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Abstract

Introduction
In the past decades, there has been a growing interest in incorporating glucagon into contin-
uous subcutaneous insulin infusion therapy for Type 1 Diabetes Mellitus patients. However,
widespread adoption as a standard treatment option has not yet been realized. The devel-
opment of bihormonal closed-loop systems involves investigating the pharmacodynamics of
glucagon in controlled settings. While some studies have examined these systems in real-life
settings, the focus has primarily been on their overall success in regulating glucose levels within
target ranges. Limited information is available on the real-life impact of glucagon on glucose
levels.

Objectives
This study aims to assess the effect of glucagon on glucose levels in real-life data, exploring
various conditions and investigating the impact of glucagon settings in the Inreda AP, the first
CE-certified bihormonal closed-loop system. The objective is to gain deeper insights into the
role of glucagon in glucose management, comprehend glucagon aspects within treatments with
the Inreda AP, and explore potential optimizations for enhanced effectiveness.

Methods
Glucose responses to glucagon are systematically mapped under various conditions, including
control (blockage), insulin on board, and different situations (baseline glucose value, rate of glu-
cose change and amount of glucagon) and patient characteristics (gender, age, BMI, diabetes
duration, HbA1c, total daily insulin dosages and insulin sensitivity). The impact of alterations in
system settings on regulatory outcomes is also examined. Cluster analysis is applied to predict
glucagon settings.

Conclusions
This research demonstrates that, in real-life scenarios, glucagon administration can lead to
earlier and more pronounced increases in glucose levels. The presence of insulin on board
mitigates glucose excursions after glucagon dosage, yet the pre-dosage rate of glucose change
appears to be a more decisive factor. Moreover, patients with lower insulin requirements exhibit
greater glucose excursions compared to those with higher insulin needs. Although there is
no one-size-fits-all glucagon setting, reducing settings results in decreased individual glucagon
usage. Practical recommendations for treatment adjustments and algorithm refinements are
derived from this study, offering valuable insights to enhance the effective use of glucagon in
glucose regulation.

3



CONTENTS

1 Introduction 6

2 Background 8

3 Effect of glucagon dosages on glucose levels in uncontrolled settings 13

4 Interaction of Glucagon and Insulin on glycemic control 21

5 Intra- and inter-variability in glucose response of glucagon 28

6 Glucagon release in the bihormonal closed-loop system 36

7 Patient Clustering for Optimized Glucagon Settings 45

8 Advancing the use of glucagon in bihormonal closed-loop system 49

9 General discussion 52

References 56

Appendix A 60

Appendix B 62

Appendix C 66

Appendix D 68

Appendix E 70

4



List of Abbreviations

AP Artificial Pancreas
AUC80min Area Under the Curve in 80 minutes frame
AUCdelta Area Under the Curve till baseline glucose is restored
BGM0 Baseline Glucose Measurement
BMI Body Mass Index
CGM Continuous Glucose Monitoring
Curve curve setting or injections based on curve criteria
EH units
EI Extra injection
Gmax Maximal glucose excursion
Gmin Minimal glucose excursion
HbA1c Glycated hemoglobin
Inreda AP Bihormonal closed-loop system of Inreda Diabetic
IQR Interquartile Range
N Number of patients
# Number of clusters
PID Proportional–integral–derivative
Preceding Slope Rate of change of glucose levels before glucagon injection
Slope10min Rate of change of glucose levels in 10 minutes before first glucagon injection
T1DM Type 1 Diabetes Mellitus
TAR Time Above Range
TBR Time below Range
TDD Total Daily Dose
TDDg Total Daily Glucagon Dose
TDDi Total Daily Insulin Dose
TDDiAP Total Daily Insulin dose during AP treatment
TDDi bAP Total Daily Insulin dose before AP treatment
Tdelta Time till baseline glucose is restored
TIR Time In Range
Tmax Time till maximal glucose excursion
Tmin Time till minimal glucose excursion
Ug Amount of glucagon dosed in one cluster
VI Correction injection

