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Abstract

The prevalence of diabetes, particularly Type 2 Diabetes (T2D), is dramatically rising and reaching epidemic pro-
portions. Diabetes and its complications are thus become a major public health problem, with an economic cost
of approximately 1 % of Growth Domestic Product (GDP), and equal social burden. Pathogenesis of type 2 dia-
betes includes insulin resistance, or low insulin sensitivity, describing the impaired capacity of the body to regulate
glucose. Insulin resistance develops long before the final state of the disease. The diagnosis of pre-diabetes and
eventual T2D is thus possible years before type 2 diabetes eventuates. Irreparable damage can be prevented by
early detection, offering the opportunity to delay or eliminate development of diabetes, reducing cost and social

burden.

Current diabetes tests do not use insulin sensitivity directly but detect the disease on the basis of late-appearing
symptoms, particularly rising glucose levels, when it is already in a critical, near diabetes situation, or later. Among
these diagnosis tools, the Oral Glucose Tolerance Test (OGTT) is the most recommended and able to detect pre-
diabetes. In contrast, insulin sensitivity tests are either low resolution, and/or costly, invasive, time-consuming, and
not adapted for a large population screening, However, the Dynamic Insulin Sensitivity and Secretion Test (DISST)

is a power model-based diagnostic tool without these issues, but could potentially be made much simpler.

This master thesis is part of a larger research project at the University of Canterbury (Christchurch, New Zealand),
aiming at translating the DISST model-based test to a less invasive version. The proposed protocol uses 35 g of oral
glucose and 2 units of rapid-acting insulin. The insulin injection is performed subcutaneously with a needle free
and painless injection device. The number of blood samples is reduced and some are extracted with less invasive
finger-prick methods with an eye toward eventual needle free sensing technology under development. Blood sam-
ples are collected over a 2-hour period and assessed for blood glucose, C-peptide and insulin. This model-based
subcutaneous-oral insulin sensitivity testing would allow direct identification of the insulin sensitivity and thus pro-
vide crucial information about diabetes status and progression. It would also enable the same low-cost hierarchy of

tests like the DISST.

The DISST model is originally a glycaemic control model. It is modified in this research to consider oral glu-
cose absorption and subcutaneous insulin injection kinetics as employed in this new test. A gastrointestinal glucose

sub-model, a subcutaneous insulin delivery sub-model, and a glycaemic control sub-model are thus combined. Even



though these different sub-models have been validated separately, the overall system model needs validation, which

is the main goal of this research.

A sensitivity analysis is performed to demonstrate the robustness of the model, as well as the potential accuracy
of this new kind of Dynamic Insulin Sensitivity and Secretion Test (DISST). It identifies critical, sensitive model
parameters in the context of the combined overall system model. This in silico investigation also provides a means

to highlight any model and protocol weakness.

A single parameter sensitivity analysis is conducted first, where the effects of model parameters on model out-
comes are analysed individually. Parameters with the biggest influence on blood glucose evolutions are identified.
Changes of parameters always lead to a coherent modification of blood glucose evolution and no non-physiological
behaviour is observed, providing initial model validation. Clinically significant modifications are not detected for

most parameters.

The results of this single parameter sensitivity analysis are used to perform a multiple parameter Monte Carlo
investigation. This study defines the potential range and resolution of the overall system model, as well as the
inter-subject and intra-subject variability. This analysis consolidates the model validation. The multiple parameter

sensitivity analysis is then applied to the now validated model to assess protocol safety.

Because the trial received ethics approval during the writing of this master thesis (April 30, 2018), I have been
able to assist the first experimental assay practically using the model. The first clinical pilot test, carried on subject
1, is described. With the results obtained, a rapid parametric identification is performed to assess insulin sensitivity
and further validate the model developed. However, as those experiments are still in their early days, the aim of
this part of the project is more related to a proof of concept of the model, as well as a personal achievement, to see

how could the model be useful for real clinical experiments.
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Chapter 1

Introduction

Many people think diabetes is a mild illness linked to a poor glucose metabolism, which can be treated by some
insulin injections. Regrettably, they are inaccurate, perhaps due to the increasing prevalence of it in people who
may appear otherwise normal. Equally, they may never have witnessed the significant health and life impacts of

this disease.

During the time needed to read this sentence, one patient with diabetes died. Indeed, one person passes away
every six seconds from diabetes. It is one of the primary sources of death worldwide [1} [2]. Unfortunately, it will
keep on evolving and happening in the future, because of the increasingly ageing population and prevalence of

obesity.

More than 422 millions of individuals suffer from diabetes and this number is expected to rise to 622 millions
by 2040 [2]]. One in eleven individuals is affected. Diabetes generates complications, such as cerebrovascular in-
cidents and stroke, blindness, heart attack, renal failure, and amputation [2]]. The total health expenditures to treat
these complications are very high, approaching 1 % of GDP in western countries [3]]. This disease and its long-term

complications are thus a major public health problem, which has to be closely studied, treated and regulated.

Diabetes is a disease characterised by hyperglycaemia. Causes of this hyperglycaemia vary and diabetes is thus
distinguished by types. Type 1 Diabetes (T1D) is described by a destruction of pancreatic beta cells responsi-
ble of insulin production. The body does not produce enough insulin to regulate glycaemia and all insulin must
be given exogenously. In contrast, Type 2 Diabetes (T2D) is characterised by a dysfunction of insulin target cells.

Despite insulin production, glucose is not able to enter the cells, preventing uptake and causing hyperglycaemia [4].

Type 2 diabetes is thus described by a resistance to insulin. This disease is more incremental in its appearance
and evolution than type 1 diabetes. The pathogenesis of this disease is first described by Normal Glucose Tolerance
(NGT), followed by a pre-diabetic state, and eventually by type 2 diabetes. Deviation from NGT to pre-diabetes is

characterised by a decrease in insulin sensitivity (S7), supported by a compensatory increase in endogenous pan-



creatic insulin secretion. Normal blood glucose levels are thus maintained. When the pancreas is exhausted and no
longer able to produce enough insulin to compensate the decrease in insulin sensitivity, glucose levels rise and type

2 diabetes appears [5].

As insulin resistance developed long before the final appearance of the disease, its diagnosis is thus potentially
possible years before type 2 diabetes occurs. Irreparable damage could thus be prevented by early detection. How-
ever, the most common diagnosis tests assess the ability of the body to regulate blood glucose and examine glucose

levels, which are the last markers to change. Thus, normal blood glucose levels are maintained during pre-diabetes.

Detection of a decreasing insulin sensitivity is thus not possible by simple blood glucose measurements. These
tests only detect the disease on the basis of late-appearing symptoms, when it is already at a more critical situation.
Among these tests, the Oral Glucose Tolerance Test (OGTT) best detects later stages of the pre-diabetic state [6].
In contrast, insulin sensitivity tests are either low resolution, and/or costly, invasive, time consuming and limited to
clinical applications [7], such as the Dynamic Insulin Sensitivity and Secretion Test (DISST) and the IntraVenous
Glucose Tolerance Test (IVGTT). Development of tests which are accurate, low-cost, less invasive, and adaptable

for economic population screening are thus needed.

This master thesis is part of a larger research project at the University of Canterbury (Christchurch, New Zealand),
aiming at developing a new insulin sensitivity test for an efficient monitoring of the pathogenesis of diabetes. This
new test translates the DISST model-based test [8) 9, [10] to a far less invasive version. The DISST is based on a
glycaemic control model and assesses insulin sensitivity and secretion. It is nonetheless quite invasive because its

protocol includes intravenous glucose and insulin injections, as well as several intravenous blood extractions.

The new proposed protocol uses 35 g of oral glucose and 2 units of rapid-acting insulin. The insulin injection
is performed subcutaneously with a needle free injection device, 15 minutes after the beginning of the test. The
number of blood samples is reduced and some are even extracted with a less invasive finger-prick method than
the intravenous route, in preparation for needle free glucose detection technology under development. Blood sam-
ples are collected over a 2-hour period and assessed for blood glucose, C-peptide and insulin. This model-based
subcutaneous-oral insulin sensitivity testing would allow direct identification of the insulin sensitivity and thus

provide crucial information about diabetes status and progression.

First, in this master thesis, biological and physiological basis around diabetes is addressed in Chapter 2] Then,
initial DISST model is modified to consider oral glucose absorption and subcutaneous insulin injection. This new
model is thus explained in Chapter[3] The main goal of this research project is to validate the overall system model,
as well as the protocol, to investigate the potential accuracy of this new test. Chapter ] performs a single parameter
sensitivity analysis, where the effects of model parameters on model outcomes are analysed individually . The aim

is to identify the parameters with the biggest influence on blood glucose evolution. Chapter [5|carries out a multiple



parameter Monte Carlo sensitivity analysis to investigate the effect of several parameters on the model and thus to
complete the previous analysis. By studying the potential range and resolution of the overall system model, this
Monte Carlo analysis aims at consolidating the model validity. Safety of the protocol is also studied in this chapter.

Finally, Chapter [6] describes the first clinical pilot trial, practically using this new overall system model.



Chapter 2

Background

This chapter highlights the background of this project. The biological and physiological basis around diabetes
is addressed, including information about glucose, insulin and the natural regulation of glucose. The concept of
insulin sensitivity, or its inverse, insulin resistance, is also developed. In addition, the different types of diabetes,
their causes and basic effects are explained. Thereafter, methods for the prediction and diagnosis of diabetes are
reviewed. In particular, a distinction between diabetes testing and insulin secretion or sensitivity testing is made,

as these are the key elements in how early diabetes is diagnosed.

2.1 Glucose and glycaemia

Glucose is a simple sugar whose molecular formula is CgH,,O. Specifically, because of its hydrogen, carbon and
oxygen content, it can be considered as a monosaccharide. Like all the other six-carbon molecules, glucose is an
hexose [4]. It can be represented linearly, as shown in Figure but in water and physiological solutions, glucose

tends to become withdrawn and thus has a cyclic form (Figure [2.1b) [11]].
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(a) Glucose linear form. (b) Glucose cyclic form.
Figure 2.1 :

Glucose molecular form [11].

Glucose is essential : it is the principal human body power supply. It is converted into an easily accessible form of

energy (ATP) via the Krebs Cycle [4], and is used by our cells to achieve fundamental tasks.



Our body does not directly use all absorbed glucose. Some is stored in the liver as glycogen for later use. As
illustrated in Figure 2.2} glycogen is a glucose polymer (a polysaccharide). The transformation of glucose into
glycogen is called the glycogenesis. The inverse reaction is named glycogenolysis and occurs when the cells need

glucose, which is then released in gluconeogenesis [12].

Excess glucose can also be stored in fat in the liver or periphery. Once again, this process can been reversed if
energy is required. This mechanism is another form of gluconeogenesis [12]]. The result of all these transforma-

tions which release glucose stores is called Endogenous Glucose Production (EGP).

GLYCOGEN GLUCOSE

Figure 2.2 :
Glycogen [lI3|14].

The brain is the largest user of glucose. However, for the Central Nervous System (CNS), glucose molecules can
directly enter these tissue cells by diffusion, in what it is denoted non-insulin mediated glucose uptake [[15]. In
contrast, muscle, liver and adipose tissue cells are not permeable to glucose and a hormone, the insulin, is thus used

to regulate its uptake. One can therefore differentiate insulin-mediated and non-insulin-mediated uptake [[16].

Glycaemia, also called the blood sugar level or Blood Glucose Level (BGL), can be defined as the amount of glu-
cose in the blood. Because of the importance of glucose, regulation of blood sugar is necessary to ensure healthy
functioning of the organism (see Section [2.3). If BGL is too low, it is called hypoglycaemia and, in contrast, the
term hyperglycaemia is used when the blood contains too much glucose. Hypoglycaemic symptoms include tired-
ness, trembling and syncope. Frequent and extended hypoglycaemia can lead to irreversible damage, such as brain
injury and even death [17, [18]. Indeed, neurons are very sensitive to a lack of glucose [15]. On the other hand,
thirst and polyuria are symptoms of hyperglycaemia. Enhanced and common hyperglycaemia can have significant
consequences, including increased risk of infection, ocular damage, cardiovascular injury and coma [19, 20]. Al-
though glycaemia varies according to various parameters, it is considered normal between 80 mg/dL (4.4 mmol/L)
and 126 mg/dL (7 mmol/L) [21]. Across countries, units of glucose concentration may vary between mg/dL and

mmol/L, where 1 mmol/L ~ 18 mg/dL.



2.2 Insulin

Insulin is a hormone produced in the pancreas by the beta cells located in the Islets of Langerhans [4]. Beta cells
do not exactly produce insulin, but its precursor, Preproinsulin. It is a peptide of 109 amino acids and it comprises
two parts : a signal peptide and the Prosinsulin. The signal peptide guides the Preproinsulin towards the Rough
Endoplasmic Reticulum (RER), where it is cleaved by a peptidase. Additionally, this enzyme enables the creation
of three sulphur bridges in order to fold the Proinsulin in its final configuration. The Proinsulin is turned into mature
insulin in the Trans-Golgi Network (TGN). Indeed, peptidases cut Proinsulin at two separates places, leading to the

formation of two specific entities : C-peptide and insulin [22, [23]].

Insulin comprises two different chains linked through sulphur bridges. Insulin and C-peptide exit the cell by
exocytosis [22} [23]. C-peptide is secreted in the same molar amount as insulin, it can thus be used as an accurate
marker for the secretion of this hormone. Indeed, this peptide is more stable in blood concentration than insulin
because it is only cleared by the kidney, where insulin is cleared by the liver, kidney, and uptake in the periphery
[24]). Figure [2.3|represents the different steps from Preproinsulin secretion to insulin and C-peptide formation. Fi-
nally, note that insulin is not directly secreted into the circulation, but first passes through the liver, which removes

some in first pass extraction.
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Figure 2.3 :
Different steps from Preproinsulin to insulin and C-peptide [24, 125]].

Beta cells continuously produce small amount of insulin, but this synthesis may be stimulated by an increase in

blood sugar level (e.g. after eating). Once insulin has been secreted in blood by pancreatic beta cells, it matches



with tyrosine kinase receptors located on target cell membranes. Once activated, this kind of receptor is able to in-
duce a specific cell response. In this case, cells will enable more glucose to enter by activating glucose transporters,
leading to a reduction of glycemia. Insulin also allows glucose storage in organs, muscle tissue and fat. It thus
enables glycogen formation. Thus, one can conclude insulin enables the decrease of glycaemia by encouraging

cells to capture glucose and by aiding its transformation into glycogen [4].

Because of its importance in glucose regulation, insulin has been widely studied and can be easily synthesised.
One can therefore distinguish different sorts of insulin : animal, human, and analogue. Each type has specific uses

and/or dynamic behaviours.

e ANIMAL INSULIN

Following the discovery of this hormone and its use in some diseases, bovine and porcine insulins have been ex-
tracted and exploited. Compared to human insulin, bovine insulin has three different amino acids. In contrast,
porcine and human insulin only differ by one amino acid [26]. Before being used on humans, animal insulin is
purified by chromatography. This laboratory technique allows to separate the different compounds of a mixture :
specifically, non-appropriate substances for human from insulin [27]]. Even if animal insulins helped many diabetic
individuals, immune rejection was frequent. New methods of chromatography to obtain almost pure animal insulin

have thus emerged [26]].

Porcine insulin has also been humanised. The distinct amino acid between human and porcine insulins was re-
placed. In addition, modified animal insulins were created to better match with the physiological features of human
insulin. Indeed, the duration of action of animal insulin can be shifted by adding a protein support, zinc or pro-

tamine [26]].

e HUMAN INSULIN

It is now possible to produce human insulin by genetic engineering [28]]. By inserting the human insulin-producing
gene in a bacterium, it produces this hormone by proliferating. As for animal insulins, the kinetic properties of
human insulin can be enhanced by adding zinc and protamine [29]. Zinc inclusion leads to an increase of the
insulin resorption speed and faster appearance after a subcutaneous injection. In contrast, the addition of protamine

improves the insulin duration of action by slowing the appearance after a subcutaneous injection.

e ANALOGUE INSULIN

Analogue insulins can be defined as modified human insulin, differing from it in specific amino acids. These se-
quence changes enable shifts in insulin kinetics. Very fast-acting insulins, as well as very long-acting ones, can thus
be created [29]. One can notice that mixture of these different insulins is very interesting for developing insulins

with several action peaks and thus better tailored to specific uses.



2.3 Natural glucose regulation

As mentioned earlier, glucose is crucial for the human body. The cells turn it into energy and it is one of the prin-
cipal supplies of carbon to create organic compounds. Moreover, extended hypoglycaemia or hyperglycaemia can
lead to harmful and irreversible damages. Therefore, glucose must be specifically and exactly regulated. Overall,
insulin and a second hormone, named glucagon, are responsible for glucose regulation. Glucagon raises glycaemia

and insulin lowers it (see Section[2.2)). These two hormones have thus antagonist effects [4].

Glucagon causes the release of previously stored glucose (e.g. glycogen) in bloodstream. It is a hyperglycaemic
hormone and, contrary to the insulin, is synthesised by alpha cells in the Islets of Langerhans. Production of

glucagon is stimulated by hypoglycaemia [4].

Glucagon mainly acts on the liver, by coupling with specific receptors on the surface of liver cells. The princi-
pal function of glucagon is to degrade glycogen into glucose by encouraging the glycogenolysis and by inhibiting
the glycogenesis. Glucagon thus enables the increase of blood glucose and thus the stabilisation of glycaemia [4].
Notably, although muscles also store glycogen, they are not equipped with glucagon receptors and thus do not feel
the influence of this hormone. The degradation of the glycogen accumulated in muscle cells is preferably favoured

by one other hormone called adrenaline, which is also stimulated in hypoglycaemia [30].

Figure summarises the action of the insulin and the glucagon on the body. With this drawing, one can eas-
ily summarise the simultaneous antagonistic actions of these two hormones. In combination, they enable a good

blood sugar balancing.

