-patient care.

The studies reported in this thesis extended the current knowledge with a primary focus to
determine the overall effectiveness of RT-CGM when combined with a prescriptive diet and

exercise modification on glycaemic control in overweight and obese individuals with T2D.

160



2.1 Measures of glycaemic variability and clinical intervention development

There is growing interest in measures of GV and understanding that large fluctuations in GV
are an independent risk factor in the development of T2D-related complications, however,
individual characteristics that potentially influence GV have remained largely unclear. To
address this gap in the literature, the aim of the research presented in Chapter 2 was to
understand factors that influenced GV by performing a retrospective, secondary analysis of
an existing dataset of patients with T2D that examined the associations between measures
of GV and factors such as age, gender, weight, diabetes duration, physical activity and anti-
glycaemic medication use. The analysis showed that increased use of anti-hyperglycaemic
medication is significantly associated with greater GV, with no observable association on GV
indices with any other characteristics included in the model. The positive associations
between measures of GV and use of anti-glycaemic medication suggests that closer
attention to the impact of prescription of anti-glycaemic medication, dosing regimens and
patient education on acute glycaemic responses are needed, as greater medication levels
may not necessarily translate to greater reductions in GV or diabetes complications. Future
studies need to monitor medication including all adjustments such as types of medications,

dosages and usage, throughout the trial.

Chapter 3 presents the findings from a narrative review exploring clinical trials evaluating
the effectiveness of CGM (real time and/or blinded) to improve glycated haemoglobin
(HbAXLc), body weight and lifestyle behaviour adherence in adults with T2D. This analysis
demonstrated that lifestyle counselling with CGM use promotes glycaemic and weight
control in adults with T2D, with the benefits potentially being augmented by integration of

CGM with a prescriptive lifestyle plan. These effects may be due to the intensive nature of
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the support provided by researchers and/or health professionals during the study periods,
which are not necessarily reflective of real-world scenarios. This review also identified that
current studies displayed a relatively high degree of heterogeneity limiting the ability of a
meta-analysis to be performed. The lack of studies considering the use of real-time CGM or
providing detailed attributes of the interventions and study designs, identified a clear gap in
the literature with the need to consider interventions which utilises RT-CGM in conjunction
with prescriptive lifestyle information but with limited health professional support.

The original experimental study described in Chapter 4 and 5 contributes to addressing this

knowledge gap and to provide this understanding.

2.2 Effects of RT-CGM to Improve Effects of a Prescriptive Lifestyle Intervention

Chapter 4 provides preliminary evidence that access to RT-CGM feedback compared to
wearing a blinded CGM device is an effective approach to reinforce the effects of a lifestyle
modification program (i.e. low carbohydrate diet and exercise program) to improve diabetes
control by reducing GV and diabetes medication requirements in overweight or obese
individuals with T2D, with minimal professional support. Chapter 4 was able to demonstrate
that although both groups achieved clinically relevant weight loss (6% weight loss overall)
and an average 0.7% reduction in HbAlc, which is comparable to most structured weight
loss interventions with intensive support, individuals using RT-CGM experienced 20-25%
lower GV and 40% low anti-glycaemic medication use compared to the control (‘blinded’)
group. Although these findings are limited by the lack of statistical power and significance,
they demonstrated clinical significance with a post-hoc power analysis, suggesting a

minimum of 35 participants would be required to achieve statistical significance.
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Whilst demonstrating that RT-CGM may enhance the benefits of a prescribed low
carbohydrate diet and exercise program on glycaemic control, limited data exploring the
tolerance and acceptance of CGM device wear on diabetes management was identified.
Traditional self-monitoring of blood glucose levels were reported to be associated with
general stress and/or anxiety which can impact on the quality of life of individuals with T2D.
This has raised the possibility of negative effects on acceptance and tolerance of RT-CGM
wear, including undue stress or poor device wear-time that could potentially limit the
usefulness of RT-CGM technology. However, a lack of research systematically evaluating
these effects was identified. Greater examination of these effects will assist to increase the

understanding of the feasibility of using RT-CGM in clinical practice.