5



1 Introduction

Every day, ten patients are diagnosed with diabetes mellitus type 1 (T1DM) in the Netherlands
[9]. Currently, the Netherlands counts around 100.000 patients with T1DM. The numbers of pa-
tients are increasing not only in Western countries but worldwide [10, 14]. Patients are assigned
to managing their own blood glucose every single day for their whole life [7]. Moreover, badly
regulated diabetes comes with greater risk of complications. The life expectancy of patients with
diabetes is significantly reduced, 13 years on average for a 45 years old person [26]. T1DM
has a major impact on the society but even more on the quality of life of the patients [14, 21].

Normally, the blood glucose level is automatically regulated by the body, while this is dysregu-
lated in patients with T1DM [19]. The auto-immune disease deteriorates the Beta-cells of the
pancreatic islets which are responsible for the release of insulin. The hormone insulin ensures
that available glucose by intake of carbohydrate will be taken up into the cells of the target or-
gans and therefore reduces the blood glucose levels. T1DM should be treated with insulin to
control the blood glucose levels. High blood glucose levels affect the macro and micro vascular-
ity especially those of the nerves, retina and kidneys, which may lead to neuropathy, blindness
and kidney failure. The better the blood glucose is regulated in a normal range, the less risk
of complications in the long term [29]. However, the blood glucose levels can also be too low,
also known as hypoglycemia [8]. When this happens, there is not enough energy to serve all
tissues and people can feel shaky, nauseous, fatigue and anxious. If the hypoglycemia wors-
ens patients can get confused and this could even result in loss of consciousness and seizures.
This can be fatal if not treated immediately, but preferably to prevent these situations in time.

The blood glucose in patients with T1DM is controlled by use of exogenous insulin [17]. Four
decades ago, the patient had to do multiple finger prick tests per day to measure blood glucose
level and inject themselves with insulin using a syringe or later a pen [24, 17]. The patient has
to take into account multiple factors, like activity and amount of carbohydrates consumed, to
calculate the dosages [34]. In the late seventies, the first wearable insulin pump was designed
wherefore it was possible to induce insulin in a more gradual manner [17]. It took a couple of
decades to improve it to their current design and performance. Developments in glucose mea-
surements came with the flash glucose monitoring, patients only have to scan the sensor with
their phone or reader to obtain glucose values. ContinuousGlucoseMonitors (CGM) have trans-
formed diabetes care by providing patients with real-time glucose levels without the need for
manual scanning. This eliminates the gaps between finger pricks, allowing users to effortlessly
monitor their glucose levels continuously [24]. Further steps are undertaken in communication
between the sensor and the pomp. The latest developments are those of the hybrid closed-loop
and the fully automatic closed-loop systems, whereby the patients should announce meals or
no longer in case of the fully closed-loop systems. All these devices are nowadays still used
depending on indication of the devices and preference of patients.

Nonetheless the technology hasmade substantial improvements for care of T1DM, the improve-
ments are only focused on insulin. This limits the ability to achieve more time in normal blood
glucose levels, time in range (TIR), without increasing the risk of hypoglycemia and to regulate
patients with strong fluctuating blood glucose levels [25]. It takes some time before the insulin
starts to act and thus lowers the glucose level. The effect of insulin continues for 5 till 8 hours
depending on kind and dosage [11]. This can result in unintended hypoglycemia and patients
must consume carbohydrates at that moment to raises the blood glucose levels. Therefore, in-
sulin is dosed with caution to prevent hypoglycemia which contributes to higher average blood
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glucose values.