2.4 Insulin sensitivity

The concept of insulin sensitivity (Sy) has to be introduced because of its interest and importance in this thesis and
in the overall diabetes framework. It is the inverse of insulin resistance. It can be defined as the body’s cellular

response to insulin. In other words, it determines the effect of insulin on glucose uptake.

For example, compared to non-insulin sensitive people, insulin sensitive ones need less insulin to help the cells
take up glucose. From another point of view, insulin sensitive patients require less insulin to reach the same gly-

caemia. Individuals with diabetes have low insulin sensitivity and thus require more insulin.

Determining insulin sensitivity is of critical importance. First, it can enable identification of diabetic individu-
als before irreparable damage appear [S]. Second, for patients whose insulin sensitivity changes over time, such
as critical care patients, it enables personalised adaptation of insulin dosing for glycaemic control [31, 32]]. Insulin

sensitivity computation can be conducted using mathematical models.



Body cells take

up more glucose. INSULIN

Beta cells of
pancréas
release insulin

— into blood.
* ’H; Liver takes up -
glucose and stores

it as glyvcogen.

STIMULUS :
Blood glucose
level s Blood gl_ucose level
Tises.
HOMEOSTASIS
Blood glucose
level rises. STIMULUS :
Blood glucose level
falls.
Alpha cells of pancréas
release glucagon into
the blood. -
Liver breaks :
glycogen and
releases glucose into CLUCAGON
the blood.
Figure 2.4 :

Normal glucose regulation (inspired from [4]).

However, insulin sensitivity is a broad notion and can cover several phenomena [33]]. Indeed, it represents ei-
ther the ability of the cells to respond to this hormone, either the capacity of beta cells to produce insulin when
glucose concentration increases or it may even features the insulin faculty to stop the liver glucose production.
When insulin sensitivity is measured through mathematical models and experiments, it is often a combination of
these three concepts. Because of the different definitions of this concept, it is important to know which ones are
being assessed during insulin sensitivity testing. Figure [2.5] summarises the different notions behind the insulin

sensitivity term.

2.5 Diabetes

Diabetes is a disease characterised by hyperglycaemia due to insufficient insulin, (near) complete insulin loss,

and/or insulin resistance. Causes of this illness are multiple and diabetes is thus distinguished by types [4].

First, one can mention the case where hyperglycaemia is due to inadequate glucose utilisation, assimilation or
storage. People affected by this type of diabetes thus have elevated blood glucose levels. It is related to an im-

proper insulin synthesis or action. Diabetes can be divided into two distinct subcategories : type 1 and type 2.
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Figure 2.5 :
Different types of insulin sensitivity (inspired from [33]).

Type 1 diabetes, also called juvenile or insulin-dependent diabetes, is described by a destruction (more often im-
mune) of pancreatic beta cells responsible of insulin production. In Type 1 Diabetes (T1D), all insulin must be
given exogenously. In contrast, type 2 diabetes, also known as mature onset or non-insulin dependent diabetes, is
characterised by a dysfunction of insulin target cells. In Type 2 Diabetes (T2D), despite insulin production, glucose
is not able to enter cells, preventing uptake and causing hyperglycaemia. In T2D, insulin production may, at least
initially, be normal or elevated, yet the individual has hyperglycaemia. Thus, T1D is a disease of loss of insulin

production, while T2D is a disease of poor insulin action [4].

In either case, hyperglycaemia arms health and it is important to manage repeated hyperglycemia at the risk of
developing heart attacks, blindness, cerebrovascular accidents and much more [[19} [20]. Treatments differ accord-
ing to the type of diabetes. People affected by T1D are required to take insulin injections. Unfortunately, insulin
injections need to be correctly regulated at the risk of facing major hypoglycaemia. For T2D, individuals must

improve their quality of life, but eventually may require drug therapy and/or insulin injections.

One can also mention gestational diabetes, which may be considered as a form of T2D. Indeed, during the preg-
nancy, placental hormones conduct cells to resist the insulin action. This form of T2D is thus transient, but increases

risk to the infant [34].
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2.5.1 Type 1 diabetes (T1D)

As mentioned, T1D is linked to a loss of insulin secretion capability, typically due to an auto-immune disorder.
Because of this insulin deficiency, T1D individuals must take several insulin injections per day to control glucose.
This disease appears during childhood or puberty, but rarely later. Type 1 diabetes is not the most common form

comprising only 10 % of diabetic individuals [35].

2.5.2 Type 2 diabetes (T2D)

T2D is caused by an (increasing) inability of target cells to respond to insulin, and thus glucose remains in the blood
instead of entering inside the cells, leading to hyperglycaemia. These cells are actually resistant or insensitive to

insulin.

However, this disease is more incremental in its appearance and evolution. Because the cells are not able to take up
glucose, they do not have enough energy to achieve their functions and can thus die. Therefore, they send signals to
the pancreas to release more insulin. Since the cells can not fully respond to this hormone, the pancreas produces

more and more and eventually becomes exhausted [3].

A progressive decrease of insulin creates a continued increase in demand for insulin. All these different stages
actually describe the pathogenesis of this disease (Figure [2.6)). First, one can talk about pre-diabetes, in compari-
son with Normal Glucose Tolerance (NGT). Eventually, T2D is diagnosed by hyperglycaemia. After the pancreas
becomes exhausted, there is little difference between T1D and T2D [5]].

Different terms, such as Impaired Glucose Tolerance (IGT) and Impaired Fasting Glucose (IFG), can be used
to reference the pre-diabetic stage [36]. However, small distinctions between these notions have to be highlighted.

They both indicate metabolic abnormalities before diabetes, but they come from different contexts.

The Impaired Glucose Tolerance (IGT) is diagnosed during an Oral Glucose Tolerance Test (OGTT). Blood sam-
ples are collected during this diagnostic test and a patient is categorised as IGT regarding the resulting blood glucose
concentration. On the other hand, the Impaired Fasting Glucose (IFG) is linked to the Fasting Glucose Test (FGT).
According to this criteria, if the blood glucose level after at least 8 hours fasting is above 7 mmol/L, the patient is
IFG [36]. Impaired Glucose Tolerance (IGT) is nonetheless more used to denote pre-diabetes because of its better

accuracy as pre-diabetes indicator and its parallel with Normal Glucose Tolerance (NGT).

2.6 Diagnosis

This section reviews the techniques used to predict and diagnose diabetes and its early stages. First, simple methods
only based on blood sample analysis are explained. They can just diagnose pre-diabetes and diabetes when they

are well underway (Figure [2.6). The damage is often irreversible at this point. Second, methods assessing insulin
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Figure 2.6 :
Pathogenesis of type 2 diabetes (inspired from [8]]).

secretion and sensitivity are addressed. Indeed, these two factors are very good predictors of diabetes development
[37]. For example, a decrease in insulin sensitivity can occur long before the final stage of the disease (Figure 2.6),
as an increased insulin secretion. Its discovery can thus lead to a diabetes prediction or diagnosis when it is still

possible to avoid its expansion and irrevocable complications.

2.6.1 Diabetes testing

The Fasting Glucose Test (FGT), the Oral Glucose Tolerance Test (OGTT), and the HbA | test are explained. Their

relative benefits and drawbacks are also described. All utilise only Blood Glucose (BG) measurements.

> FPG/FGT

The easiest assay used to screen pre-diabetes and diabetes is the Fasting Glucose Test (FGT), also known as the
Fasting Plasma Glucose (FPG) test. After at least eight hours of fasting, a blood sample is collected and the level
of sugar in the blood is assessed. Regarding the BG concentration obtained, the patient can be diagnosed either as

normal, pre-diabetic or diabetic.

A blood sugar level below 5.4 mmol/L indicates a normal state. In contrast, pre-diabetes and Impaired Fasting
Glucose (IFG) are defined by a concentration between 5.5 mmol/L and 6.9 mmol/L. Blood sugar levels larger than

7 mmol/L diagnose diabetes [38]]. These different thresholds are summarised in Table @

However, this test has proved to be inaccurate and has to be performed at least 2 times to avoid false positives
[38]. In addition, this test only provides relevant results once endogenous insulin production is already enhanced
or plateaued (Figure [2.6). Thus, it does not easily detect the Impaired Fasting Glucose (IFG) state, or only in its
latest stages. Indeed, the sensitivity of this test is very low [40]. Poor compliance with fasting before the blood
sample can also lead to false results [39]. However, the duration and the stress for the patient and the medical staff

are minimal.
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Table 2.1 :
Threshold values for the fasting blood sugar level [38].

Stages Fasting Blood Glucose Level [mmol/L]
No Diabetes BGL <54
Impaired Fasting Glucose 55<BGLL69
Diabetes 7 <BGL

> OGTT

The Oral Glucose Tolerance Test (OGTT) is another test used to diagnose pre-diabetes and diabetes [41]. It be-
longs to the Glucose Tolerance Test (GTT) category, during which a glucose dose is given to the patient and blood
samples are collected. Regarding the results of the blood tests, assumptions about the sugar metabolisation of the
patient and thus his/her diabetic state can be made. The patient must fast at least 8 hours prior to the test. The
amount of glucose, its administration route, the number of samples and the separation between them may vary

from one Glucose Tolerance Test (GTT) to another [42].

Specifically, for an Oral Glucose Tolerance Test (OGTT), the glucose is orally administered through a drink with
glucose content. According to the operator, the dose, as well as the number of blood samples and the sampling
protocol are different. The most common OGTT is the 75 g 2-hour trial. It requires an oral administration of 75

grams of glucose and the extraction of one blood sample 120 minutes after the beginning of the test.

A blood glucose level below 7.8 mmol/L after an oral glucose dose of 75 grams and 120 minutes indicates no
diabetes. Impaired Glucose Tolerance (IGT) is defined by a concentration between 7.9 mmol/L and 11 mmol/L.
T2D patients are diagnosed with a blood glucose level larger than 11.1 mmol/L [6]. Table [2.2| presents all these
thresholds.

Table 2.2 :
Threshold values for the 75 g 2-hour Oral Glucose Tolerance Test [16].

Stages Blood Glucose Level [mmol/L]
No Diabetes BGL <7.8
Impaired Glucose Tolerance 79 <BGL <11
Diabetes 11.1 < BGL
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Glucose absorption leads to the increase of the Blood Glucose (BG) and its uptake to the reduction in BG. Regard-
ing diabetic status of the patient, different situations can be considered. Normal patients regulate their glycaemia
and it drops to a normal level after 120 minutes. The final BGL in this case may be slightly higher than at the
beginning of the test. Regarding patients with IGT, they start the test with the same fasting glycaemia as normal in-
dividuals, but their BGL is higher after 120 minutes. At the beginning, T2D individuals have a highr fasting level.
Besides a small glycaemia decrease, it remains significantly elevated after 120 minutes. Figure 2.7 summarises

these different cases.

18 NORMAL
IGT
16 T2D

Glucose Concentration [mmol/L]
=
[y

O 1 1 1 1 1 1
0 20 40 60 80 100 120

Time [min]

Figure 2.7 :
Evolution of Blood Glucose Level (BGL) during a 75 g 2-hour OGTT (inspired from [43]]).

In terms of OGTT strengths, it is simple and minimally invasive compared to intravenous tests. The oral absorption
of glucose matches the physiological situation. In addition, this test correctly assesses Impaired Glucose Tolerance
(IGT). The World Health Organisation (WHO) considers the OGTT as the test of choice to detect IGT [6]. How-
ever, earlier diagnosis and diabetes prevention before irreversible pancreatic damage cannot be achieved with this
test. Its standardisation is also needed. Indeed, different protocols are still used between institutions [42]]. Thus,

comparison of results can not be achieved.

If more blood samples are collected and if they are tested both for glucose and insulin, insulin sensitivity can
be deduced [44]. Nonetheless, these metrics are not entirely accurate because gut absorption is not accurately
known, and other variables may not be known. Thus, the OGTT is thus more used for assessing diabetes than for

estimating insulin sensitivity.

Figure [2.8] highlights the T2D pathogenesis features measured with an Oral Glucose Tolerance Test (OGTT). In
a 75 g 2-hour OGTT, the glucose concentration after 120 minutes is measured. However, insulin production and

insulin sensitivity (dashed lines) are not measured or known.
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Figure 2.8 :
T2D pathogenesis features measured with the 75 g 2-hour OGTT (inspired from [8]).

> HbAj,

The glycated or glycosylated haemoglobin (HbA.) test is an alternative assay to identify diabetes and to monitor
the glycaemic control of already diagnosed patients [45)146l]. Specifically, the glycation can be defined as the non-
enzymatic mediated formation of covalent bounds between sugar molecules and protein or lipid molecules. The
most common form of haemoglobin (HbA) is composed of two a and two 3 chains. The glucose fixation can occur
at different positions in the sequence of amino acids. The HbA |, refers to haemoglobin for which the glycation
reaction has taken place at the level of the N-terminal valine of one of the beta chains [47]. By quantifying the
proportion of this glycated haemoglobin compared to the normal haemoglobin, the average blood sugar exposure

can be assessed.

The more frequent and greater the glucose present in the blood, the more bonds are formed and the higher the
HbA | concentration. Glycated haemoglobin is thus a good marker of average blood sugar levels over time and di-
abetic state. Although the previous units were percentages, they have been changed and the new ones are mmol/mol
(mmol of glycated haemoglobin per mol of total haemoglobin). As indicated by the NZSSD (New Zealand Society
for the Study of Diabetes), a normal value for HbA . is below 40 mmol/mol [50]]. Patients with pre-diabetes are
characterised by an amount between 41 mmol/mol and 49 mmol/mol. Higher values indicate diabetes. All these

cut-off points are gathered in Table 2.3

The advantage of this method is the provision of what is essentially a three month average blood glucose value,
rather than a brief snapshot in time, as with the OGTT. In particular, haemoglobin has a lifetime of approximately
three months and the glycated state is irreversible. HbA . is thus not impacted by short or daily fluctuations. More-
over, this test does not require a fasted state and blood samples can be taken at any time of the day. These features
provide convenience. This test can also monitor diabetic state over time and thus predict some potential complica-

tions.
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Table 2.3 :
Important values of HbA . according the New Zealand Society for the Study of Diabetes (NZSSD) [50].

Stages HbA ;. [mmol/mol]
No Diabetes HbA . <40
Impaired Fasting Glucose 41 < HbA;. <49
Diabetes 50 < HbA;,

However, as with the fasting plasma glucose test, the impaired fasting glucose (IFG) state is not easily detected
and an OGTT is needed [48]]. Importantly, IFG is the most interesting to detect in order to provide early detection
of emerging diabetes and avoid irreversible complications. In addition, this test is relatively more expensive [49].
Moreover, problems linked to haemoglobin, such as anaemia, can interfere with the results, providing false nega-
tives. Although the intra-patient repeatability is high, the inter-patient values show dissimilarities [49]. Compared
to Fasting Plasma Glucose (FPG), the test sensitivity is just a bit lower, but specificity is much higher. Lastly, this
method absolutely needs standardisation [49]. The cut-off point for HbA . in pre-diabetes and diabetes diagnosis,
as well as the methodology used to measure this glycated haemoglobin proportion, are widely debated in the sci-

entific world and no consensus has been found [49]].

In view of the explanations about the different diabetes tests, one important problem can be highlighted. These
tests are only able to correctly diagnose diabetes and pre-diabetes in their latest stages. They are not accurate
for determining IGT, except the OGTT, and that case has low sensitivity. However, prevention before irreversible
pancreatic damages cannot be achieved with this oral assay because IGT is only diagnosed when it is already well
progressed. These diabetes tests are often used to confirm the suspicion of diabetes, but are not at all predictors of

the disease.

Other types of test must thus be elaborated. They measure insulin secretion or sensitivity, which are good pre-
dictors of diabetes development because these two factors are already damaged long before the disease reaches its

final stages (see Figure[2.6) [5].

2.6.2 Insulin secretion or sensitivity testing

Most of the time, the different symptoms of type 2 diabetes only become visible when the disease is already in an
advanced state. To avoid irreversible damage and complications, early detection is essential. Methods to screen

good predictors of this disease development, such as insulin secretion and sensitivity, have thus been created.
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First, the glucose clamp techniques are explained. Then, the IntraVenous Glucose Tolerance Test IVGTT), the first
model-based assay, is described. A specific modification of this test is illustrated. Finally, less invasive techniques,
such as the Dynamic Insulin Secretion and Sensitivity Test (DISST) and the quick Dynamic Insulin Sensitivity Test

(DISTq), are explained.

> Clamp

The glucose clamp technique is the best known method to assess insulin secretion and sensitivity [8]. First, the
hyperglycaemic clamp technique evaluates insulin secretion capacity and /3 cell sensitivity to glucose. Second,
the Hyperinsulinaemic-Euglycaemic Clamp (HEC) technique is used to measure the peripheral insulin sensitivity

5111520 153]. In both cases, the glucose concentration is held (or clamped) to a specific level [52].

Hyperglycaemic clamp technique [52} 53]

During the hyperglycaemic clamp, the blood glucose concentration is raised to 125 mg/dL (6.938 mmol/L) or
more, wich is above its basal level. BG is maintained at this hyperglycaemic plateau. This threshold is achieved
with a continuous, but adjustable glucose infusion. Each time the Blood Glucose Level (BGL) differs from this
high concentration, the infusion is modified to hold the hyperglycaemic state. The added amount of infused glu-
cose, needed to maintain this high BG level, is related to the endogenous insulin secretion, and changes of infused
glucose are proportional to variations in endogenous insulin production. Conclusions about pancreatic secretion

rate of insulin can consequently be drawn.

Because of the constant hyperglycaemic state, the [ cell sensitivity to glucose levels is highlighted. Information
about this specific sensitivity can thus be deduced from this test. Glucose metabolisation after a hyperglycaemic

stimulus can also be analysed.