2.3 Tolerability and Acceptability of RT-CGM and its Impact on Diabetes Self-

Management

To further the understanding of the user experience of RT-CGM in overweight and obese
individuals with T2D, a quantitative adjunct study to the original experimental reported in
Chapter 4 was conducted and reported in Chapter 5. In response to noticeable lack of
validated measures relating to RT-CGM technology in this target population, a purpose-
designed questionnaire was developed using the Likert-scale scoring system that measured
device acceptability and intolerance (16-questions), motivation to change (20-questions)
and impact on diabetes management (18-questions). This analysis demonstrated that
positive experiences with RT-CGM device use outweighed any negative experiences, with
questionnaire results showing no evidence of change in stress levels overtime or between

groups (RT-CGM vs ‘blinded CGM’), suggesting that the use of RT-CGM did not adversely
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affect stress. Furthermore, those using the RT-CGM demonstrated a higher degree of device
tolerance, acceptance and improvements in diabetes self-management behaviours over the
12-week period, compared to blinded-CGM. This greater engagement could be related to
the perceived value and positive reinforcement of the visual display associated with the RT-
CGM device. These findings suggest that access to RT-CGM may have a positive influence of
overall diabetes self-management behaviours, and assist to overcome the difficulties with

compliance, however, larger clinical trials are required to confirm these results.

2.4 Implications of Findings for Clinical Practice

The findings shown in this thesis advance the evidence in support of RT-CGM use in clinical
practice in conjunction with a low carbohydrate lifestyle plan in patients with T2D and
obesity. The findings support the usability of RT-CGM as an educational tool to create
awareness of the effects of diet and exercise on glucose levels, to enhance the benefits of
lifestyle intervention in practice, and assist to improve effectiveness of lifestyle
interventions being delivered by health professionals that enable them to act in a prompt
and meaningful way to adjust therapeutic lifestyle advice rather than responding to chronic

3 or 6-monthly HbAlc measurements.

Health professionals such as dietitians have not traditionally utilised health devices in
mainstream practice, however, the inclusion of RT-GCM in routine practices for providing
T2D therapeutic interventions is a natural progression, potentially improving primary care.
Therefore, the impact includes health professional re-training for upskilling of device
implementation into practice, but also for regulatory health professional bodies and/or
associated universities to consider providing accredited training to ensure safe and effective

implementation and assessment using RT-CGM in future health care environments. Based
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on the current findings, it is not implied that health professionals should treat all patients
with T2D with RT-CGM. Given the prevalence of T2D in Australia, and the current lack of
financial reimbursement for RT-CGM use in T2D, treatment of all individuals with T2D with
RT-CGM would represent an insurmountable cost burden. Therefore, an efficacy and benefit
to treat those with poorly controlled T2D or newly diagnosed T2D for shorter (7-10 days)

periods is warranted.

In addition to other recent advice, the current findings could also provide supporting
evidence to potentially advocate for device re-imbursement (full or partial) either via private
health insurers (PHI) or the national diabetes services scheme (NDSS) for use of RT-CGM in

therapeutic management of T2D.

3. Future Research Areas for RT-CGM, GV and Type 2 Diabetes

This body of work has established several future avenues for research listed throughout the
chapters within. Broadly, however, at present RT-CGM and GV do not predict glycaemic
control per se, though the use of RT-CGM to evaluate the effect of therapeutic intervention
proves valuable. Therefore, a common theme emerged from the pilot data identifying
future, greater powered and longer-term studies are required to continue investigating the

benefits of RT-CGM and GV if they were to have a role in diagnostics.

Chapter 3 highlighted a need for future studies to examine the measures of GV
simultaneously (i.e. using CGM to determine SD glucose, mean amplitude of glycaemic
excursions (MAGE) and continuous overall net glycaemic action (CONGA\)), to establish GV

as an independent risk factor for diabetes complications, and to confirm whether lowering
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GV reduces incidence or progression of diabetes-related complications (including rate of
change and stratification of the population by weight and/or medication change).
Furthermore, to obtain reliable, consistent and stable estimates of GV, it is recommended
that future studies increase CGM wear to over a period 14 days minimum to detect

reproducible changes in GV patterns.