A solution to increase the blood glucose levels is to use glucagon, the counteracting hormone of
insulin [25]. In a healthy person’s pancreas, glucagon is produced by the alpha cells and stim-
ulates hepatic glucose production by increasing glycolysis and gluconeogenesis [16]. Inreda
Diabetic has developed the first CE-certified artificial pancreas (Inreda AP) with bihormonal
closed-loop regulation without the need for meal announcements [3]. Blauw already studied
the effect of glucagon for several doses at different blood glucose levels in a controlled setting
[4]. This study suggests that glucagon has a dose-dependent effect on glucose excursions.
Very little is currently known about the response to glucagon in uncontrolled settings [25]. This
limits the ability to understand and therefore optimize (individual) treatment with the Inreda AP.
Healthcare professionals and advisors of Inreda are making decisions based on the knowledge
and experience with insulin and logical reasoning. However, this leads to a trial and error ap-
proach, reduced ease of use and discrepancy between professionals.

The Inreda AP is already applied in larger studies performed in outpatient settings and besides
studies used as regular care in 125 patients for two years. For more than 7000 days of glucose,
insulin, glucagon, alarm and accelerometer data is available. Hence, a lot of data is available
to analyze the effect of glucagon dosages in uncontrolled settings. This thesis will examine
the emerging role of glucagon in the context of the Inreda AP. Comprehending glucagon in un-
controlled setting could help to optimize glucagon settings in the individual, support the ease
of use and possibly improve the algorithm. A personalized approach might be implemented
for glucagon settings which results in better glycemic control and less burden on the patient.
Moreover, it could provide more guidelines for healthcare providers to start or adjust treatment
and for developers to optimize the control algorithm.

This thesis will first discuss a brief background about the pathophysiology of T1DM and the
AP control system. Thereafter, the performed studies are discussed. In Chapter 3, the effect
of glucagon on the glucose level will be examined. In Chapter 4, the influence of insulin on
board will be taken into account in reviewing the effect of glucagon on glucose levels. Chapter
5 examines glucose excursions by multiple inter- and intra-patient variables to gain insight into
crucial factors influencing these excursions. Chapter 6 will focus on glucagon settings of the
Inreda AP and how this affects the treatment. In Chapter 7, a clustering method is applied and
reviewed to predict glucagon settings in individual patients in order to improve personalized
diabetes management. Chapter 8 is concerned with some suggestions to advance the use of
glucagon in the Inreda AP.

1.1 Objectives

The objectives of the study are stated as follows:

1. Assess and quantify the impact of glucagon administration on glucose levels.

2. Analyze the interaction between insulin on board and the effectiveness of glucagon.

3. Evaluate potential factors, both within and between individuals, that play a significant role
in influencing the response to glucagon.

4. Investigate what impact glucagon settings have on the glucose regulation.

5. Apply and evaluate a cluster method for predicting optimal glucagon settings.

6. Propose guidelines to optimize the utilization of glucagon within the Inreda AP.
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2 Background

This chapter provides more details about the pathophysiology of diabetes Type 1 and the con-
trol mechanism of the AP.

2.1 Pathophysiology of diabetes Type 1

T1DM is an organ-specific autoimmune disease where insulin-producing beta cells in the pan-
creas are attacked by their own body. As a result, there is no production of the hormone insulin
and this disturbed the carbohydrate metabolism. Insulin takes care of the uptake of glucose
from the blood into the cells and the storage of glycogen, the stored form of glucose. After
ingestion of food, the excess of glucose in blood can be stored or converted into energy which
ensures a stable blood glucose level. These processes cannot take or take insufficient place
and therefore a state of hyperglycaemia, a blood glucose level >10 mmol/L, can be reached.
Patients with DM1 should be treated with exogenous insulin to reduce the blood glucose. Man-
aging insulin dosing is challenging because of the complex interplay of factors affecting insulin
sensitivity and estimation of carbohydrates and meal composition. An excess of insulin can de-
crease the blood glucose till a life treating low level. Patients should eat carbohydrates to raise
their glucose levels. In healthy humans, the glucose metabolism has an counteracting hormone
which prevent hypoglycemia from happening. Glucagon is produced in the alfa cells of the islets
of Langerhans in the pancreas. Glucagon is released in the portal vein which go straight to the
liver where it will stimulate glycogenolysis and gluconeogenesis. Both transforming glycogeen
and other resources to glucose which increase the blood glucose.