Hyperinsulinaemic-Euglycaemic Clamp (HEC) technique

The Hyperinsulinaemic-Euglycaemic Clamp (HEC) technique is the reference test for assessing tissue insulin sen-
sitivity and thus the very early pre-diabetic stages [8]. Both glucose and insulin infusions are needed during this
test. The insulin infusion is continuous, relatively large (2 - 6 U/hr) and leads to a hyper-physiological plasma
insulin concentration (£ 150 mU/L). A variable glucose infusion is administered to maintain blood glucose con-
centration constant at the basal level (4 - 5 mmol/L). Blood samples are collected and assessed for BG every 5 - 10
minutes to hold this fixed level [44] 8l 52]. The glucose infusion is particularly controlled and modified during the
first hour. Thereafter, a steady state is achieved and the glucose infusion is almost constant [8]. However, it can
sometimes take 2 or 3 hours to reach steady state [44]]. Figure@]illustrates an example of the glucose and insulin
concentrations (Figures [2.9a) and [2.9¢), as well as their infusion profiles (Figures[2.9b|and [2.9d) [44].
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Figure 2.9 :
Example of HEC protocol (inspired from [44)]).

Because of the hyperinsulaemic state, pancreatic insulin secretion is largely to completely suppressed, hepatic glu-
cose uptake is saturated, and Endogenous Glucose Production (EGP) is practically suppressed [44]. The glucose
infusion rate is thus equal to the tissue glucose uptake and conclusions about tissue insulin sensitivity can be made
from this rate and the insulin given [51,152]]. Elevated levels of the glucose infusion rate indicate high insulin sen-

sitivity. On the contrary, low levels stand for high insulin resistance [52].

Specifically, the HEC technique defines the Insulin Sensitivity Index (ISI) as the mean glucose infusion rate at

steady state (M) divided by the mean plasma insulin concentration at steady state (I) [44]:

IST = ¥ 2.1)
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The clamping, achieved during the HEC technique, enables a very good control and repeatability of the assay.
However, it is difficult to compare results with different insulin infusion rates. This test can take a very long time
because of the steady state needed. Sometimes, this equilibrium state is not reached and results are thus not guaran-
teed. A lot of blood samples are collected throughout the duration of the test. Medical staff and specific equipment
are required. The non-physiological nature of the experiment is also an important drawback. Finally, not all glucose

uptakes are mediated by insulin (e.g. brain and CNS).

The HEC method remains the gold standard technique to assess the insulin sensitivity, despite its cost and in-
tensity. However, it does not provide information about pancreatic insulin secretion. Figure highlights the
T2D pathogenesis features measured with a Hyperinsulinaemic-Euglycaemic Clamp (HEC) where the insulin pro-

duction and glucose concentration lines are dashed because they are not assessed in this test.
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Figure 2.10 :
T2D pathogenesis features measured with the HEC (inspired from [8]]).

> IVGTT

IVGTT stands for IntraVenous Glucose Tolerance Test. As its name suggests, glucose is injected intravenously
during this assay. During the IVGTT duration, several blood samples are collected and it is the reason why this test
is also called the Frequently Sampled IVGTT (FS-IVGTT) [8]. It can refer to different particular assays. First, the
direct assessment test determines the diabetic status of a patient. Second, the semi-direct or Minimal Model (MM)

based assessment test computes its insulin sensitivity .

Direct assessment

After a short IV glucose infusion, several blood samples are collected, providing the temporal evolution of the
glucose concentration throughout the duration of the test. By assessing the decay rate, K, of the glucose con-

centration curve after the glucose infusion, information about glucose tolerance or metabolisation and thus about
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diabetic condition can be provided. By using the half time, 1, which is the time needed to halve the glucose
2
concentration, the decay rate, K, can be easily computed [44] :
In2

Kg = e (2.2)

N[

Even though insulin sensitivity can be inferred from this index, it is better to use the subsequently described semi-

direct method to calculate it with an IVGTT.
Semi-direct assessment ( Minimal Model (MM) based assessment ) [54]

For the semi-direct assessment, the same IVGTT protocol is used, but a mathematical model is added to deduce
insulin sensitivity. The Minimal Model (MM) of Bergman mathematically represents the physiological kinetics
of glucose and insulin during an IVGTT. Information about glucose metabolism can be deduce from parametric
identification, by fitting the model parameters and the IVGTT data. The IVGTT protocol consists of a glucose in-
travenous injection, proportional to the patient weight. Then, blood is frequently collected during at least 3 hours.
About 22 samples are assessed, both for glucose and insulin. At the beginning, blood samples are extracted very
close to each others (2 - 3 minutes). The time of sampling is reduced in frequency after the first hour (15 - 20

minutes).

The minimal model of Bergman is divided in two main compartments, glucose and interstitial insulin. In addi-
tion, it brings to light the relations between these two compartments and important organs, as well as the chemical
and kinetic properties of the system. Specifically, the glucose can be supplied by either exogenous injections or
either by the transformation of glycogen in the liver. On the other hand, it can be reduced by entering the peripheral
tissues. The glucose can also be transformed into glycogen and be stored in the liver. The hepatic equilibrium

between glucose and glycogen introduces the notion of Net Hepatic Glucose Balance (NHGB).

Regarding the remote (interstitial) insulin, it can be defined as the insulin in the interstitial fluid. It is the most
important type of insulin to consider in this case because of its direct interaction with the tissue cells. It enters from
the plasma insulin, which is produced by the pancreas, and also decomposed after a certain time due to action at
the cells. The two compartments interplay, where the remote insulin affects the transformation of the glycogen into

glucose and helps the cells to ingest the glucose. The minimal model is shown in Figure
The model of Bergman is described by the following equations and initial conditions :

Q(t) = NHGB(t) — Rd(t) , Q(0)=Qy+D (2.3)

I't)=—ks-I'(t)+ ko - [I(t) = I,) , I'(0)=0 (2.4)
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(2.5)

Where (@ represents the glucose mass, @, its basal value, I’ the remote insulin concentration, N HGB(t) the Net
Hepatic Glucose Balance, R4(t) the plasma glucose rate of disappearance, I the plasma insulin concentration, [}, its
basal value, D the glucose dose (the exogenous glucose injections), k; the rate constants, GG the glucose concentra-
tion and V' the volume in which the glucose is distributed. It is essential to notice that some notions are formulated

as mass concept and other as concentration ones. Mass conservation is not necessary guaranteed.
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Figure 2.11 :

Schematic representation of Bergman Minimal Model (MM) (inspired from [54)]).

Because of its dependency with glucose and remote insulin, the N H G B(t) decreases with increase in glucose and
insulin concentrations. Indeed, when there is lot of blood glucose, the liver has to transform it into glycogen instead
of driving the reverse operation (glycogenolysis). Moreover, when the blood glucose concentration is high, insulin

is produced and inhibits the glycogenolysis. The balance can be thus written like :

NHGB(t) = NHGBy — [ks + kg - I'(t)] - Q(t) (2.6)

Where N HG By stands for the net endogenous glucose balance at zero glucose.
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The disappearance rate of glucose can also be redrafted by considering its control by glucose and insulin. The
higher the glucose and thus the higher the insulin concentration, the higher the rate of disappearance. It can be

rewritten as :

Rd(t) = Rdo + [k1 + ka - IT'(t)] - Q(2) 2.7

Where Rdj represents the glucose disappearance rate at zero glucose.
Equation [2.3] can thus be overwritten as :

Q(t) = —[(ks + k1) — (k6 + ka) - I'(1)] - Q(t) + (NHGBy — Rdy) (2.8)

One can notice that NHG By — Rdy can be expressed as (k1 + k5)Qp because they are all basal notions. It gives :

Q(t) = —[(ks + k1) — (ke + ka) - I'(1)] - Q(t) + (k1 + ks) - Qo (2.9)

Because a lot of parameters have to be identified, reparametrisation has been carried out with :

X(t) = (kg + ke) - I'(t) (2.10)
p1=k1+ks (2.11)

p2 = ks (2.12)

p3 = ko - (ks + ke) (2.13)

Where X (t) is called the remote insulin effectiveness and p; are rate constants.

The reparametrised model can be written as :

Qt)=—lp+ X)) - Q) +p1-Qy , QO)=Qy+D (2.14)
X(t)=-p2-X(t)+ps-[I(t)—L,] , X(0)=0 (2.15)

~ Q1)
G(t) = T (2.16)
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The glucose effectiveness is the ability the glucose has to enhance the glucose absorption by the cells and to inhibit

the hepatic endogenous glucose production. It is derived with the following equation :

oQ

SG:—@

=D (2.17)
Ss

Insulin sensitivity is the body response to insulin and is thus the ability the insulin has to improve the glucose

effectiveness. It can be derived as :

95

d5a :@:kj-(lﬂﬁ-k(;)
ol

Sr =
ss D2 k3

(2.18)

One understands that insulin sensitivity (Sy) increases with the rise of insulin input and with the reaction speed
enhancement of the glucose intake by the tissues and of the conversion of glucose into glycogen. On the contrary,

it falls down when insulin is cleared.

The glucose effectiveness and the insulin sensitivity can be deduced from these equations and with the collected
IVGTT data. These measurements enable the parameter identification and the insulin sensitivity is a particular

combination of these parameters.

The IVGTT protocol, combined with the Minimal Model (MM) of Bergman, is therefore interesting regarding
the insulin sensitivity computation and it enables to identify diabetes or other steps of this disease, like glucose
intolerance or pre-diabetes. On the other hand, the model is overly simplified compared to physiological reality.
For example, no difference is made between dependent and independent-glucose uptakes [8, 44]. However, even
with this poor representation, over-parametrisation occurs [55,156]. In addition, even if it is less invasive than clamp
procedures, the protocol of the IVGTT is very invasive because of the high number of blood samples required. This
test is thus only used in research studies and is not extended to larger screening. Another problem is the decrease of
accuracy for low insulin sensitivity [8]], while pre-diabetic and diabetic patients have such high insulin resistance.
To improve this precision, insulin signal has to be enhanced and protocol modifications are thus suggested, such
as an insulin injection 20 minutes after the glucose input. This modification is called the Inuslin Modified IVGTT

(IM-IVGTT).

Figure [2.12] highlights the T2D pathogenesis features measured with an IVGTT. Indeed, the glucose concentra-
tion (green solid line) is measured during the test. High insulin sensitivities can be assessed. In contrast, insulin

production (blue dashed line) is not quantified during this test.
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Figure 2.12 :
T2D pathogenesis features measured with the model-based IVGTT (inspired from [8]]).

> IM-IVGTT

The IM-IVGTT stands for Insulin Modfied IntraVenous Glucose Tolerance Test. The protocol is similar to a normal
IVGTT, apart from an insulin injection 20 minutes after the glucose intake. It provides an improved insulin signal
and thus a potentially parameter identification. However, it still suffers poor identifiability [55] [56], especially at

low insulin sensitivity. Its results are thus not always accurate and repeatable. Figure [2.13|illustrates an example of

glucose and insulin concentrations and sampling during an IM-IVGTT.
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Figure 2.13 :
Example of IM-IVGTT data (inspired from [44)]).

> DISST

The Dynamic Insulin Secretion and Sensitivity Test (DISST) is another model-based assay, assessing insulin se-

cretion and sensitivity. It was created as an alternative to more tedious and intense tests, such as HEC and IVGTT.
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Specifically, this assay could be described as a low dose and infrequently sampled Insulin Modified IntraVenous

Glucose Tolerance Test IM-IVGTT) [8, (9, [10]].

The DISST protocol consist of blood samplings at t =0, 5, 10, 15, 20, 25, 30, 35, 40 and 50 minutes. Overnight
fasting is required prior the starting of the test. A glucose bolus is injected after 5 minutes, directly after the blood
extraction. Then, an insulin injection is administered after the t = 15 minute sample. Several glucose and insulin
doses can be considered. The high dose consists of 20 grams of dextrose and 2 units of insulin. The medium dose

is defined by 10 grams of dextrose and 1 unit of insulin. The low dose is 5 grams of dextrose and 0.5 unit of insulin.

The model linked to the DISST is quite different from the IVGTT. It considers and models the C-peptide action in
addition to the glucose and insulin ones, as well as structurally enforcing mass conservation. A two compartments
design is used to model C-peptide dynamics, differentiating the plasma and the interstitial compartments. Interac-
tions between these two compartments exist and only plasma C-peptides are cleared by kidneys. Regarding insulin,
a distinction between plasma and interstitial insulin is also made. The plasma insulin is produced by the pancreas,
but hepatic extraction is assumed before it reaches the plasma compartment. Exogenous injection directly accesses
and increases the plasma compartment. Plasma insulin is degraded by the kidneys and the liver. The interactions
between the plasma and interstitial insulin are also considered. Regarding the interstitial insulin, it can be cleared
by the cells and influences the glucose uptake through insulin sensitivity (S;). Glucose is either produced endoge-
nously by the liver or comes from an exogenous input. It is degraded either by non-insulin mediated uptake, or by
insulin-dependent uptake. Because of the fast interaction between plasma and interstitial glucose, only one glucose

compartment is assumed. The model used in the DISST is represented in Figure [2.14]

The model is described by the following equations :

G(t) = —pa - (G(t) — Gg) — Sr- G(t) - Q(t) + ];(;) + EGP(t) (2.19)
. _ I(t) nr Ueg Uen
I(t) = —nK'[(t) —nr- m - 7@ - (I(t) _Q(t)) + Ve + (1 —xr)- Ve (2.20)
Q1) = 7~ - (1(1) = Q1) — ne - Q1) @21
Q
C(t) = ky - Y (t) — (ky + k3) - C(t) + uen(t) (2.22)
Y(t)=ky-C(t) —ky - Y (1) (2.23)

Where G/(t) stands for the plasma glucose concentration, I(t) the plasma insulin concentration, ()() the interstitial

insulin concentration, C'(¢) the plasma C-peptide concentration, and Y (¢) the interstitial C-peptide concentration.
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Figure 2.14 :
Glucose and insulin model of the DISST protocol (inspired from [8]).

Then, pg is the non-dependent insulin uptake rate, Gp the basal glucose concentration, St the insulin sensitiv-
ity, P(t) the exogenous glucose input, Vi the glucose distribution volume, EGP(t) the Endogenous Glucose
Production, ng the renal insulin clearance rate, ny, the hepatic insulin clearance rate, oy the hepatic insulin clear-
ance saturation ny the diffusion constant for insulin transport between plasma and interstitium, Vi, the interstitial
volume, 1, th exogenous insulin input into plasma, Vp the plasma volume, x, the fractional first pass hepatic ex-
traction of pancreatic insulin, n¢ the tissue cell insulin clearance, k; and k9 the transport rates between C-peptide

compartments and k3 renal C-peptide clearance rate.

Almost all the parameters are fixed, functions of individual characteristics or a priori defined [8]]. Insulin sen-
sitivity, Sy, and endogenous insulin production, ., can be deduced from parameter identification, by fitting the

model parameters and the DISST data.

Because of the short duration of the assay, the cost of the test is also reduced. In addition to assessing the in-
sulin sensitivity, the DISST enables to get some information about the endogenous insulin production, as opposed
to other tests in which only one of these notions is derived. Importantly, endogenous insulin production is another
important factor to diagnose type 2 diabetes. However, this time saving is related to the complexification of the
model. The protocol is low-intense and thus less invasive, allowing large scale screening. It has been proven that

the DISST is very accurate to determine low insulin sensitivity [} 9} [10].

26



> DISTq

The DISTq (quick Dynamic Insulin Sensitivity Test) is a subset of the DISST [I8,157,158]]. This assay exactly follows
the same protocol than the DISST, except for the insulin and C-peptide part. Even if their analysis is interesting
regarding the endogenous insulin secretion, the investigation of these samples is costly and time-consuming. By
eliminating the insulin and C-peptide assays, it provides a real time, highly accurate insulin sensitivity. Indeed,
the parametric identification can directly be performed with the available data acquired during the test (glucose
data) and with population-based assumptions on insulin profile. This test is short, cheap, scalable to population
screening and with a very good resolution compared to the HEC [8]]. Finally, if blood samples are saved, they may
be assessed for insulin and/or C-peptide later to improve resolution in selected subjects [57]. The mathematical

derivations are nonetheless complex.

2.7 Summary

This chapter first aims at reminding or explaining physiological basis around diabetes. Especially, the notion of in-
sulin sensitivity is addressed. Pathogenesis of type 2 diabetes includes insulin resistance, or low insulin sensitivity,
describing the impaired capacity of the body to regulate glucose. This insulin resistance develops long before the
final state of the disease. By assessing insulin sensitivity, the diagnosis of pre-diabetes is thus possible years before

type 2 diabetes eventuates.

Second, methods to assess diabetes or its early stages are reviewed. On one hand, diabetes testings only detect
the disease on the basis of late-appearing symptoms, particularly rising glucose levels, when it is already in a crit-
ical, near diabetes situation, or later. On the other hand, insulin sensitivity tests are either low resolution, and/or
costly, invasive, time-consuming, and not adapted for a large population screening. The Dynamic Insulin Sensitiv-

ity and Secretion Test (DISST) is short, low-cost and accurate. However, it is still invasive.

Because there is a need for even easier and less invasive insulin sensitivity tests, this research project proposes

an new version of the DISST, with an oral glucose ingestion and a subcutaneous insulin injection.
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Chapter 3

The SC-OG-ICING-2 model

In this third chapter, the model used in this thesis is fully defined, developed, and discussed. This model is a simple
description of glucose and insulin kinetics which will be validated during the new protocol developed by Lui Pear-
son at the University of Canterbury. Both the combined model and protocol aim at assessing insulin sensitivity in

a physiologically realistic manner.

The model comprises three sub-models. First, the interactions between insulin and glucose, as well as their ap-
pearance and degradation, are depicted by a glycaemic control model, the second version of the Intensive Control
Insulin-Nutrition-Glucose (ICING-2) model [59]. The ICING-2 equations are largely based on the DISST model
[8, 19} [10]. The second sub-model represents glucose absorption after oral ingestion. This gastrointestinal model
was created by Dalla Man et al. [66]]. Third, the model of Wong et al. is also incorporated [33} 167, 168]], capting
insulin absorption and appearance after a subcutaneous injection. Because of its features, this overall system model
can be named the SubCutaneous Oral Glucose Intensive Control Insulin-Nutrition-Glucose 2 (SC-OG-ICING-2)
model. All the parameter values of this integrated model come from the papers and theses of Dalla Man et al. [66],

Wong et al. [33.167,168]], Lotz et al. [44,169], Docherty et al. [, 9, [10] and Pretty et al. [S9.160].