With regard to future studies examining exercise and CGM, Chapter 3 similarly states that
there is a need to capture rigorous glucose data to evaluate GV response to exercise. It is
prudent that future randomised control trials are conducted to determine the individual
variability in glycaemic control caused by various exercise modalities (dose, frequency, time
and type) in individuals with T2D, using a range of GV markers. Similarly, with dietary
interventions, the timing and frequency of dietary intake along with dietary composition
and duration of meal times, in concert with CGM data is needed to further understand the
effects of meal timing on markers of GV and if timing and composition of meals can improve

diabetes related outcomes.

Chapter 4 and 5 also highlighted the need for larger, longer duration interventions, and for
future research to consider T2D populations with wider levels of glucose control, to enable a
greater understanding of the applicability of RT-CGM for the wider management of T2D.
Additionally, to better understand the clinical implications of RT-CGM on GV, closer
monitoring of all medication types, doses and changes over the course of the intervention

are warranted and needed to appropriately assess the variable measures of GV.

Chapter 5 emphasized that larger trials of longer duration comparing RT-CGM, self-
monitoring blood glucose and blinded—CGM are needed to improve the understanding of

the durability and tolerability of this type of intervention before practical application can be

166



fully realised. Studies are needed to evaluate how attitudes and coping styles influence self-
management behaviour during the use of RT-CGM but also a follow up study of 6-months
post-device intervention is required to look at the longer-term effects on self-management

behaviour.

Finally, with the growing diversity in CGM devices (Flash, Real-Time, Blinded) there is limited
evaluation of cost and time implications to the individual, practitioner or society. Therefore,
an economic evaluation would be prudent and beneficial in assisting the health-care
environment to understand cost and time savings that could be realised by utilising the

device in practice.
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Appendix 1: SAMPLE — Acceptance and Tolerance Questionnaire
(RT-CGM)

THE UNIVERSITY
€} /ADELAIDE
o

CSIRO Diabetes Study Questionnaire

This questionnaire will measure perceptions and experiences in
regards to the Continuous Glucose Monitoring device. It will
also explore your feelings around your diabetes in general.

There are no right or wrong answers in this questionnaire.

Don’t spend too long on any individual question. Just answer
based on your first instinct.

For each question, simply mark the appropriate response box as
shown below:

uuuuuuu

A sironghy
Dnagres . Apree
L Hangros 5

PARTICIPANT ID: GM

VISIT DATE: Visit 9
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SECTION 1

When answering these questions, think about the Continuous Glucose Monitor that you
have been asked to wear as part of this study

Strongl Neither Stromgl
; Y Disagres  Agrees nor Agree Y
Disagres ! Agrae
Disagres

Installing the sensor wasz easy for me

The zenzor and recarder impacted my slesp
quzlity

‘Wearing the sensor end recorder fior 10-wesks

WES excessive

The 3anzor and Recorder caused me difficulties
when driving

The sensor and recorder caused me problems
with regards to showering

| found it ezsy to understand the Glucoss
Wariation Curves provided by the iPod

It wias difficult to be intimate with others whilst
wearing the sensor and recorder

I was easzily skble to calibrate the sensor uzing
my finger-prick lancet

nstallation of the sensor caused me pain

In grder to accommodate the senzor and
recorder | had to =dapt my usual clothing

Changing the sensor every 10 days was
inconvenient

fearing the sensor and recorder contimuously
for L0-weeks was acceptsble to me

| was satisfiad with the look and feel of the
zanzgr and recorder

| had mo difficulty pairing the recorder with the
iPod

Femaving the sensor was easy for me

Accessing the Continuing Glucoze Maonitoring
vizuals on the iFod was straight forward

Wearing the sensor and recorder was
inconvenient

| found it easy to attzch the recorder

Changing the sensor every 10 days was
acceptable to me
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SECTION 2

When answering these questions, think about the Continuous Glucose Monitor that you
have been asked to wear as part of this study