There are several theories why the counteracting mechanism is absent or is not able to suf-
ficient rises the blood glucose in T1DM [31]. 1. Paracrine signaling is lost due to beta cell
loss. Paracrine signaling is a form of cell communication in this case the neighboring beta cells.
2. Intrinsic glucose sensing abilities are redundant in type 1 diabetes. This theory has the
idea that the cells are insensitive to changes in glucose levels and therefore also glucagon is
not produced. 3. Excessive Delta somatostatin secretion lead to suppression of alpha cells.
The pancreas consist about 10% of Delta cells which secrete somatostatin, which should sup-
presses the activity of alpha cells. 4. Islet autonomic innervation of glucagon secretion. This
is suspect to not be critical for glucagon secretion. 5. Another hypotheses is a state of hyper-
glucagonemia due to hypersecretion of glucagon by loss of inhibitory beta-cell control [5]. This
theory acknowledge a more glucagonocentric approach as key hormone in T1DM then the con-
ventional insulineocentric view. Most of the theories are not proved or only has been supported
in animal studies [31].

2.2 Bihormonal closed-loop algorithm

The bihormonal closed-loop system is a dynamic system, as the same goes for the glucose
metabolism in the human body. Figure 2.1a shows a schematic overview of a closed-loop con-
trol system with the AP and Figure 2.1b shows the realistic representation. Glucose levels of
a patient can fluctuate throughout the day due to various factors such as meal intake, physical
activity and administration of insulin and glucagon. These glucose levels are measured with
the glucose sensor, which will be used as input for the AP control system. The transmitter on
top of the sensor will filter the raw signal and sent it to the AP control system. The measured
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glucose will be compared to a target glucose level. If the target glucose level is not met, then
the AP algorithm would determine which hormone and would calculate what amount should be
administered. The system can be personalized with parameters (insulin and glucagon settings)
which impact the amount of hormone which will be released. The control algorithm sent a re-
quest to the motor of the pump to deliver insulin or glucagon into the patient. The hormone will
be administered through the infusion line into the patient. The hormone administered ensures
that the body initiate physiological processes to increase or decrease the glucose levels. Sub-
sequently this change will be measured, and the new glucose level is utilized as new input for
the AP control system. The components of this dynamic system are discussed in detail below:

(a) Schematic scheme control system

(b) Inreda AP components

Figure 2.1: Bihormonal closed-loop system

2.2.1 Sensor

The Inreda AP requires two sensors to increase the reliability of the glucose levels. The sen-
sors have a warm-up time of 2 hours, after that time the sensors can be used as input for the
algorithm. Before transferring the data to the AP, the sensor’s transmitter filters the measured
values with a filter to minimize the impact of noise. Three parameters are extracted from the
sensor signal: the absolute glucose values, slope of glucose levels and a measure of reliability.
The absolute values are measured every 10 seconds. The slope refers to the rate of change of
glucose levels and are calculated over the past XXXX minutes. A measure of reliability is cal-
culated for both sensors and the sensor with the highest reliability is chosen as primary sensor.
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The primary sensor is used as input for the control algorithm.

It is important that the glucose values are reliable as this is the input for the control algorithm
to decide which hormone and what amount will be administered. Errors caused by the sensor
signal could cause undesired dosages and therefore undesired impact on the glucose levels.
To reduce these unwanted dosages, a couple of several strategies have been implemented, as
mentioned earlier: two sensors and filtering through the transmitter. In addition, control finger
pricks are required after the warm-up period and when glucose values of both sensors deviates
substantially. Patients are required to input the glucose value obtained from the finger prick into
the AP device. The sensor is calibrated using this finger prick data, unless a substantial error
is observed, in which the patient is instructed by the AP to replace the sensor. Moreover, it is
not advised to change sensors when glucose values are rapidly increasing or decreasing as the
deviation between blood glucose values and subcutaneous values will be significant due to the
5 till 10 minutes delay between blood and subcutaneous glucose concentrations. Furthermore,
it is crucial for the transmitters and the AP device to be connected to facilitate the transfer of
signals as input into the control algorithm. Despite all measures taken for accurate glucose
readings, errors can still occur in the signal due to factors such as persistent noise in the sig-
nal or sudden jumps in glucose values caused by a change in primary sensor. To mitigate the
impact of the remaining errors and missing readings on the data-analyses in this thesis, the 10-
second interval is transitioned to an average over a certain timeframe in most cases one-minute
average.