The entire model is represented in Figure [3.1]

3.1 Sub-model 1 : Glycaemic control model

The first sub-model describes internal glucose and insulin dynamics, their interactions, as well as their formation,
apparition and degradation. It is the second version of the Intensive Control Insulin-Nutrition-Glucose (ICING-
2) model. The first version was created by Lin et al. within the framework of Intensive Insulin Therapy (ITT)
and Tight Glycaemic Control (TGC) in intensive care unit [61} |62} |60} 132, 63, 164, |65]]. It is strongly based on
the DISST equations (Equations to [2.23). However, it considers the saturation of insulin receptors and the
Central Nervous System (CNS) as a separate entity. It also assumes endogenous insulin production depends on

insulin concentration. Endogenous Glucose Production (EGP) is fixed as a constant [59} 160, [65]. The second ver-
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Figure 3.1 :

SC-OG-ICING-2 model overview.
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sion of the ICING model was proposed by Pretty et al. [[59,160]. The primary difference with the previous version

is the glucose-dependency of the pancreatic insulin secretion. One can notice C-peptide kinetics are not considered.

As with the DISST model, the ICING-2 model incorporates a distinction between plasma and interstitial insulin.
Plasma insulin is produced by the pancreas, according to glucose concentration. Hepatic first pass extraction is
considered before insulin reaches the plasma compartment. This model also deals with exogenous insulin, directly
adding to plasma valve. Plasma insulin is degraded by the kidneys and the liver. The interactions between the
two compartments are also considered. Interstitial insulin is cleared by the cells, via insulin sensitivity, where it
influences cellular glucose uptake. Glucose can be produced endogenously by the liver. The exogenous glucose
(e.g. glucose dose or meal) is also considered as it appears in plasma. Insulin-mediated and insulin-independent
glucose uptake are included via insulin sensitivity, Sy, and pg (insulin-independent glucose uptake rate). This

specific model is presented in Figure 3.2}

: PANCREAS Pancreatic ) o
Exogenous glucose input . Insulin Exogenous insulin input
Fo—_—
I
! 1- X
---------------------------------------- I.
: Y I y
EGP I
. Proportional influence I .
CNS Glucose P —'—'—.—. —_ Kjdne)i
. clearance
Non-insulin N
mediated ; Lln'crh
uptake clearance
PLASMA
5 Proportional influence
S i e oe—m o o
I
I Interstitial Interstitial
. 3 sakdow
] | Insulin breakdown
Insulin |
mediated - — —.—.—-
uptake

INTERSTITIUM

Figure 3.2 :
Glycaemic control model (inspired from [37]).

The ICING-2 model is described by the following equations :
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Q) , P(t)+EGP-CNS

G(t) = —DpG- (G(t) - Gfast) - SI : G(t) : 1+ ag - Q(t) VG (31)

) = = 10 = - s = (1) - Q) + ML) )
) —ny - (1) — Q) — e - — 2B

@=nr-(I{t) = QW) = no- 777 = D) (3.3)

Where G(t), I(t) and Q(t) respectively represent the glucose concentration, the plasma insulin concentration, and
the interstitial insulin concentration. Concerning the glucose Equation [3.1] p¢ is the insulin-independent glucose
uptake rate, GG ¢ the fasting blood sugar level, S; the insulin sensitivity, o the insulin binding saturation param-
eter, P(t) the exogenous glucose inflow rate, FG P the Endogenous Glucose Production rate, C N'S the Central
Nervous System glucose uptake rate, and Vi the plasma glucose distribution volume. Regarding the plasma insulin
Equation [3.2] ng is the kidney clearance rate, ny, the hepatic clearance rate, 7 the hepatic clearance saturation
parameter, n; the diffusion rate between the plasma and the interstitium, u.,(¢) the exogenous insulin input rate,
x, the fractional first pass of hepatic insulin extraction, ue,(G) the endogenous pancreatic insulin rate, and V7 the

insulin distribution volume. Finally, for the interstitial insulin equation [3.3] n¢ is the cellular clearance rate.

This model assumes endogenous insulin production by the pancreas is a function of glucose concentration. This

dependency is defined :
Urnin if G(t) < Gfast
uen(G) =\ £(G) = ksee - G(t) + kors  otherwise (34
Umaz if f(G) > Umaz

Where Ui, and g, are respectively the minimum and the maximum endogenous pancreatic insulin secretion
rate, kse. the glucose sensitivity of this secretion rate, and ks the secretion offset. The shape of the endogenous

pancreatic insulin secretion rate is presented in Figure[3.3]

The ICING-2 model variables in Equations to as well as their initial value and their units, are gathered
in Table The initial value of plasma glucose concentration is the fasting level, typically 4.8 mmol.L~!. Initial
values of plasma and interstitial insulin were assessed by making vary these values and with a stead state assump-
tion, and thus set to 13.4 mU.L~! and 7.4 mU.L™!. A summary of all parameters used in the ICING-2 model, as
well as their value and their units, can be found in Table
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Figure 3.3 :
Shape of the endogenous pancreatic insulin secretion rate
(Umin = 16.7, Umaz = 267, ksee = 14.9 and kopy = -49.9 ).

Table 3.1 :
Summary of the variables used in the ICING-2 model.

Variable Signification Initial value Units
G Blood glucose concentration 4.8 mmol.L—1
I Plasma insulin concentration 13.4185 mUL™!
Q Interstitial insulin concentration 7.4255 mUL—?!
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Table 3.2 :
Summary of the parameters used in the ICING-2 model.

Parameter Signification Value Units
PG Insulin-independent glucose uptake rate 0.04 min—!
Grast Fasting blood glucose level 4.8 mmol.L !
St Insulin sensitivity 10.8 x 10~4 L.(mU.min)~!
ag Insulin binding saturation parameter 0.0154 LmU~!
P Exogenous glucose inflow rate see Section mmol.min~ !
EGP Endogenous Glucose Production rate 0.96 mmol.min—1
CNS Central Nervous System glucose uptake rate 0.3 mmol.min~ !
Va Plasma glucose distribution volume 12.2 L
nK Kidney clearance rate of plasma insulin 0.06 min—!
nr Liver clearance rate of plasma insulin 0.0324 min—?!
ag Hepatic clearance saturation parameter 0.0017 LmU~!
nr Insulin diffusion rate 0.006 min— 1!
Ty Fractional first pass of hepatic insulin extraction 0.67 -
Uen Endogenous pancreatic insulin rate (@) mU.min—!
Uex Exogenous insulin input rate see Section mU.min—?!
1%; Plasma and interstitial insulin distribution volume 4 L
no Cellular insulin clearance rate from interstitium 0.032 min—?!
Umin Minimum endogenous pancreatic insulin secretion rate 16.7 mU.min—!
Umaz Maximum endogenous pancreatic insulin secretion rate 267 mU.min—?!
ksec Glucose sensitivity of the endogenous pancreatic insulin secretion rate 149 (mU.L).(mmol.min)—*
kogy Endogenous pancreatic insulin secretion offset -49.9 mU.min~?!
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3.2 Sub-model 2 : Gastrointestinal model

The second sub-model represents glucose absorption after a meal or oral glucose. The gastrointestinal model of
Dalla Man et al. is non-linear, based on 3 main compartments and yields the appearance glucose rate in plasma
[66]. The first two compartments stand for stomach glucose, respectively the solid and liquid phases. The third

represents glucose passing through the intestines, namely the gut glucose, and into plasma. The model is shown in

Figure [3.4]

kahst

Glucose

STOMACH Gur

Solid phase Liquid phase
compartment compartment

............................

Figure 3.4 :
Gastrointestinal model [66)].

The different equations of this gastrointestinal model are defined :

Gstor (t) = —ka1 - gsto1 (t) + D - 0(2) (3.5)
Gst02(t) = —kempt (gsto) - gstoz (t) + ka1 - gstor (t) (3.6)
Ggut = —kabs * Ggut(t) + Kempt (gsto) - gstoz(t) (3.7
Ra(t) = f - kabs - 9gut(t) (3.8)

Where D represents the amount of ingested glucose, gs+,1 the amount of glucose in the solid stomach compartment,
Jsto2 the amount of glucose in the liquid stomach compartment, g4+ the amount of glucose in the gut, k2; the rate
of grinding, §(¢) the impulse function, keppt(gsto) the rate of gastric emptying relied on the amount of glucose in
the stomach, ks the rate constant of intestinal absorption, f the fraction of the intestinal absorption that appears
in the plasma, and Ra the rate of appearance in plasma of ingested glucose. The amount of glucose in the different
compartments and the rate of appearance can be expressed in mass or molar notions. Even though Dalla Man et

al. used mass quantities for parameter identification, molar quantities are used in this model for consistency in units.
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The rate of gastric emptying keppt(gsto) depends on the total quantity of glucose in the stomach and thus has

a particular form that can be observed in Figure [3.5]and is specified by :

kempt (gsto) = kmm +

kma:p - k
2

M ftanh(ac- (gsto — b D)] — tanh[B - (gsto — ¢ - D)] + 2}

gsto(t) = Jstol (t) + gsto2 (t)

5
2.D-(1—b)

o =

=3

3.9

(3.10)

(3.11)

(3.12)

Where ki, and k4, represent respectively the minimum and maximum possible rates of gastric emptying, qss

the total amount of glucose in the stomach (the sum of the first two compartments), b the percentage of the bolus D

for which ke, decreases at W, c the percentage of the dose D for which k., increases at W, o

the decreasing rate from k4. t0 knin, and 3 the recovering rate from K, t0 Kipqo. The rate is maximum for zero

stomach glucose or at the beginning of the experiment. The parameters o and 5 are constrained by these previous
observations and are defined by Equations and The liquid gastric emptying, kempi(gsto). leads to the

non-linearity of this sub-model.

= 0.04

Rate of Gastric Emptying [min

The rate of gastric emptying regarding to the total amount of glucose in the stomach

0.05

I
=
o8]

(Kmin + Kmax)/2

20 40 60 80 100 120 140 160
Stomach Glucose Quantity [mmol]

Figure 3.5 :

( kmin = 0.013, kpay = 0.045, b =0.85 and c = 0.25 ).
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A summary of all the parameters, their value, and their units can be found in Table The rate of grinding, ko1, is
fixed to 1 given the liquid, dilute nature of the oral glucose. The intestinal absorption fraction, f, is set to 0.8. The
other values have been determined through parameter identification [66l]. These parameters have been identified
through data obtained in Oral Glucose Tolerance Test (OGTT) [66]]. Table [3.4] shows the variables, their units, and

their initial value. In this study, the injected dose of glucose is 35 g : this is then the initial value of gg1.

Table 3.3 :

Summary of the parameters used in the gastrointestinal model.

Parameter Signification Value Units
ko1 Rate of grinding 1 min—1!
kempt Rate of gastric emptying f(gsto) min—1!
kabs Rate constant of intestinal absorption 0.205 min—1!
f Intestinal absorption fraction 0.8 -
kmin Minimum rate of gastric emptying 0.013 min~?!
kmax Maximum rate of gastric emptying 0.043 min—!
b "Intersection point" 0.85 -

c "Intersection point" 0.25 -
Table 3.4 :

Summary of the variables used in the gastrointestinal model.

Variable Signification Initial Value Units
Jstol Amount of stomach glucose in the solid compartment 35 g (mmol)
Gsto2 Amount of stomach glucose in the liquid compartment 0 ¢ (mmol)
Ggut Amount of gut glucose 0 g (mmol)
Ra Plasma rate of appearance of ingested glucose 0 g.min~! (mmol.min—1)

Unlike linear and simplistic previous gastrointestinal models based only on easily obtained plasma concentrations,
this model relies on recent available data from multiple tracers and accurate protocols [66]. This approach and
added data allow parameter’s identification by focusing precisely on the gastrointestinal system and not on the
whole body. The model of Dalla Man et al. [66] is thus suitable for incorporation in a whole-body model and in

the research proposed in this thesis.
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3.3 Sub-model 3 : Subcutaneous insulin injection model

In order to mathematically represent subcutaneous injection of insulin, the compartmental model of Wong et al. is
used [33} 167, 168]. Originally, this model was created to describe pharmacokinetics of all types of subcutaneously
injected insulin, from fast- and short-acting prandial insulin (MI and RI) to intermediate- and long-acting insulin
types (such as NPH, lente, ultralente and insulin glargine). However, because this project only requires very rapid-

acting Monomeric Insulin (MI), the model is considerably simplified.

Injected insulin appears first in a subcutaneous depot space, which is the first compartment. It then crosses a
second compartment, the local depot interstitium. This local depot interstitium is different from the global inter-
stitium used in ICING-2 model (see Section [3.1)). After that, insulin is either degraded, or passes into the plasma.
The model is presented in Figure [3.6]

Local
interstiti-
al insulin

Subeuta-
neous
insulin

B
-

CIRCULATION / PLASMA

SUBCUTANEOUS LOCAL
SPACE INTERSTITIUM
k,
Y
Breakdown
Figure 3.6 :

Subcutaneous insulin injection model for very rapid-acting insulin [33| ?, ?].

The equations for this model are defined :

Iso(t) = —kg - Lee(t) + 6(t = T) - Ipotus (3.13)

Qlocal(t) = _k3 : Qlocal(t) + ko - Isc(t) - kdi : Qlocal(t) (3.14)

Where I, represents the amount of insulin in the local subcutaneous depot space, Qocq; the amount of insulin in
this local interstitium depot, which is different from the global body interstitial space considered in the ICING-2
model, I, the amount of injected insulin, ko the transport rate defining the diffusion from the subcutaneous
space into the local interstitium, k3 the interstitium insulin transport rate into plasma, kg; the rate of loss from

interstitium, J the impulse function, and T the insulin injection time after the commencement of the test.
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A summary of all the parameters, their value, and their units can be found in Table [3.5] Most of these values
have been identified in Wong et al. [33,167,68]]. In this research, the insulin will be injected 15 minutes after the
beginning of the test, so 7 = 15 min. In this test, 2 U are administrated, yielding Ip,j,,s = 2000 mU. Table [3.6

gathers the model variables, their units and their initial value.

Table 3.5 :

Summary of the parameters used in the subcutaneous insulin injection model.

Parameter Signification Value Units

ko Transport rate into interstitium 0.0104 min~?!

ks Interstitium insulin transport rate into plasma 0.06 min—!

kai Rate of loss from interstitium 0.0029 min—1!

Tpolus Amount of injected insulin 2000 mU

T Time delay 15 min
Table 3.6 :

Summary of the variables used in the subcutaneous insulin injection model.

Variable Signification Initial Value Units
Ise Amount of insulin in the subcutaneous space 2000 mU
Qlocal Amount of insulin a local interstitium 0 mU

3.4 Summary

The clinical protocol used to assess insulin sensitivity requires an oral glucose bolus and a subcutaneous insulin
injection. The protocol-related model thus considers these two particular aspects, as well as internal glucose and
insulin dynamics. For oral glucose absorption, the gastrointestinal model of Dalla Man et al. is used [66]]. The
model by Wong et al. [33] 167, 68] is applied for modelling the appearance kinetics of the subcutaneous insulin
injection [33[]. The glucose-insulin interactions, as well as their formation and degradation, are modelled by the
second version of the Intensive Control Insulin-Nutrition-Glucose (ICING-2) model [59]. These three sub-models
are combined together to form the overall SubCutaneous Oral Glucose Intensive Control Insulin-Nutrition-GLucose
2 (SC-OG-ICING-2) model represent changes of glucose and insulin concentrations during the suggested protocol.

A big summary of the overall model equations, parameter and variable values is in Appendices.

38



Chapter 4

Single parameter sensitivity analysis

The SC-OG-INCING-2 model is the foundation element of a clinical trial to validate this model, as well as as
accurately assess metabolic status using subcutaneous insulin and oral glucose. It is expected to correctly describe
the glucose and insulin kinetics and dynamics. Insulin sensitivity and secretion can only be directly assessed using
a clinical protocol, data, and an accurate model. A sensitivity analysis is thus performed to demonstrate the robust-
ness of the model, as well as the potential accuracy of this new kind of Dynamic Insulin Sensitivity and Secretion

Test (DISST). This in-silico investigation also provides a means to discover any model and protocol weaknesses.

This chapter presents a single parameter sensitivity analysis, where the effects of model parameters on model
outcomes are analysed individually. Not all parameters are investigated. Parameters are varied considering realistic
physiological ranges. The combined influence of several parameters is studied in Chapter[5] based on results in this

chapter.

4.1 Parameters of interest

As discussed in Chapter [3| the model is comprised of three physiological sub-models. The first sub-model is the
glycaemic control model and it mathematically represents internal glucose and insulin dynamics. The second one
models the glucose absorption after an oral ingestion, while the third sub-model reflects the subcutaneous injection

of insulin. Each dynamic system exerts an overall effect or sensitivity of response on the complete system.

The glycaemic control model (ICING-2) is strongly inspired from the DISST model. Both have been validated
in several studies [8}, 159} 9, [10} 160} (62} |63l 164} [65]. Thus, the impact of specific parameters in the glucose and in-
sulin dynamics description, is not considered in this thesis, and is taken for granted. However, considering the role
of insulin sensitivity (S7) and secretion (u.y,) in this work, their incidence is analysed. In addition, the most impor-
tant difference between ICING-2 and DISST model is the glucose-dependency of modelled endogenous pancreatic

insulin secretion. Investigation of the parameters included in this glucose-dependency is thus very significant.
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Regarding the other two sub-models, they can be considered as inputs interfering with an already well-validated
model. Indeed, orally absorbed glucose and its modifications in the gastrointestinal tract, represented by the second
sub-model, can be seen as the exogenous glucose inflow in the glycaemic control model. This sub-model is de-
scribed by Equationsto involving the parameters k21 , Kempt ( Emin > Kmaz » b5 ¢) , kaps » and f. Equally,
subcutaneously injected insulin and its appearance in plasma, depicted by the third sub-model, can be considered
as the exogenous insulin input in the glycaemic control model. This sub-model is described by Equations[3.13]and
involving the parameters ko and k3 . Hence, the influence of all the parameters involved in these two models

is investigated.