Etrangl Mither Strangl
) el Diszgree  Agrees nor Agres . Y
. Dizzgres Dicseres Agres
Wearing the CONTINUOUS GLUCOSE ==E

MOMNITOR motivated me to:

weeeo TRduce my meal portions

_..monitor and tzke note of my blood glucoze
avels

.Increase my exercize freguency

..... reduce my snacking occasions

.increzze my intzke of healthy fats

_..increase the intensity of my exsrcize

..reduce my intzke of carbohydrates

..read the nutrition labels on food packaging

...increasa the durstion of my exercise sessions

imteract with my Doctor sbout my disbetes
manzgemeant

.madify my diet to better suit my disbetes

Continued over page...
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SECTION 3

When answering these questions, think about the Continuous Glucose Maonitor that you
have been asked to wear as part of this study

MNeither
Strongly . . . Strongly
. Disagres Agree nor Azres
Dizagres ? Agres
Disagres

Using the CONTINUOUS GLUCOSE
MOMITOR helped me to:

—.understand the impact of difference
foods on my blood glucose levels

—.understand the importance of exercise
for managing my diabetes

.understand the impact of sugsr on my
blood glucose levels

_..understand the impact of protein and
healthy-fats on my blood glucose levels

~.actively manage and contral my blood
glucose levels

—.exercise regularly

—.educate my friends sbout my health
needs

..understand how carbohydrates impact
on my blood glucose levels

educate my family about my health
needs

Continued over page...
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SECTION 4

When answering these questions, think about your participation in this study and your

diabetes management in general

Meither
Strongly . .
. Disagres Agree nor
Dizagres !
Disagres

Since starting this program I:

Strongly

i
Azres
Agres

.52t goals for managing my diabetes

..teke poor care of my diabetes

.am effectively managing my diet

..often make unheszlthy dietary choices

.-zt goals in regards to my body weight

.understand how exercise affects my
blood glucose levels

_..check my blood sugar levals regularly

~.feelin control of my diabetes

..feel successful with regards to
managing my dizbetes

..often skip exercising

...| often feel my blood sugars were
unzacceptably high.

_..use physical activity to help manage my
blood glucose levels

..am satisfied with my exercize leveals

—.actively choose foods that are good for
my blood glucose levels

_..often eat foods rich in sugsr and/or
carbohydrates

...often fargot to take my diabetes
medication {insulin, tablets)

_..often binge on food

....| often feel that my blood sugars wers
unacceptably low
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SECTION &

When answering these questions, think about your participation

diabetes management in general

in this study and your

Before starting this program I:

Meither
Strongly . .
. Disagres Agree nor
Disagres ;
Disagres

Strangly

i
Azres
Aeres

_..often ate foods rich in sugar and/or
cerbohydrates

—.understood how exercise affected my
blood glucose levels

_..took poor care of my diabetes

..often binged on food

.-was effectively managing my diet

...often skipped exercising

..l often felt that my blood sugars were
unacceptably high

..often made unhezlthy dietary choices

..checked my blood sugar levels regularly

..actively chose foods that were good for
my blood glucose levels

..felt successful with regards to
managing my dizbetes

..zt goals in regards to my body weight

..was satisfied with my exercise levels

...zt gosls for managing my disbetes

felt in control of my diabetes

-..often forgot to take my disbetes
medication {insulin, tablets)

—..used physical activity to help manags
my blood glucose levels

.. | often felt that my blood sugars were
unzcceptably low
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Appendix 2: List of peer-reviewed journal article publications,
public reports (Outside Candidature), commercial publications and
affiliations.

In Submission:

1) Luscombe-Marsh ND, Wycherley T, Taylor P, Brinkworth G, Stonehouse W, Riley M. The role
of dairy for the management of muscle mass and function in people aged 50+ years: A

systematic review and meta-analysis. In preparation.

2) Jadczak AD, Taylor P, Barnard R, Makwana N, Visvanathan R, Luscombe-Marsh ND. The
EXPRESS Study: EXercise and PRotein Effectiveness Supplementation Study Supporting
Autonomy in Community Dwelling Frail Older People — Findings from a Feasibility Study. In
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