2.2.2 AP control system

The AP control system compared the measured glucose at a certain time with a set point or
in this case a target glucose level. If the target glucose level is not met, then the AP algo-
rithm would determine which hormone and calculate what amount should be injected. The
control system of the AP uses features of the continuous glucose measurement as absolute
glucose level and glucose slope (rate of change). This kind of closed-loop system are called
Proportional-Integral-Derivative (PID) [33, 12]. The set of rules are composed by the founder
of the Inreda AP and the company has developed this in the last decade.

The dosages of insulin and glucagon are categorized in ”curve” injection, correction injection
(VI, originated from the Dutch ”Voor Injectie”) and for glucagon only an extra injection (EI). Curve
injections are given at certain glucose values and the calculation of dosage amount based on
the glucose value and the curve setting (%). A bigger curve setting will give more insulin or
glucagon by equal glucose values. VIs are administered by fast decreasing or increasing glu-
cose values and EIs are administered when curve and VI did not achieve the desired effect on
the glucose level. Personal settings for VI and EI are given as maximal amount of units which
can be given with VI or EI. When patients start with the AP treatment, insulin settings are deter-
mined by the total daily dosage of insulin (TDDi) of the previous treatment. Glucagon settings
are always started at the default settings. Settings are optimized in a coaching period and later
on by the treatment team or with the self-learning algorithm for insulin settings.

It is important that the control system maintains stability and avoids self-disruption or unin-
tended self-regulation. An example of unintended self-regulation is the jojo-effect: an injection
of a hormone may trigger a significant glucose excursion, prompting the administration of the
counteracting hormone. This process may be sustained for a longer period of time. If this phe-
nomenon is caused by glucagon, glucagon settings should be manually adjusted to prevent
unnecessary dosages of both hormones and increased glucose variability.
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Thus, the AP control system compares glucose values with the measured value and calculates,
if necessary, what amount of insulin or glucagon should be given. The AP could be personalized
with insulin settings for curve and VI, and glucagon settings for curve, VI and EI.

2.2.3 Pump

The pump receives a request to administer insulin or glucagon and try to execute the request.
The hormone stored in a cartridge are pushed by a motor through the infusion tube and cannula
to deliver the hormone in the subcutaneous tissue. The pump can detect blockages and warns
the patient that the insulin or glucagon administration was unsuccessful. The control system
is paused until the patient takes action. Anti-blockage dosages are administered to prevent
clogging of infusion lines. These are small doses of hormone, insulin or glucagon, administered
when no hormone is administered in a certain timeframe but does minimally affect the glucose
levels. In addition to blockages, leakages can also occur, typically observed with the insulin
infusion set, resulting in the hormone not reaching the subcutaneous tissue. In the case of
insulin, this can lead to elevated glucose levels, prompting patients to receive an alarm to inspect
the infusion set on leakages.

2.2.4 Patient

Glucagon and insulin injection are regulated from outside of the body, the human body activate
several processes depending on what hormone is injected, to adapt the blood glucose level in
desired range (3.9-10.0 mmol/L). The effect of these hormones is depending on more than 40
factors like the amount of hormone administered, the amount which is uptaken into the blood-
stream but also factors affecting the insulin sensitivity like exercise, stress and time of the day
[34].