In summary, the glycaemic control model is the central part of the system model and is both well-validated and
taken for granted. In contrast, all inputs of this validated sub-model, namely oral glucose ingestion and subcu-
taneous insulin injection, and their resultant appearance, are investigated. The influence of glucose-dependent
endogenous pancreatic insulin secretion is not neglected and can also be considered as an input of the central part.
The impact of insulin sensitivity is also analysed. The single parameter sensitivity analysis thus only deals with the

following parameters :
. Sy
* "Input 1" : ko1, kempt (Emin » kmaz b, ¢) 5 Kabs 5 f
e "Input 2" : ko, k3, kg;
e "Input 3" : uey, (Umin » Umaz » Ksec » Kopf)

Figure schematically explains the selection of the parameters of interest.

4.2 Physiological ranges

To examine the effect of parameters of interest on the model, their values are modified and the resulting model-
based influence of these modifications is analysed and plotted. One parameter at a time is changed with all others
hold fixed. However, these parameters represent real and physiological phenomena. Thus, their value can only be
changed in a well-defined range around their mean or initially imposed value. Ranges of variations are defined in
two specific ways, depending on whether the thesis or article, in which parameter value is referenced, also provides

its standard deviation (s.d.).

If standard deviation of a parameter is given, its variation range is defined as 2 standard deviations above and
below its mean. It is also assumed that the parameter values are normally distributed. Thus, 95.45 % of the possi-
ble physiological values belong to this range of variation. Figure[5.2]reminds the shape of a normal distribution, as

well as the relationship with its standard deviation.
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Figure 4.1 :

Selection of the parameters of interest for single parameter sensitivity analysis.
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95.4 %

|
99.7 %

Figure 4.2 :

Shape of a normal distribution, as well as the relationship with its standard deviation.

In contrast, if standard deviation is not provided or known from other sources, the variation range of the parameter

is specified as the average value plus or minus 25 % of this mean value and the distribution is assumed to be normal.

The special case of insulin sensitivity has to be noted. This parameter is linked to diabetic status and does not
vary around a mean value, but evolves over a range. Non-diabetic individuals have an insulin sensitivity around
0.00108 L.(mU/min)~! in the model used [9]]. This value is thus considered as the mean or middle value and is
used as the normal insulin sensitivity in all simulations. However, some individuals have a much higher insulin
sensitivity, reaching sometimes 0.0018 L.(mU/min)~" [44} [10]. This value is considered as the upper limit. In con-
trast, diabetic individuals have a very low insulin sensitivity, around 0.00025 L.(mU/min)~! (lower limit) [44} 10].
Impaired Glucose Tolerance (IGT) and its progressive state is characterised by two specific insulin sensitivities,

specifically 0.0005 L.(mU/min)~! and 0.00083 L.(mU/min)~!.

Table {.T] summarises parameters of interest. It also provides lower and upper limits, as well as how they have

been calculated, or gathered by reference.
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Table 4.1 :

Variation ranges of the parameters of interest.

Parameter Mean Lower Bound Upper Bound Method
St 0.00108 0.00025 0.0018 Fixed [8L9]
Kmin 0.013 0.009 0.017 + 2 s.d. [66]
kmaz 0.045 0.037 0.053 + 2 s.d. [66]
b 0.85 0.81 0.89 + 2 s.d. [66]
c 0.25 0.19 0.31 + 2 s.d. [66]
kabs 0.205 0.161 0.249 + 2 s.d. [66]
f 0.8 0.6 1 +£25%
ko 0.0104 0.0076 0.0132 + 2 s.d. [33L167.168]
k3 0.0613 0.0131 0.1095 + 2 s.d. [33L167.168]
ka; 0.0029 0.0022 0.0036 +25%
Umin 16.7 12.525 20.875 +25%
Umaz 266.7 200.025 333.375 +25%
ksec 14.9 11.175 18.625 +25%
kogys -49.9 -62.375 - 37.425 +£25%

4.3 Results and Discussion

Before performing the single parameter sensitivity analysis, the clinical trial protocol must be described. It first
consist of an oral ingestion of 35 grams of glucose at the test beginning. Fifteen minutes later, it is followed by a

subcutaneous injection of 2 units of insulin.

To carry out the single parameter sensitivity analysis and thus to plot simulated BG evolution, some existing MAT-
LAB codes were adapted. This MATLAB code solves the differential equations of the model. Thus, it includes
these mathematical equations, as well as initial values of the different variables (see Tables [3.1] [3.4] and [3.6) and
typically used parameter mean values (see Table[3.2] [3.3]and 3.5).

Figure presents BG evolution generated by the model equations. Parameter values can be found in Tables

.21 3.3 and 3.5] Virtual patient mass is set to 75 kg and simulation duration is 150 minutes, even though the
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proposed clinical trial lasts 120 minutes. The two vertical lines indicate the theoretical end of the clinical trial and
the simulation end. Limits of low and high BGL are indicated in this Figure. For hyperglycaemic thresholds, two
dashed lines at 8.0 mmol/L and 10.0 mmol/L are plotted. The two pink rectangles indicate hypoglycaemia. The
lightest one imposes a light hypoglycaemic limit at 4.0 mmol/L and the darkest one sets this limit at 3.5 mmol/L.
BG in one of these two rectangles should be avoided. More or less restrictive limitations of BG have been consid-
ered because of the different tendencies worldwide. However, these limits represent current consensus on light and

mild hypoglycaemia.
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Figure 4.3 :
BG evolution, for S; = 0.00108 L.(mU.min)~", an oral 35 g glucose dose, a subcutaneous 2 U insulin bolus and with mean

parameter values.

The influence of the parameters of interest on BG evolution (Figure 4.3)) is analysed in this chapter. The values of
these parameters are individually changed to its lower and upper limit (see Table .1)). The resulting shifts in BG

evolution are presented and discussed, where a larger shift indicates greater sensitivity to this parameter.
> Insulin sensitivity S

Figure 4.4] represents BG evolution according to different values of insulin sensitivity (S7), specifically 0.00025,
0.0005, 0.00083, 0.00108 and 0.0018 L.(mU.min)~'. The value of S; = 0.0005 L.(mU.min)"! represents pre-
diabetes, and S; = 0.00083 L.(mU.min) ! is an intermediate value between low and normal insulin sensitivities

[9,144/[10]. All other parameters remain unchanged.

As expected, high insulin sensitivity (0.0018 L.(mU.min)~!) leads to a lower BG evolution and mild hypogly-
caemia within 120 minutes. Because of this high insulin sensitivity, it takes less insulin to remove glucose, and

thus a fixed insulin dose leads to greater glucose removal. In contrast, the lowest insulin sensitivities lead to hy-
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perglycaemia above normal. For S; = 0.00025 L.(mUmin) !, a sustained hyperglycaemic situation is achieved as
expected for a S; value of a T2D individual. In this case, there is too little insulin to remove glucose given the low
sensitivity. Note that extreme situations are only considered before 120 minutes, because the test stops at this time

with a snack not modelled here.
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Figure 4.4 :

BG evolution according to different values of Sy.
> Minimum rate of gastric emptying k,,,;,,

The rate of gastric emptying, kep,pt, is a function of several parameters, including k,,;, (see Equation . Figure
H.5a|represents the shape of this gastric emptying rate, according to different imposed minimum rates (0.009, 0.013
and 0.017 min—1). Figure reflects evolution of BG according to these values of k,,;, with all other parameters

unchanged.

Considering the "u-shape" of key,p¢, a change of ki, leads to a vertical displacement of the horizontal plateau
(Figure 4.5b). An upward displacement for the largest minimum rate and a downward displacement for the small-

est minimum rate are observed. Overall, the BG evolutions do not change in any clinically significant fashion.

An increase of k,,;, causes a rise of the BG peak, occurring at the beginning of the simulation (Figure .
Stomach glucose reaches the gut faster, and thus the circulation level rises faster. There is thus a larger quantity
of glucose in the plasma before insulin is injected. The opposite conclusion is drawn for smallest minimum rate.
At the end of the test (~ 110 min), BGL evolution with the smallest k,,;,, crosses the one with the largest k.
Indeed, for ki, = 0.009 min—!, some glucose still reaches the plasma compartment after the insulin action peak,
increasing overall BG, which is not possible for k,,;, = 0.017 min~! because no more gut glucose is available to

enter from the oral glucose load.
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Figure 4.5 :
Influence of the parameter ki,;», on BG evolution and on shape of ke pt, for S = 0.00108 L.(mU.min )~ L

> Maximum rate of gastric emptying k...

Regarding Equation [3.9] gastric emptying rate also depends on its maximum rate, k4. Even if changes of
Emaz influence the shape of ke, it has almost no impact on BG evolution. Indeed, the absorbed glucose only
follows this kinetics in two particular cases (e.g. ¢s;o = D and ¢, = 0), which is not enough to affect overall
BG evolution. In contrast, stomach glucose often has the minimum dynamics because of ke;,,¢ and its resulting
inverted "plateau-shape". Graphical representations of k¢ shape and BG evolution according to different values

of kinqo are in the Appendices.
> '"'Intersection point'" b

Influence of the parameter b, which is involved in the rate of gastric emptying Ke,p: (Equation , is analysed
through Figure and Figure Figure presents the shape of ke, according to different values of b
(0.81, 0.85 and 0.85). Figure reflects resulting BG evolution in function of these changes in b. All other

parameters remain unchanged. As with k,,,;,,, the overall impact is small.

Parameter b is the percentage of the bolus glucose dose D for which k¢ begins to decrease. It is thus expected
that the right side of k., curve is horizontally displaced (Figure . A right horizontal shift for b = 0.89 is
observed, where a left one occurs for b = 0.81. In contrast, regarding BG evolution, changes in b lead to a vertical
displacement of the glucose peak at the beginning of the simulation. For the smallest b, glucose peak is higher

because gastric emptying rate remains elevated for longer. The opposite conclusion is drawn for the largest b.
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Figure 4.6 :
Influence of the parameter b on BG evolution and on shape of kepmpt, for St = 0.00108 L.(mU.min )L

> '"'Intersection point' c

Figure illustrates the shape of gastric emptying rate, ke, according to different values of the parameter
c (0.19, 0.25 and 0.31). Given Equation kempt also depends on c. Figure represents BGL evolution

according to the same changes of c. All other parameters remain unchanged.

Parameter c stands for the percentage of glucose dose, D, for which ke,,,; begins to increase again. Accord-
ing to the value of ¢, a horizontal shift of the left part of the ke, curve is expected and observed (Figure .
The smallest value (¢ = 0.19) leads to a left displacement, where the largest one (¢ = 0.31) operates a right dis-
placement. About BG evolution, some differences in the middle of the simulation are observed for various ¢ values
(Figure 4.7b). For ¢ = 0.31, the rate of gastric emptying begins to increase again for higher stomach glucose
concentrations. This leads to the rise of BG in the middle of the simulation, in comparison with BG evolution for

which c is imposed to 0.19. Again, changes are not clinically significant and sensitivity is thus low.
> Rate constant of intestinal absorption % ;4
The rate constant of intestinal absorption, k.;s, characterises glucose transition between the gut and the circu-

lation. Changes of this parameter have almost no effect on BG evolution. Graphical BG evolution according to

different values of &, can thus be found in the Appendices.
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Figure 4.7 :
Influence of the parameter c on BG evolution and on shape of keynpt, for St = 0.00108 L.(mU.min)~".

> Intestinal absorption fraction f

Figure 4.8 brings to light the influence of intestinal absorption fraction, f, on BGL evolution. Intestinal absorption
fraction represents the fraction of gut glucose reaching the circulation. Three different values of f are considered :
0.6, 0.8 and 0.95. Even if the calculated upper limit of this parameter is equal to 1.0 (see Table [d.1)), imposing f =

1.0 questions the overall utility of this parameter. All other parameters remain unchanged.

Reasonably, when f changes, BGL evolution is totally shifted (Figure {.8). For f = 0.95, more gut glucose
reaches the circulation, leading to an upper displacement of BGL evolution. In contrast, when less gut glucose ar-
rives in the circulation (f = 0.6), the curve is shifted downwards. All these results are as expected, and variability

is low and not really clinically significant.
> Transport rate into interstitium %,

The impact of the transport rate of subcutaneously injected insulin into local interstitium is also analysed. Fig-
urerepresents BGL evolution according to different values of this parameter (0.0076, 0.0104 and 0.0132 min™1).

All other parameters remain unchanged. Sensitivity is very low and no clinically significant shift is observed.

The larger the transport rate ko, the faster the injected insulin transport between subcutaneous depot and local
interstitium compartment, and thus the faster it arrives in the plasma to act on BG. For ky = 0.0132 min—!, BG
evolution is thus locally shifted downwards, where the curve moves upwards for the largest value of k. These

changes can only occur after the insulin injection time, as expected.
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BG evolution according to different values of the parameter ko, for for Sy = 0.00108 L.(mU.min)~".

> Interstitium insulin transport rate into plasma k3

The interstitium transport rate of subcutaneously injected insulin between the local interstitium and the plasma,
k3, is also considered. Three values of this parameter are considered : 0.0131, 0.0613 an 0.1095 min—!. Figure

represents the influence of k3 on BGL evolution. All other parameters remain unchanged.
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BG evolution according to different values of the parameter ks, for S; = 0.00108 L.(mU.min)~".

The impact of k3 on BG evolution is quite similar to the one of k3. An increase of the interstitium insulin transport
rate into plasma (k3 = 0.1095 min~!) leads to faster insulin action on blood glucose and thus a faster decrease
of BG. In contrast, a local vertical displacement of BG is observed for a decrease of k3. However, for the same
deviation with respect to the mean, a diminution of ks appears to have a greater effect on BG evolution. Again,

these changes only occur after the insulin injection. Overall, sensitivity is moderate.
> Rate of loss from the local interstitium £ ;

In the local interstitium, subcutaneously injected insulin is either degraded, or reaches the blood circulation. This
degradation is characterised by the rate of loss from interstitium, kg, However, this parameter does not influence
BG evolution significantly because of its relatively very low value compared to the injected insulin transport rate
from the local interstitium into plasma, k3. Most of injected insulin reaches the plasma before being cleared in the

local interstitium. Graphical BG evolution according to different values of k4 can be found in the Appendices.
> Minimum endogenous pancreatic insulin secretion rate u,,;,

According to Equation @ endogenous pancreatic insulin secretion rate, u.,, is a function of its minimum rate,
Umin. Figure @.11a)illustrates the shape of w., according to different values of t,, (12.525, 16.7 and 20.875
mU.min~!). Figure represent the impact of these changes on BGL evolution. All other parameters remain
unchanged. There is virtually no change as BG is very rarely below 5.0 mmol/L in these tests, so the value of iy,

18 never active.
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Figure 4.11 :

Influence of the parameter ,,;,, on BG evolution and on shape of ey, for for S; = 0.00108 L.(mU.min)~".
> Maximum endogenous pancreatic insulin secretion rate u,,,,,

Endogenous pancreatic insulin secretion rate, ., also depends on its maximum rate, w,q, (Equation [3.4). How-
ever, this parameter does not influence at all BG evolution. This maximum rate is only achieved for very high
glucose concentrations (BG > 20.0 mmol/L), which are not encountered in this project. The shape of u.,, according

to different values of u,,q2, as well as influence of these variations on BG evolution, can be found in the Appendices.
> Glucose sensitivity of the endogenous pancreatic insulin secretion rate k...

An important feature of the model used in this project is the glucose-dependent endogenous pancreatic insulin
secretion rate. The parameter k. reflects this pancreatic glucose sensitivity. Figure represents the shape
of the secretion rate, u.,, according to different values of kge. (11.1751, 14.9 and 18.625 (mU.L).(mmol.min)~1).

Figure [4.12b]illustrates impact of this parameter on BG evolution. All other parameters remain unchanged.

First, the change of this pancreatic glucose sensitivity has an impact on the slope of ., (Figured.12a). The larger
this parameter, the larger the secretion of insulin for the same blood glucose concentration. Second, k.. strongly
impacts BG evolution (Figure. If pancreatic glucose sensitivity is smaller (kge. = 11.1751 (mU.L).(mmol.min)~1),
endogenous pancreatic insulin secretion rate is less affected by blood glucose concentration. Thus, endogenous in-
sulin is less able to regulate BG, leading to a local upward shift of the BG curve (ke = 14.9 (mU.L).(mmol.min) ).
For kgee = 18.625 (mU.L).(mmol.min) ", the inverse situation applies. There is thus a high and clinically relevant

sensitivity to this parameter.
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Figure 4.12 :

Influence of the parameter k.. on BG evolution and on shape of tey, for St = 0.00108 L.(mU.min)™'.
> Endogenous pancreatic insulin secretion offset %,

Endogenous pancreatic insulin secretion rate also depends on the parameter ks (Equation . It is the en-
dogenous pancreatic insulin secretion offset. The influence of this parameter is analysed. Figure 4.13a] represents
the shape of endogenous pancreatic insulin secretion rate according to different values of ks (- 62.375, - 49.9 and
-37.425 mU.min™!). Figureillustrates the influence of k, ;s on BGL evolution. All other parameters remain

unchanged.

This offset horizontally displaces the curve of u., (Figure #.134). If endogenous pancreatic insulin secretion
rate was not defined by this kind of step function, ks would be the Y-axis intersection of the middle sub-function
(Equation [3.4). The shift of the curve is thus easily understood. This parameter influences BG evolution moder-
ately. For the same blood glucose concentration, less insulin is produced for ks = - 62.375 mU.min "}, leading to

an upward displacement of the BG in this case. The inverse situation is observed for ko7 = - 37.475 mU.min" ',

4.4 Summary

In this chapter, a single parameter sensitivity analysis has been performed to assess the strength of the model used
in this project and determine which parameters are the most crucial to accuracy in prediction. Equally, inter-subject
variability in sensitive parameters is likely to be unavoidable. Thus, understanding the impact of this variability

will allow better understanding of the resulting test’s variability and potential errors.
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First, parameters of interest have been identified. Second, their physiological variation ranges have been calcu-
lated. Then, model has been simulated in silico for the lower, upper and mean value of the parameters of interest.
BG evolutions have been plotted and analysed. The parameters with the biggest influence are S7, kpin, ¢, f, k2, ks,
Esec and k, ¢ r. No non-physiological behaviours were observed and changes of parameter always lead to a coherent
modification of BG evolution. This analysis allows assessment of the overall reliability of SC-OG-ICING-2 model.
However, multiple parameter influence has to be investigated to confirm the potential range of the model and thus

its potential inter-subject and intra-subject variability.
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Influence of the parameter ko yy on BG evolution and on shape of uey, for St = 0.00108 L.(mU.min)~ 1.
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Chapter 5

Multiple parameter sensitivity analysis

The single parameter sensitivity analysis of Chapter [ assessed the physiological relevance of the model and iden-
tified the most sensitive parameters for inter-patient and intra-patient variability. However, this analysis only con-
sidered individual parameter changes. Multiple parameter sensitivity analysis provides a full range of realistic

possibilities across these critical parameters.

For this analysis, several parameters are changed simultaneously in a Monte Carlo analysis. Investigation of fami-
lies of BG enables detection of any model and/or protocol weakness, as well as displaying the possible range of the
model and test to ensure safety by design. Indeed, by assuming that each random combination of parameters repre-
sents the physiological features of an individual, the inter-patient variability of the model can be assessed. Finally,
comparing model-based BG evolutions with an already certified test assessing diabetic status of an individual, the

validity of the model can also be reinforced.

5.1 Parameters of interest

Given the single parameter sensitivity analysis of Chapter ] some parameters have more impacts on BG evolution
than others. Specifically, S, kmin. ¢, f, ko, k3, ksec and k¢ ¢ strongly influence this evolution. However, not all of

these parameters are used in the multiple parameter sensitivity analysis.

Because of the importance of insulin sensitivity, this parameter is not randomly fixed. Each Monte Carlo sim-
ulation case is considered for the same five specific values of insulin sensitivity (S7) equals to 0.00025, 0.0005,
0.00083, 0.00108 and 0.0018 L.(mU.min)~!. These five values provide a fairly good overview of this parameter
from diabetes to very high. Normal insulin sensitivity is fixed at S; = 0.00108 L.(mU.min) !, as in Chapter

If two influential parameters follow each other in the kinetic chain (see Figure or if they are involved in

the same physiological phenomenon, only one is considered, as they will trade off and thus only one is necessary.

More specifically, because their values are randomly chosen in this multiple parameter sensitivity analysis, impact
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of these parameters on BG evolution could be suppressed if two inverse random values are picked up for represent-
ing two successive actions. From a physiological point of view, it would be unlikely to have two successive kinetics
with totally inverse trend. The more influential parameter between these pairs is chosen based in the analysis in

Chapter 4]

The two parameters k,,,;, and c are both involved in the gastric emptying rate, kcy,p;. Graphically, the mini-
mum rate, k,,;n, is more influential and is thus chosen for this multiple parameter sensitivity analysis. Next, k2 and
ks follow each other in the insulin kinetic chain, and the local interstitium insulin transport rate into plasma, ks, is
selected. Regarding k. and k, s, they are both linked to endogenous pancreatic insulin secretion rate, ey, and
the glucose sensitivity, ks, is chosen. This decision is graphical, but also logical, as this parameter expresses the

glucose-dependency of ue,, which is of paramount importance.

The intestinal absorption fraction, f, is also considered. It is not involved in a specific phenomenon or coupled
with any other parameters. Moreover, the value of this parameter does not originate from any theses or articles, but

is more a coherent and implicit choice, based on its impacts.

In summary, each specific situation is individually analysed for 5 values of S} and for random values in a physio-

logical range for :
kmin

o f

o ks

° ksec

5.2 Methodology

To assess the simultaneous influence of several parameters on BG evolution, random combinations of these four
parameters are generated. To generate random values, the MATLAB function randn is used. The probabilistic
distribution of these values is Gaussian. Figures[5.1a| [5.1b} [5.1c|and [5.1d] are histograms of the values of f, kpin,
ks and kgee, when (N =) 10000 values of each are randomly generated for a Monte Carlo analysis from within

their physiological range (Table {.1)).

These random combinations of parameters serve two specific goals in a Monte Carlo analysis. First, consolida-

tion of model validity. Second, verification of protocol safety.

Concerning consolidation of the model validity, two specific situations are considered :
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* NORMAL SITUATION : In the model, glucose dose is maintained at 35 g and 2 U of subcutaneous insulin
are injected after 15 minutes. Several parameters are randomly changed at the same time. With several
combinations of parameters, a lot of BG evolutions can be generated. Model reliability can be checked.

Inter-patient variability and range of the model can also be assessed.

* COMPARISON WITH AN OGTT : The protocol for an Oral Glucose Tolerance Test (OGTT) is applied to the
model of this study. Glucose dose is fixed to 75 g and there is no insulin injection. If generated BG evolutions
are in accordance with expected OGTT results, at each St value, model validity is reinforced by reproducing

this known case.
Regarding verification of the protocol safety, two other situations are analysed :

* INFLUENCE OF THE GLUCOSE DOSE : If hypoglycaemic situations are detected during the simulation of the
normal situation, adapting glucose dose reduces these potential risks. However, according to the considered

insulin sensitivity, this increase can also lead to greater hyperglycaemia at lower Sy values.

* INFLUENCE OF THE INSULIN BOLUS : Subcutaneous injection of insulin is performed with a Needle Free
Injection Device (NFID). Fixing the insulin bolus to 0 U, allows examination of the consequences of a

malfunction of this instrument.

Each situation is simulated for N = 10000 random combinations and at each of the five S; values. So many
combinations allow to describe all possible physiological scenarios and thus reflect all possible cases that could be

encountered during the trial. Hence, the resulting 90-95 % will robustly capture all possibilities.

5.3 Results and Discussion

5.3.1 Consolidation of model validity

> Normal case

Figure [5.2] represents 10000 BG evolutions for each specific value of insulin sensitivity, for a glucose dose of
35 g and 2 U of subcutaneous injected insulin. Respectively, Figure stands for S; = 0.00025 L.(mU.min)~!,
Figure for S; = 0.0005 L.(mU.min) !, Figure for S; = 0.00083 L.(mU.min)~!, Figure for Sr =
0.00108 L.(mU.min) " and Figure[5.2¢|for S; = 0.0018 L.(mU.min) .

For each St value, the solid green line is the BG evolution with the mean parameter values (Table 4.1)). Solid yel-
low lines are the worst upper cases. For each particular insulin sensitivity, it represents the BG evolution with the
highest glucose value, corresponding to a specific random combination of parameters. In contrast, solid red lines

indicate the worst lower cases which have the earliest hypoglycaemia. They are not necessarily the ones with the

56



900

900 [ a

800 800 - 1 h

700 F 700 F ]
S 600t S 600t [
(=3 (=
S S | |
S 5001 =500 F
> > ]
2 2
£ 400 £ 400
= =
g o
;‘3 300 F £ 3001

200 200

100 100 F

0

0.6  0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

0.009 0.01 0.011 0.012 0.013 0.014 0.015 0.016 0.017
Intestinal Absorption Fraction (f)

Minimum rate of gastric emptying (Kmin)

(a) Histogram of f. (b) Histogram of kpin.
1000 800
700 F L
800 T
600 - |
g g I
S oo} g soop M
2 Z 400
g 5
3, 400 =]
g g 300
= =
200
200
100
0 ,,,,,,,,,,
0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 0.1 12 13 14 15 16 17 18
Interstitium Insulin Transport Rate into Plasma (K3) Glucose Sensitivity of the Endogenous Pancreatic Secretion Rate (Ksec)
(¢) Histogram of ks. (d) Histogram of ksec.

Figure 5.1 :

Histograms of the parameters of interest.

lowest glucose values. Solid light blue lines stand for all 10000 generated BG evolutions. Dashed dark blue lines
depict the 100 upper and lower BG evolutions (of 10000). Only the first 120 minutes are considered and analysed.

When insulin sensitivity is very high (S; = 0.0018 L.(mU.min)~!), all 10000 BG evolutions reach mild, and
thus light, hypoglycaemic situations before 120 minutes (Figure[5.2¢]). This might or light hypoglycaemia is possi-

ble for very insulin-sensitive patients [9, 44, [10]. Changes of protocol could be interesting for such individuals, if
they could be identified ahead of time.

For normal insulin sensitivity (S; = 0.00108 L.(mU.min)~!), 2000 (of 10000) curves cross the light hypogly-
caemia limit at 4.0 mmol/L (Figure [5.2b). No BG evolution moves beyond the limit of mild hypoglycaemia at 3.5
mmol/L. Equally, only 3 curves are above the first hyperglycaemic threshold (8.0 mmol/L).
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Figure 5.2 :
10000 random BG evolutions according to different values of insulin sensitivity, for D = 35 g and Ipo1ys =2 U

(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).
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For S; = 0.00083 L.(mU.min) !, no hypoglycaemia happens before 120 minutes. However, about 100 (of 10000)
curves move beyond the 8.0 mmol/L limit (Figure [5.2c)).

A bit more than 6000 (of 10000) BG evolutions reach the first hyperglycaemic threshold for 57 = 0.0005 L.(mU.min) !
(Figure[5.2d). Glucose concentrations slowly decrease and take time to stabilise to a normal glycaemia. This cor-

rectly characterises IGT individuals,which are described by such a St level.

For S; = 0.00025 L.(mU.min)"!, all BG evolutions, except 1, reach the 8.0 mmol/L limit. Moreover, 7 (of
10000) of these curves move beyond the second threshold (10.0 mmol/L). These hyperglycaemic situations remain
for almost all of the simulation time and really struggle to correct to normal glycaemia. Hence, diabetic status of

this low St is well represented by these conclusions.

Table summarises all these results. For each specific insulin sensitivity, the number of curves reaching hy-

poglycaemic and/or hyperglycaemic thresholds are gathered. Figures[5.3a] [5.3band [5.3c| represent respectively the

worst upper cases, normal mean cases and worst lower cases of each particular insulin sensitivity.

Table 5.1 :
Proportion of BGL evolutions reaching hypoglycaemic and/or hyperglycaemic thresholds.

Insulin Sensitivity Hypoglycaemia Hyperglycemia
[L.(mU.min) 1] <35mmol/L | <4 mmol/L | > 8mmol/L | > 10 mmol/L

0.00025 0% 0% 99.99 % 0.07 %

0.0005 0% 0% 63.9 % 0%

0.00083 0% 0% 1.05 % 0%

0.00108 0% 20 % 0.03 % 0%

0.0018 100 % 100 % 0% 0%

All of these simulated BG evolutions enable to provide an overview of the model range. If each BG evolution is
linked to the profile of an individual, it also assesses the inter-patient variability. This model range, or inter-patient

variability, is quite compressed and do not provide non-physiological situations.

However, a physiological inconsistency can be observed. Indeed, Figures [5.2¢| [5.2d] and [5.2¢] indicate no sta-

bilisation of the glycaemia at the end of the simulation but a continuous decrease. Physiologically, BG does not
normally continuously decline in this way. Normally, Endogenous Glucose Production (EGP) increases for low

BG and it stabilises glycaemia. In this model, EGP is fixed and does not vary according to glucose concentration,
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Figure 5.3 :

Worst upper cases, normal fixed cases and worst lower cases for each insulin sensitivity, for D = 35 g and Ipos = 2 U.

as this response is highly variable, leading to this behaviour. However, it is only observable at the end of the simu-
lations, after the real duration of the clinical trial, after which the participants are given a snack. Thus, because the

simulation is only analysed to 120 minutes, it is not a problem in this research.

A small other inconsistency regarding the fasting glucose level can be noticed. In the model, it is fixed to 4.8
mmol/L. However, diabetic individuals have a more elevated basal glucose concentration. In the multiple param-
eter sensitivity analysis, each time an insulin sensitivity of 0.00025 L.(mU.min)! is considered, it represents a
diabetic state. However, the fasting glucose level is not changed. Fasting blood glucose levels should be increased
in simulating T2D cases. This is not really dramatic for this study because an increase of this value would lead
to an upward shift of BG evolutions, and thus an increase of hyperglycaemic situations. Hypoglycaemia, and not

hyperglycaemia, is often highlighted in this study.
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> Comparison with an OGTT

The reference test for diagnosing diabetes and Impaired Glucose Tolerance (IGT) is the 75 g 2-hour Oral Glu-
cose Tolerance Test (OGTT) (see Section [2.6.1). Although it is only able to assess IGT in its latter stages, it
remains the gold standard to diagnose diabetes. To check the reliability of the assay and the model studied in this
project, the protocol is adapted to match the OGTT. Glucose dose is changed to 75 g and no insulin is injected. A

comparison between the virtually generated results and the OGTT thresholds is performed.

Figure [5.4] represent 10000 BG evolutions for each specific value of insulin sensitivity, for a glucose dose of 75 g
and for no injected insulin. Specifically, Figure stands for S; = 0.00025 L.(mU.min) !, Figure for S7 =
0.0005 L.(mU.min) ™", Figure[5.4c|for S = 0.00083 L.(mU.min)~!, Figure[5.4d|for S; = 0.00108 L.(mU.min)
and Figure for S; = 0.0018 L.(mU.min)~'. Gray dashed lines represent OGTT diagnostic thresholds, specif-
ically 7.8 mmol/L and 11.0 mmol/L (see Section [2.6.T).

For S; = 0.00025 L.(mU.min) "' and thus for a diabetic state, all BG evolutions are above 11.0 mmol/L at 120
minutes (Figure[5.4a)). This result matches OGTT diagnostic thresholds. Hence, the model accurately captures this

diagnosis in all Monte Carlo cases.

For a simulation time of 120 minutes and for S; = 0.0005 L.(mU.min)~' , all BG evolutions are situated be-
tween 7.8 and 11.0 mmol/L (Figure [5.4b). Such an insulin sensitivity reflects IGT diagnostically. It is thus logical
that all curves are in the IGT range of the OGTT.

An insulin sensitivity of 0.00083 L.(mU.min)~! reflects the early stages of pre-diabetes or lower normal. Fig-
ure shows some BGL evolutions move above 7.8 mmol/L at 120 minutes, where the others are below this
threshold. Moreover, the green normal mean curve is at the level of this limit. These results confirm and match
the low accuracy of the OGTT for IGT and, especially, for early stages of IGT. Thus, such individuals are after
diagnosed as normal because other of its physiological features enables a sufficient decrease of his glycaemia. One

can talk of false negative in this situation.

For S; = 0.00108 L.(mU.min)~!, almost all BG evolutions are below 7.8 mmol/L at 120 minutes and, according
to OGTT diagnostic thresholds, are thus considered normal. This result is logical because this insulin sensitivity is
used to represent healthy individuals. However, about 10 of 10000 (1 in 1000) curves move beyond the limit. One

can talk in this case about false positive.

Finally, as expected, after 120 minutes, all BG evolutions generated for an insulin sensitivity of 0.0018 L.(mU.min)~!

are situated below the 7.8 mmol/L limit and are thus diagnosed as normal.
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Figure 5.4 :
10000 random BG evolutions according to different values of insulin sensitivity, for D = 75 g and Ipo1s = 0 U

(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).
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By changing the protocol to match with the one of a 75 g 2-hour OGTT, BG evolutions, the model outcomes
coincide with the physiological and diagnostic expectations of this test. This result reinforces the validity of the

model.

5.3.2 Verification of protocol safety

> Influence of the glucose dose

In this part, the influence of glucose dose is studied. Figure [5.2d] shows light or mild hypoglycaemia occurs in
every case for very high-insulin sensitive individuals (S; = 0.0018 L.(mU.min)~!). Augmented glucose quantity
during the clinical trial seems to be the natural solution to address this problem. However, even if insulin sensitivity
is fixed for this multiple parameter sensitivity analysis, it is actually unknown during the clinical trial. Athletic
and healthy people may have this kind of high insulin sensitivity [9, 44, [10]. Thus, based on an external opinion,
increased glucose quantity could be given to these individuals. However, because of the subjective part of this
decision, participants could have a smaller insulin sensitivity than expected. Thus, the impact of such an increase
on participants with a normal insulin sensitivity (S; = 0.00108 L.(mU.min) ') is also analysed to quantify the risk

of hyperglycemia.

Glucose dose =45 g

Figures[5.5a and [5.5b] represent BG evolutions with a glucose dose changed to 45 g, respectively for S; = 0.0018
L.(mU.min)~! and S; = 0.00108 L.(mU.min)~!. This increase of glucose dose leads to an upward shift of all
BG evolutions, for both insulin sensitivities. Compared with a glucose dose of 35 g (Figure [5.2¢), only about
half number of the curves reach the mild hypoglycaemic limit for an insulin sensitivity at 0.0018 L.(mU.min)
(Figure [5.52). However, this glucose dose is not sufficient to significantly decrease the hypoglycaemic situations.
In contrast, 3 (of 10000) BG evolutions move beyond the first hyperglycaemic threshold. For S; = 0.00108
L.(mU.min) !, no or limited hypoglycaemia is observed (Figure , bu more hyperglycaemic cases occur.

Glucose dose = 55 g

Figures [5.6a] and [5.6b| represent BG evolutions with a glucose dose changed to 55 g, respectively for S; = 0.0018
L.(mU.min)~! and S; = 0.00108 L.(mU.min)~!. For a glucose dose of 55 g and S; = 0.0018 L.(mU.min) !,
only 2800 (of 10000) BG evolutions are situated below the mild hypoglycaemic limit, but all still reach 4.0 mmol/L.
(Figure [5.64). This glucose dose is thus not sufficient to significantly decrease the hypoglycaemia encountered
during the trial. In contrast, 2500 BG evolutions move beyond 8.0 mmol/L. For S; = 0.00108 L.(mU.min)~!, no

hypoglycaemia is observed, where almost all curves reach the hyperglycaemic lower limit of 8.0 mmo/L (Figure

[5.6b).
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Figure 5.5 :
10000 random BG evolutions according to different values of insulin sensitivity, for D = 45 g and Ipo1us =2 U

(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).
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Figure 5.6 :
10000 random BG evolutions according to different values of insulin sensitivity, for D = 55 g and Ipoius =2 U

(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).