The reason for the increase in blood glucose levels, and thus the need for insulin, is the con-
sumption of carbohydrates. The AP does not require or rather the patient cannot announce
meals in the AP which is still needed in hybrid closed-loop systems. The AP is a reactive sys-
tem; hence, insulin dosages are determined by glucose signals rather than the quantity and
composition of the meal. Glucagon aimed to slow down the decrease of glucose levels to avoid
hypoglycemia. Sometimes, hypoglycemia is unavoidable, and the patient receives an alarm
when glucose levels drop below 3.5 mmol/L, prompting them to consume rescue carbohydrates
to raise glucose levels to the desired range. The data registered by the AP does not include
when and what the patients has eaten, which limits the context of the data.

Patients without closed-loop systems are used to manage their blood glucose levels constantly,
which demands a lot from these patients. While a closed-loop system eliminates the need
for carbohydrate input or anticipation of exercise, patients are still responsible for managing
alarms, timely replacement of infusion sets and sensors, and ensuring the correct preparation
of glucagon.

In summary, patients cannot interfere with the dosing of insulin and glucagon but actions of the
patients as meal intake, exercise and not managing alarms influence the glucose levels.

2.2.5 Role in Addressing Research Questions

This closed-loop system is complex to pinpoint the effect of a single factor due to multitude of
unknown factors influencing the glucose levels. Despite this challenge, it is imperative to employ
the bihormonal closed-loop system for evaluating the glucagon response in real-life scenarios.
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Overcoming the challenge of a closed-loop system, involves effectively utilizing the properties
of the Inreda AP. This is implemented as follows to achieve the objectives. Firstly, compare
the overall effect of glucagon on glucose levels to similar situations where glucagon should
be administered but is not. Therefore, open loop situations created by glucagon blockage are
used as control. Secondly, to assess the impact of insulin on board, situations with and without
insulin dosage prior to glucagon dosage are compared. Thirdly, to assess potential factors
influencing the effect size of glucagon, univariate analysis compares responses between groups
with similar characteristics. Fourthly, the impact of glucagon settings are compared between
different settings between and within patients at time in ranges, hormone usage and occurrence
of glucagon dosage. Lastly, the knowledge from the previous objectives is used to address the
last two objectives.
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3 Effect of glucagon dosages on glucose levels in uncon-
trolled settings

3.1 Objective

This chapter will explore the impact of glucagon dosages on the glucose levels in uncontrolled
situations, utilizing data from normal daily use of the bihormonal closed-loop system. This data
may yield valuable insights of the potential of glucagon in diabetes management, specifically in
relation to its immediate impact on glucose levels in real life practice.

3.2 Methods

3.2.1 Dataset

This is a retrospective study which utilized a database of AP users. The database consisted of
continues glucose measurements of two sensors, timing and amount of glucagon and insulin
dosages and occurrence of infuse blockages. The AP system already had filtered the sensor
data, determined the primary sensor and calculated the slope of the glucose curve. The glucose
values were measured six times each minute. This study utilized a quantitative methodology,
comparing glucose excursions following both glucagon dosages and glucagon blockages. Data
of patients with Type 1 diabetes who had used the AP between 31 August 2022 and 31 August
2023, were included.

Users of the AP systems were adults aged between 18-75 year, had a BMI < 35 kg/m2 and
HbA1c < 97 mmol/mol. They had been insulin dependent for at least 6 months before start of
treatment. Moreover, there were no existing or suspicions of allergies to insulin Lispro, Gluca-
Gen or known problems with enzym-based glucose sensors. For treatment with the AP, the
patients should have stayed in contact with their care team, refrained from misuse of alcohol
and drugs and did not need dialysis.