Glucose dose = 65 g

Figures [5.7a and [5.7b| represent BG evolutions with a glucose dose changed to 65 g, respectively for S; = 0.0018
L.(mU.min)~! and S; = 0.00108 L.(mU.min)~!. Regarding S; = 0.0018 L.(mU.min) !, the mild hypoglycaemic
limit at 3.5 mmol/L is only crossed by about 300 (of 10000) BG evolutions (Figure[5.7a). In contrast, 7100 still cross
4.0 mmol/L. Almost all curves reach the hyperglycaemic threshold of 8.0 mmol/L. This glucose dose could be a
good trade-off for potential high insulin-sensitive individuals, if only mild hypoglycaemia is to be avoided. Regard-

ing the effect of this increased dose in participants with normal insulin sensitivity (S; = 0.00108 L.(mU.min)™ 1),
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no hypoglycaemia is observed, but all BG evolutions reach hyperglycaemia over 8.0 mmol/L. Some even pass 10.0

mmol/L (Figure [5.70).

BGL [mmol/L|
BGL [mmol/L]

0 20 40 60 &0 100 120 140 160 0 20 40 60 80 100 120 140 160

Time [min] Time [min]
(a) S; = 0.0018 L.(mU.min)~". (b) S; = 0.00108 L.(mU.min)~ .
Figure 5.7 :

10000 random BG evolutions according to different values of insulin sensitivity, for D = 65 g and Ipo1us =2 U

(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).

Glucose dose =75 g

Figures [5.82 and [5.8b| represent BG evolutions with a glucose dose changed to 75 g, respectively for S; = 0.0018
L.(mU.min)~! and S; = 0.00108 L.(mU.min)~'. This glucose dose reduces BG evolutions crossing light hypo-
glycaemia to 2000 (of 10000) for S; = 0.0018 L.(mU.min)~!. Only 20 cross 3.5 mmol/L (Figure . This
glucose quantity could be a good trade-off for potential high insulin-sensitive individuals and if light and mild
hypoglycaemia is to be avoided. However, almost all curves reach 8.0 mmol/L and 50 severe hyperglycaemia (>

10.0 mmol/L) are observed. Regarding S; = 0.00108 L.(mU.min) !, more than 6000 curves move beyond 10.0
mmol/L (Figure [5.8b).

Table summarises all these results. For S; = 0.0018 L.(mU.min)~! and for S; = 0.00108 L.(mU.min)"!,
it shows the number of curves reaching hypoglycaemic and/or hyperglycaemic thresholds are gathered. It thus

quantifies the trade offs seen with glucose dose size.

> Influence of the insulin bolus

During the clinical trial, subcutaneous insulin injection is performed with a needle free injection device. This
part examines the consequences of a malfunction of this instrument. The insulin bolus is thus changed to 0 U and

glucose bolus remains fixed to 35 g.
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(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).

Table 5.2 :

Proportion of hypoglycaemic and hyperglycaemic situations for an increasing dose of glucose and for normal and high

insulin sensitivities.

Glucose Dose | Insulin Sensitivity | Hypoglycaemia | Hyperglycaemia
[g] [L.(mU.min) '] <35 | <4 >8 > 10
45 0.0018 50 % 100% | 0.02% | 0%

45 0.00108 0 % 05% |375% | 0%
55 0.0018 28 % 989 % | 25 % 0 %
55 0.00108 0 % 002% | 98.7% | 0%
65 0.0018 3% 71 % 94 % 0 %
65 0.00108 0 % 0 % 100% | 5.7 %
75 0.0018 2 % 20 % 99.9 0.5%
75 0.00108 0 % 0% 100 % | 64.5 %
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Figure represent 10000 BG evolutions for each specific value of insulin sensitivity, for a 35 g glucose dose
and for no injected insulin. Specifically, Figure stands for S; = 0.00025 L.(mU.min)~!, Figure for S7 =
0.0005 L.(mU.min) !, Figurefor S; = 0.00083 L.(mU.min)~ !, Figurefor S; =0.00108 L.(mU.min)~!
and Figure for S; = 0.0018 L.(mU.min) '

If no insulin is injected, the high glycaemia, consecutive to the glucose dose, is only regulated by endogenous
pancreatic insulin. Compared to Figure [5.2] BG evolutions for all specific insulin sensitivities are more elevated

after a simulation time of 60 minutes. Hypoglycaemic situations are no longer observed.

For S; = 0.00025 L.(mU.min) !, endogenous pancreatic insulin is not able to regulate glycaemia (Figure [5.9a).
This insulin sensitivity is linked to diabetic individuals, so a failure of regulation of BG is thus expected. Compared
to Figure[5.2a] for which Ij01,s = 2 U, BG evolutions have shifted upwards, as expected.

For S; = 0.0005 L.(mU.min)~! and for S; = 0.00083 L.(mU.min)"!, almost half of BG evolutions remain

hyperglycaemic( Figures and[5.9¢). Compared to Figures and BG evolutions do not decrease a lot
during the simulation time. Subcutaneous injected insulin is needed to obtain such a decrease for these subjects.

For S; = 0.00108 L.(mU.min)~! and S; = 0.0018 L.(mU.min)~!, the conclusions are identical. The lack of
subcutaneous injected insulin leads to a smaller decrease of BG evolutions (Figures and[5.9¢). Compared to
Figures [5.2d| and upward shifts of BG evolutions are observed. Moreover, no hypoglycaemia is identified.
These insulin sensitivities are linked to healthy individuals, so it is thus expected they are able to regulate this

glucose dose without added insulin.

Because less hypoglycemia is observed without subcutaneous injected insulin, why is this protocol not used ?
However, the principal objective of this clinical trial is to assess insulin sensitivity, particularly in or near IGT, IFG
and pre-diabetes. This parameter precisely defined the influence of insulin on glucose uptake. Graphically, it can
be represented by the slope of BG evolutions after the glucose peak. Without subcutaneous injected insulin, this

slope does not really emerge for these more insulin resistant subjects and cannot be analysed as well or acurately.

To prove the reliability of the protocol, it would also be interesting to know how long a patient remains in hy-
poglycaemia before it is detected. During the clinical trial, blood samples are collected at specific times. They are
directly assessed for blood glucose concentration using a glucometer. Thus, hypoglycaemia detection at specific
monitoring points is possible during the trial. The model and these curves are thus used to determine the mean time

between the beginning of hypoglycaemia and possible detection.

For calculating this mean time value, the worst case regarding hypoglycaemic situations is considered, specifi-

cally an insulin sensitivity of 0.0018 L.(mU.min)~!. The protocol considered is the normal one, with a glucose

67



BGL [mmol/

L [mmol/L]

3

BC

0 20 40 60 80 100 120 140 160

Time [min]

(a) S; = 0.00025 L.(mU.min)~".

=]

0 20 40 60 80 100 120 140 160
Time [min]

(c) S; = 0.00083 L.(mU.min)~".

BGL [mmol/L]
=

Lh

BGL [mmol/

0 20 40 60 80 100 120 140 160
Time [min]

(b) St = 0.0005 L.(mU.min)~ L.

BGL [mmol/L]|
=

%3

0 20 40 60 80 100 120 140 160
Time [min]

(d) S; = 0.00108 L.(mU.min)~".

60 80 100 120 140 160
Time [min]

(e) Sy = 0.0018 L.(mU.min)~".

Figure 5.9 :

10000 random BG evolutions according to different values of insulin sensitivity, for D = 35 g and Iy = 0 U

(green curve : mean parameter BG, yellow curve ; upper BG, red curve : lower BG).
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dose of 35 g and 2 U of subcutaneous injected insulin. The 100 lower BG evolutions in Figure are presented
in Figure [5.10] Green dashed lines are detection times, respectively at ¢ = 50, 60 and 70 minutes. Light hypo-
glycaemia is achieved around 50 minutes. Important detection times are thus 50 and 60 minutes. The mean time
before light hypoglycaemic detection is equal to 6.6 minutes. In contrast, mild hypoglycaemia is achieved around
60 minutes. Important detection times are thus 60 and 70 minutes. The mean time before mild hypoglycaemic

detection is 3.5 minutes. These limits are both very short and pose no clinical risk.

BGL [mmol/L]
=

W

0 1 1 é 1 1
0 20 40 60 80 100 120 140 160
Time [min]
Figure 5.10 :
The 100 lower BG evolution for S; = 0.0018 L.(mU.min)~", for D = 35 g and Iyorus =2 U

(red curve : lower BG).

5.4 Summary

In this chapter, a multiple parameter Monte Carlo sensitivity analysis has been conducted to consolidate the valida-
tion of the model, as well as to assess protocol safety. First, the range of the model and the inter-patient variability
have been identified. They stand in physiological limitations and do not follow incoherent behaviours. Second, a
comparison between model-based BG simulations and an OGTT has been conclusive, assessing the validity of this
model. Then, hypoglycaemic situations and their occurrence have been observed. Solutions have been found for

repeating hypoglycaemic cases. Changes of protocol have also analysed and its reliability has been assessed.
The model and protocol have now been validated as much as possible in silico. The clinical trial can now be

performed to determine if the model-based calculated insulin sensitivity is accurate enough and if this new Dy-

namic Insulin Sensitivity and Secretion Test (DISST) can be be applied to a larger population.
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Note that all the results generated in silico in this research are not fundamental truth because they are intrinsic
to the model. Even though they are able to helped for the implementation of the experimental part, the clinical trial

is needed to confirm these obtained ranges.
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Chapter 6

Clinical trial

This chapter describes the clinical trial designed at the University of Canterbury (Christchurch, New Zealand) in
order to assess the new developed Dynamic Insulin Sensitivity and Secretion Test (DISST). First, the protocol
followed during all this pilot clinical trial is described. Using the outcomes of the multiple parameter sensitivity
analysis in Chapter [5] small changes of the initial protocol could be considered in some specific situations and
are thus explained. Second, ethics approval is presented. Thereafter, the results of the first patient are discussed.

Finally, these results are analysed.

6.1 Protocol

The initial protocol, applied to every patient involved in the study, is detailed. Some potential changes of the

protocol and the reasons for these modifications are also presented.

6.1.1 Initial protocol

Before describing all the different steps of the protocol, one can emphasise the similarities between this test and an
Oral Glucose Tolerance Test (see Section [2.6.1). More specifically, the participant drinks a glucose solution and
blood samples are collected. In contrast, a subcutaneous insulin injection is added and blood samples are collected

more frequently, requiring an intravenous (IV) cannula.

This experimental trial first requires the patient fasts at least 10 hours before the test. Age, sex, height, weight
and allergies are also recorded. The test begins with the oral intake of 35 g of glucose in solution. For context, a
350 mL can of Coke is composed of the same mass of sugar. The glucose looks like a white powder and comes
from the EQUAGOLD® company (Figure . The glucose is measured using a scale (Figure and is diluted

in 200 ml of water.

Fifteen minutes later, 2 units of very rapid-acting insulin are injected in the patient’s leg or belly (Figure[6.2). The

delivery is made through a needle free injection method. In this kind of device, high pressure is generated and
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(a) EQUAGOLD® glucose. (b) Measurement of 35 g of glucose.

Figure 6.1 :
Glucose kit.

propels insulin through the skin at high velocity in an approximately 0.1 num hole. The insulin diffuses subcuta-

neously into plasma.

Originally, this Needle Free Injection Technology (NFIT) was developed to administer very viscous liquids [70],
which were sometimes impossible or very difficult to inject through normal syringes. By modifying some proper-
ties of this device, such as the generated pressure, the depth of injection can be regulated and this technology can
be employed for a broad range of drugs. Several companies have marketed needle free injection products, each
with specific features in term of infusion depth and medicines, but none have used the electromagnetic technology

here.

For this particular trial, the needle free injection device is a prototype developed by Portal Instruments NZ. This
product is adapted for less viscous liquid, like insulin. The needle free instrument looks like a pistol and currently
requires external power (Figure [6.3). Besides being painless, this sort of device is reusable, can be used at home,
and decreases the risk of disease transmission. The injection time is also reduced. This technology is thus highly

suitable for the treatment of chronic diseases and improving adherence to injections, as it is also painless.

The drug container of the needle free injection device is filled with a fast-acting, monomeric insulin, from a
NovoRapid® FlexPen® (Roche AG, Denmark [71]). A dilution in a physiological solution has to be carried out
before the injection in the container to obtain the required concentration. The container has a capacity of 0.5 mL,
which is supplied with a liquid mixture containing 5 units of insulin and saline solution. Only 2 units are injected,

the residual is thrown away. Filling is achieved with the aid of an adapter, a needle and a syringe. For the practical
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side during the trial, all the equipment related to the insulin and the filling of the needle free injection device are

gathered in the same box (Figure[6.4).

Figure 6.2 : Figure 6.3 :

Injection of the insulin in the patient’s leg. Needle free injection device.

Figure 6.4 :

Insulin box.

Throughout the test duration, the blood glucose level is monitored with finger-prick blood tests. The samples are
collected at time points t = 0, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100 and 120 minutes. An added fasting
sample is taken 30 to 60 minutes prior the starting. A finger-prick blood test consists of a small needle inserted
in the fingertip, extracting a small drop of blood. This small amount of blood is then placed on a test strip for an
Accu-Check® glucometer (Roche AG, Denmark [71]]), as shown in Figure
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In addition to the finger-prick blood tests, other samples are collected through an intravenous (IV) cannula at
the wrist. The intravenous cannula is installed by Dr Geoff Shaw. All the material related to this procedure such
as needles, catheter, syringes of saline solution, IV film dressing, connector, compresses and alcohol swabs are

gathered in the same box (Figure[6.6).

Figure 6.5 :

The Accu-Check® monitoring instrument, the test strips and the finger-pricker.

These IV blood samples are taken at time points t = 0, 20, 40, 50, 60, 90, and 120 minutes. For each extraction, 8
mL is removed. In comparison with a standard blood donation for which 470 mL are collected over a period of 15
minutes, only 56 mL over 120 minutes are taken. For each sample, a very small amount of blood is first collected
and thrown away to be able to access non-contaminated or non-diluted blood thereafter. Saline solution is injected
after the extraction to flush the cannula. The box illustrated in Figure [6.7] groups all the equipment linked to the

intravenous blood samples.

Each sample is collected by the doctor and separated in two distinct tubes for glucose, and insulin and C-peptide
assays. Finally, no finger-prick blood sample is drawn if an intravenous one is taken at the same time. Instead, a

small amount of the intravenous extraction is placed on the Accu-Check ® strip.

Figure 6.6 : Figure 6.7 :

1V box. Box related to intravenous blood samples.
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At the end of the test, the intravenous cannula is removed and the patient gets a biscuit and a soft drink to ensure no
post-test hypoglycaemia. Some questions about the pain perceived during the insulin injection and the finger-prick
are asked to assess relative discomfort, if any. The blood samples are brought to the laboratory (Canterbury Labs,

Christchurch) to be tested.

Given the previous explanations, the test lasts less than three hours. If the patient feels uncomfortable, he/she
can decide to stop the trial. Some minor risks are involved. First, the intravenous cannula and finger-prick tests can
lead to pain, irritation and infection. Second, regarding the injection of insulin, a small risk of hypoglycaemia, as

shown in the simulations, has to be considered.

All the data obtained during this study are confidential and saved under a non-identifying number to respect patient
confidentiality. Only Lui Pearson and his supervisors have access to the identifying figures. Regarding any pub-

lished articles, only non-identifying data are used.

A schematic representation of the protocol and the different blood sample times can be found in Figure

Fasting . o

)

TEST TIME

-10 -60  -30 0 10 20 30 40 50 60 70 80 90 100 110 120

hours min min min min min min min min min min min min min min min
@ Finger-prick blood sample IV blood sample 4 Finger-prick / 1V blood sample . 35 grams of glucose p 2 units of insulin
»
Figure 6.8 :

Trial protocol and timing.

6.1.2 Possible changes

Regarding the multiple parameter sensitivity analysis in Chapter [5| hypoglycaemic situations can occur in every
case for very high insulin sensitivity individuals (S; = 0.0018 L.(mU.min)~!), assuming no responsive change
in EGP and endogenous insulin secretion. Athletic and healthy people may have such a high model-based insulin
sensitivity due to larger than normal non-insulin-mediated glucose uptake. For these patients, it may be interesting
to enhance the glucose dose to decrease the potential risk of hypoglycaemia. Indeed, by increasing the glucose dose
to 65 g or 75 g, it enables to cancel hypoglycaemic situations for high insulin sensitivity (Chapter[5). However, the
decision to increase the dose would be only based on an external opinion and initial experience in pilot trials. The
impact of such an increase on participant with a normal insulin sensitivity (S; = 0.00108 L.(mU.min) ') has thus

also been analysed. Results of Chapter [5|shows some risks of hyperglycaemia.
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6.2 Ethics approval

Because this trial requires an experimental part on persons, an ethics approval was necessary. The latter has been
submitted to the Human Ethics Committee (HEC) of the University of Canterbury in February 2018. First, a
questionnaire about the project has to be filled out, and information and consent sheets have to be provided. For
more aspects of the procedure that has to be followed, the website of the Human Ethics Committee (http://
www.canterbury.ac.nz/study/ethics/human—-ethics—committee/) can be visited. After some

discussion and revision, the trial received final ethics approval April 30, 2018.

6.3 Test results

In addition to the personal data and sensation of the patient, two distinct types of results are presented in this section.
First, the blood sugar levels are recorded during all of the test by means of finger-prick samples and the Accu-
Check® monitoring device. These results are directly available. Second, some blood samples have been collected
intravenously. They were brought to the laboratory to obtain glucose, insulin and C-peptide concentrations. These

results are thus not directly ready.
> Identity sheet of patient

«ID:1
* AGE : 53 years

e SEX : Male

WEIGHT : 90 kg

S1ZE : 1.89 m

e ALLERGIES : /

The ID is the number of the test and coincides with the non-identifying data.

> Sensations of the patient

¢ DISCOMFORT OF THE FINGER-PRICK : 3/10

* DISCOMFORT OF THE INSULIN DELIVERY : 0-1/10

According to this patient, the insulin delivery was much less painful than the finger-prick.
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> Results of the finger-prick blood samples

During the trial, blood samples are collected and directly assessed for blood glucose concentration. Two types of
data are available. First, finger-prick blood samples are collected and blood glucose concentrations are measured
with the Accu-Check® monitoring device. In contrast, no finger-prick blood sample is collected when an intra-
venous one is already extracted. Instead, a small droplet of this sample is placed on the Accu-Check® test strip and
the measurement is obtained. The directly available results of all these samples are gathered in Table[6.1] Note that

some of the finger-prick blood samples have been collected in the finger, and others in the arm.

Table 6.1 :
Directly available results with the Accu-Check® monitoring device

( the blood sample in gray ( " ) has been added in comparison with the normal protocol ).

Time Sample Sample BGL
[min] Type Location [mmol/L]
-42 Finger-prick Finger 49
0 v IV Installation 49
10 Finger-prick Finger 5.5
15 Finger-prick Finger 6.8
20 v IV Installation 75
25 Finger-prick Finger 7.8
30 Finger-prick Arm 7.9
40 v IV Installation 6.5
50 v IV Installation 55
60 v IV Installation 4.6
70 Finger-prick Arm 4.8
80 Finger-prick Arm 4.8
90 v IV Installation 39
100 Finger-prick Finger 4.4
100 v IV Installation 4.0
120 v IV Installation 44
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Figure [6.9] presents the directly available data. At time 7" = 100 min, both finger-prick and IV blood samples were
collected.It was done in addition for comparison between capillary and venous blood. In particular, very close to
the skin, capillary blood may contain more interstitial fluid if the finger is squeezed, and this difference can disort

the results. The difference is in this case 0.4 mmol/L.
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Figure 6.9 :

Finger-prick BG measurements and measurements of BG with IV blood in the monitoring device for Patient 1.

> Results of the IV blood samples

The IV blood samples were brought to the laboratory (Canterbury Labs, Christchurch) and tested for blood glu-
cose, insulin, and C-peptide. Results for blood glucose and C-peptide are presented in Figures [6.10a] and [6.10b]

Unfortunately, results for insulin are not available to date.

Note than blood samples are collected and assessed with three different ways. First, finger-prick blood samples
are extracted and assessed with a monitoring device. Then, the monitoring device also measures the blood glucose
concentration of IV samples. These are the directly available data. Third, IV blood samples are collected and
brought to a laboratory to assess blood glucose, insulin and C-peptide. These results are not directly available.

Incoherence between glucose concentrations originating from different measurements can be observed.

Before analysing the obtained results, a small clarification should be made. During this clinical trial, we faced
some problems regarding the subcutaneous insulin injection. Because we were not sure about the first injection, a
second one was performed. The individual has thus received between 0.0 and 4.0 U of insulin. Moreover, the time

of injections was thus delayed by 3 minutes.
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6.4 Analysis

Regarding Figures [6.9) and BG evolutions strongly look like model-based BG evolutions. After a glucose
peak, this evolution decreases and finally stabilises. This stabilisation results from Endogenous Glucose Production

(EGP), which normally is dependent on blood glucose concentration. In this model, EGP is fixed as a constant.
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(a) IV blood glucose results. (b) IV C-peptide results.

Figure 6.10 :
1V results for Patient 1.

The insulin sensitivity of Patient 1 can be assessed via a parametric identification, by comparing the data obtained
during the clinical trial and the model-based BG evolutions. IV results are assumed more accurate than other BG
results. Thus, they are used for the parametric identification. Because of the fixed EGP of the model, only the
beginning of the model-based BG evolution must match with the clinical data. Thus, only the first five IV blood
samples are considered. Weight is fixed to 90 kg in the model. Because of the problem with the insulin injection,
the insulin time delay is fixed to 18 min. Insulin sensitivity is made varying between 0.0007 L.(mU.min)~! and
0.0015 L.(mU.min)~! by steps of 0.00005 L.(mU.min)~!. Respective model-based BG evolutions are generated.
The BG evolution, which is the closest to the first five IV blood samples, is chosen. The insulin sensitivity of this

curve is assigned to Patient 1 as a first analysis.

The method of least squares is used to assess the difference between the generated BG evolutions and the first

five IV blood samples. The function that quantifies this gap is defined :

¢ = (5.2 — BG(0))? + (7.7 — BG(20))? 4 (7.2 — BG(40))? + (5.5 — BG(50))? + (4.6 — BG(60))> (6.1)

Where 5.2, 7.7, 7.2, 5.5 and 4.6 are the first five results of IV blood samples and BG(z) represents the value for

time x of the considered BG evolution.
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Because of the problem with the insulin injection, 2 insulin doses are considered, specifically 2 U or 4 U. Fig-
ure [6.1Ta) represents the model-based BG evolutions, generated for different insulin sensitivities (defined above)
and for Ip,;,s = 2 U. The curve, which has the better match with the clinical data, is linked to an insulin sensitiv-
ity of 0.0012 L.(mU.min) ! and is represented in dark. In contrast, Figure represents the model-based BG
evolutions, generated for different insulin sensitivities and for ;s = 4 U. The curve, which has the better match

with the clinical data, is linked to an insulin sensitivity of 0.0010 L.(mU.min)~".
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Figure 6.11 :

Parametric identification of Patient 1.

Even though this parametric identification is not perfectly accurate, it provides an idea of the insulin sensitivity
of the patient. Indeed, this clinical data was the first one and some small modifications have thus to be provided.

Moreover, the hypothesis of a constant EGP leads to some small issues for a consistent parametric identification.

6.5 Summary

In this chapter, the protocol followed during the clinical trial is carefully described. Because the ethical agreement
was accepted on time, I have assisted the first one. Its results are provided and analysed. A rapid parametric iden-
tification enables to assess an approximation of the insulin sensitivity of the patient. The clinical data also allow

to highlight some weaknesses of the model, such as the constant Endogenous Glucose Production (EGP) that does

not reflect the physiological situation.

Chapters [4] and [5] have assessed the reliability of the model and protocol. This chapter describes a clinical trial,

where these validated model and protocol are used. This clinical trial is in fact the end state and culmination of this
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thesis. Indeed, as the experimental part is still in its early days, the aim of this part of the project is more re-
lated to a proof of concept of the model, as well as a personal achievement, to see how could the model be useful

for real clinical applications.
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Chapter 7

Conclusions

7.1 General conclusions

Because of the increasingly ageing population and prevalence of obesity, diabetes has reached epidemic propor-
tions worldwide. The total health expenditures related to this disease and its long-term complications are very high,
approaching ~ 1 % of GDP in many countries. Diabetes is thus a major public health problem. Type 2 diabetes is
characterised by a resistance to insulin or a decrease of insulin sensitivity. As insulin resistance developed during
the pre-diabetic stage, long before the final stage of the disease, its diagnosis is thus possible years before diagnosis
of type 2 diabetes. Irreparable damage and cost could thus be prevented or reduced by early diagnosis. However,
common current insulin sensitivity tests are either low resolution, and/or costly, invasive, time consuming, and not

adapted for economic wide scale screening.

A new model-based insulin sensitivity test is studied in this master thesis. It is a less invasive, new version of
the already validated model-based Dynamic Insulin Sensitivity and Secretion Test (DISST). The proposed protocol
uses 35 g of oral glucose and 2 units of rapid-acting insulin. The insulin injection is performed subcutaneously with
a needle free injection device, 15 minutes after the beginning of the test. The number of blood samples is minimal
and some are even extracted with a less invasive finger-prick method than the intravenous route, in preparation for
emerging needle free technology. Blood samples are collected over a 2-hour period and are assessed for blood

glucose, C-peptide and insulin.

The original DISST model is a glycaemic control model and is thus modified to consider the oral glucose ab-
sorption and the subcutaneous insulin injection, applied during this new test. A gastrointestinal glucose sub-model
and a subcutaneous insulin delivery sub-model are added. The orally absorbed glucose and its modifications in
the gastrointestinal tract can be seen as the exogenous glucose inflow in the glycaemic control model. In contrast,
subcutaneously injected insulin and its appearance in plasma can be considered as the exogenous insulin input in

the glycaemic control model. In combination, they create a full system model.

82



Even though the different sub-models have been validated separately, especially the DISST model, the entire sys-
tem model needs validation. A single sensitivity analysis is thus performed. This in silico investigation provides a
means to highlight any model weakness, as well as emphasising the critical parameters and/or model assumptions.

It can also demonstrate the robustness of the model, as well as the potential accuracy of this new kind of DISST.

In this single parameter sensitivity analysis, effects of model parameters on model outcomes are analysed in-
dividually. Parameters with the biggest influence on the model-based BG evolutions are identified, specifically
the insulin sensitivity, S7, the minimum rate of gastric emptying, k,,;», the intersection point, ¢, the intestinal
absorption fraction, f, the transport rate into the interstitium, ko, the interstitium insulin transport rate into the
plasma, k3, the glucose sensitivity, k.., and the endogenous pancreatic insulin secretion offset, k, ;. Parameter
changes always lead to a coherent modification of blood glucose evolution. The BG trajectories generated corre-
spond to the expected physiological dynamics after an oral glucose dose and a subcutaneous insulin injection. No
non-physiological behaviours are observed, providing further validation. Even though shifts in BG evolutions are
observed, most are not clinically significant. This leads to the preliminary assessment of the new model overall

reliability.

The results of the single parameter sensitivity analysis are used to perform a multiple parameter Monte Carlo
analysis. The different insulin sensitivities considered in this part represent all the stages in the pathogenesis of
type 2 diabetes, from Normal Glucose Tolerance (NGT) to severe diabetes, including Impaired Glucose Tolerance
(IGT). A much higher insulin sensitivity is also considered to address safety. For each of these insulin sensitivities,
four of the previously detected parameters of interest are randomly changed simultaneously to create a range of
possible model-based BG evolutions. The potential range of the model, as well as the inter-subject and intra-subject
variability, are quantified to ensure robustness and safety. Once again, no non-physiological situation or clinically

relevant behaviour is detected and this analysis further consolidates model reliability.

Now that the model is validated in silico and shown to follow physiological expectations, it is used to assess proto-
col safety. This protocol must ensure the security of all the patients who are going to participate to the clinical trial,
which is an essential step to confirm the performance of this type of model-based test. The multiple BG evolutions
generated, each representing a physiological situation that could be encountered during a clinical trial, are analysed
for any potential hypoglycaemia. Increases of the oral glucose dose are performed and shown to reduce the hypo-
glycaemic situations when high insulin-sensitive individual are considered. A zero subcutaneous insulin injection
is then imposed to examine behaviour when a dysfunction of the needle free injection device occurs. Safety issues
were observed, but the importance of this injection on trial results is assessed. Indeed, the fundamental decrease
of BG evolution due to insulin effects is enhanced with this injection and insulin sensitivities are thus more easily

identified.
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The model and protocol have thus been validated. A clinical trial thus needs to be performed to assess the per-
formances of this new insulin sensitivity test. The trial received ethics approval during the redaction of this master
thesis (April 30, 2018). The first assay is described and all technical details are explained. With the obtained
results, a rapid parametric identification is performed to assess insulin sensitivity. However, as those experiments
are still in a pilot trial stage, the aim of this part of the project is a proof of concept and a personal achievement.
However, the calculated insulin sensitivity is in compliance with the documentation and the external features and

physiological data of the patient. This is thus encouraging for the clinical validation of this new test.

7.2 Perspectives and Future work

For the sake of completeness, limitations of the model, as outlined in the specific chapters, should be corrected.
First, in the model, the Endogenous Glucose Production (EGP) is fixed as a constant. However, this does not corre-
spond to the physiological situation, where it varies according to the blood glucose concentration. Because of this
constant EGP, model-based BG evolutions drop at the end of the simulation. In real life, BG finally stabilises. The
single and multiple parameter sensitivity analysis should thus be performed with a fluctuating EGP, in particular if
a suitable EGP model can be found. Second, a small limitation concerns the fasting glucose level. In the model,
it is fixed to 4.8 mmol/L. However, diabetic individuals have a more elevated basal glucose concentration. In the
multiple parameter sensitivity analysis, each time an insulin sensitivity of 0.00025 L.(mU.min)~! is considered, it
represents a diabetic state. However, the fasting glucose level is not changed. Fasting blood glucose levels should

thus also be increased in simulating T2D cases.

After the in silico validation of the model and the protocol, the clinical trial is performed to assess the reliabil-
ity of this new insulin sensitivity testing. The results of this trial would be analysed to measure insulin sensitivity.

Accuracy, sensitivity and specificity of this method should then be quantified.

Even if this insulin sensitivity from this test is finally clinically validated, it still remains invasive and not really
adapted for a population screening. Indeed, because of the intravenous installation, this test needs to be performed
in an hospital or in a place with a specialist. Even though insulin sensitivity tests become more accurate and less
invasive, progress is still needed to achieve large population detection. This last outcome should arise from ongo-
ing technology development at the University of Canterbury (Christchurch, New Zealand) and in New Zealand for

needle free glucose and insulin test devices.
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Appendix A : Chapter 3

The SC-OG-ICING-2 model is represented in Figure [3.1]and is defined by the Equations[A.1]to below :

Gsto1 (t) = —ka1 - gsto1 (t) + D - 6(t) (A1)

Gsto2(t) = —kempt (qsto) * @sto2(t) + k21 - stor () (A2)

dgut = —Kabs * Qgut(t) + kempt (¢sto) - dsto2(t) (A.3)

Ra(t) = f - kabs - qgue(t) (A.4)

Fenpt (o) = Ronin + 222~ F75anblo - (quy —b- D))~ tanh[B - (guo — - D) +2} (AS)
Gsto(t) = Qsto1 (t) + Gsto2(t) (1)

o= 2-D~5(1—b) (A.6)

Lie(t) = —ka - Lse(t) + 8(t = T) - Iyotus (A.8)

Quocal(t) = —k3 - Quocar (t) + k2 - Lse(t) = ki - Quocar (1) (A9)

S;-G(t)-Q(t) Ra(t)+ EGP — CNS

G(t) = — pa - (G(t) — Grast) — 1 Faq Q1) Ve (A.10)
) = = i 1(0) = e s = 1(0) - Q) + (et I BZ e G g



Q=mn;-(I(t) - Q) — nc

Umin

Q@)
14+ a4 - Q1)

if G(t) < Gfast

Uen(G) = f(G) = ksec - G(t) + kopp  otherwise

Umazx

if f(G) > Umaz

(A.12)

(A.13)

Tables A.1 and A.2 represent respectively the summary of all the parameters and variables used in the SC-OG-

ICING-2 model.

Table A.1:

Summary of the parameters of the entire model.

Parameter Signification Value Units
j €] Insulin-independent glucose uptake rate 0.04 min—?!
Grast Fasting blood glucose level 4.8 mmol.L—!
St Insulin sensitivity 10.8 x 10—4 L.(mU.min) !
ag Insulin binding saturation parameter 0.0154 LmU~!
P Exogenous glucose inflow rate see Section mmol.min—1
EGP Endogenous Glucose Production rate 0.96 mmol.min—?!
CNS Central Nervous System glucose uptake rate 0.3 mmol.min—1
Va Plasma glucose distribution volume 12.2 L
nK Kidney clearance rate of plasma insulin 0.06 min~?!
nr, Liver clearance rate of plasma insulin 0.0324 min~?!
ag Hepatic clearance saturation parameter 0.0017 LmU~1!
ny Insulin diffusion rate 0.006 min—!
Ty, Fractional first pass of hepatic insulin extraction 0.67 -
Uen Endogenous pancreatic insulin rate (@) mU.min—!
Uex Exogenous insulin input rate see Section mU.min—!
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1%; Plasma and interstitial insulin distribution volume 4 L
no Cellular insulin clearance rate from interstitium 0.032 min—!
Umin Minimum endogenous pancreatic insulin secretion rate 16.7 mU.min—!
Umaz Maximum endogenous pancreatic insulin secretion rate 267 mU.min—!
ksec Glucose sensitivity of the endogenous pancreatic insulin secretion rate 149 (mU.L).(mmol.min)—*
kogy Endogenous pancreatic insulin secretion offset -49.9 mU.min—!
ko1 Rate of grinding 1 min—1!
kempt Rate of gastric emptying f(gsto) min—1!
Kabs Rate constant of intestinal absorption 0.205 min—1!
f Intestinal absorption fraction 0.8 -
kmin Minimum rate of gastric emptying 0.013 min~?!
kmax Maximum rate of gastric emptying 0.043 min—!
b "Intersection point" 0.85 -
c "Intersection point" 0.25 -

ko Transport rate into interstitium 0.0104 min—!

k3 Interstitium insulin transport rate into plasma 0.06 min—?!

ka; Rate of loss from interstitium 0.0029 min—1!

Tpolus Amount of injected insulin 2000 mU

T Time delay 15 min

Table A.2 :
Summary of the variables of the entire model.

Variable Signification Initial value Units
G Blood glucose concentration 4.8 mmol.L !
1 Plasma insulin concentration 13.4185 mU.L~1!
Q Interstitial insulin concentration 7.4255 mU.L—!
gstol Amount of stomach glucose in the solid compartment 194.3 mmol
Qsto2 Amount of stomach glucose in the liquid compartment 0 mmol
Qgut Amount of gut glucose 0 mmol
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Ra Plasma rate of appearance of ingested glucose ‘ 0 ‘ mmol.min—1

Ise Amount of insulin in the subcutaneous space 2000 mU

Qiocal Amount of insulin a local interstitium 0 mU
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Appendix B : Chapter 4

> Maximum rate of gastric emptying k...
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Figure 1 :

Influence of the parameter ko, on BG evolution and on shape of kepmpt.
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> Rate constant of intestinal a

bsorption k4
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BG evolution according to different values of the parameter K ,ps.
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BG evolution according to different values of the parameter K ;.
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> Maximum endogenous pancreatic insulin secretion rate .,
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