3.2.2 Cluster defining method

To evaluate the glucose response to glucagon dosages, the glucose levels should be reviewed
within a specific timeframe following the glucagon dosage. In a closed-loop system, multiple
glucagon dosages can be administered in a small period of time as the control system will ad-
minister glucagon until the glucose levels return to the desired range. To avoid an excessive
inclusion of the effect of these successive dosages, these dosages were grouped into clusters.
Instead of analyzing the timeframe after each individual dosage, the timeframe after start of
each cluster is reviewed. A cluster was defined as successive dosages given to mitigate the
decreasing glucose curve. The method used to cluster these successive dosages, hereafter
referred to as the cluster defining method, involved time, slope, and absolute glucose threshold
values which were based on the AP algorithm. The threshold criteria were varied and visually
inspected for a couple of days to determine the criteria that most accurately assigned the clus-
ters. A new cluster was started when for at least 30 seconds a slope of XXXX mmol/L/h or
more, or glucose levels greater than XXXX mmol/l were measured since the previous glucagon
dosage. A new cluster was also started when more than XXX minutes has been passed since
the last glucagon dosage.
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Table 3.1: Cluster algorithm performances

Sample 1 Sample 2 Sample 3 p-value*

Number of clusters 135 152 147 0.137**
% of days correct 60 67 60 0.963***
% of correct clusters 81 92 80 0.548***
% of missed clusters 6 5 5 0.459***
% of overcounted clusters 13 3 16 0.043***
% sensor error 65 43 66 0.888***

* p-value between sample 1 and sample 2
** Mann-Whitney-U-test
*** Chi-Square test

The cluster algorithm was validated by creating two random and exclusive sample of 30 days
of glucose data. The cluster defining method was applied to the data and the clusters were
displayed in the daily glucose and dosages plots. The control was done by visual evaluation of
the clusters; the author noted the correct amount of clusters, too few counted clusters and too
many counted clusters per day. An example of visual evaluation is shown in Appendix A.1 . The
samples were statistically compared to ensure that the observed results were consistent with
the whole dataset. Table 3.1 presents the performance outcomes of the cluster algorithm. The
results show no significant difference between the first and second samples in all outcomes,
except for the percentage of assigned clusters that do not represent true clusters. Therefore, a
third sample of 30 days is assessed. The percentage of the overcounted clusters of the second
sample deviate from the other two samples. Overall, 95% of all true clusters are assigned as
cluster. 90% of the assigned clusters are true clusters. 60% of the falsely assigned clusters are
caused by erratic sensor readings. Another common reason for incorrectly assigned clusters
occur when the clustering criteria have already been met, but an additional dose of glucagon is
administered at the end of the cluster.

3.2.3 Data analysis

After determining the clusters, a time window of 10 minutes before and 80 minutes after the first
dosage was selected for each cluster. The minutes before were included to observe the rate at
which glucose was dropping and the 80 minutes after have been selected based on literature,
which suggests that this is the maximum time for the glucose excursion to be at its peak [4, 23].
Clusters were excluded when there was insufficient sensor data as the remaining glucose levels
were unreliable to interpret. Threshold values are determined based on the visual examination
of several clusters with different percentage missing data while ensuring sufficient number of
clusters remain for analysis. Clusters were excluded as data was missing for more than ten
consecutive minutes, or when less than 70% of the total time frame was available. Thereafter,
the baseline glucose value was calculated by the mean glucose level in a two-minute window,
one minute before and one minute after the start of the cluster, in order to reduce the impact of
sensor errors. Subsequently, the delta glucose is calculated by subtracting the baseline glucose
levels from glucose levels and afterward the delta glucose values were averaged per minute
per cluster. By examining the delta glucose, it became possible to compare clusters. The clus-
ters were merged and for each minute, the median along with the first and third quartiles was
computed. As controls, clusters were selected in which a blockage was detected by the AP
system within 5 minutes from the first glucagon dosage, as in this timeframe blockages could
be detected. If blockages were detected later on in the cluster, it was assumed that glucagon
was already dosed and an effect of glucagon was noticeable and therefore excluded from the
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control group. Control clusters were also merged and median as interquartile range calculated
for each minute.

Figure 3.1: Endpoints

The endpoints based on the median delta glucose included in this analysis are illustrated in
Figure 3.1 and are labeled as follows: the maximum glucose-drop (Gmin), time to reach the
maximum glucose-drop (Tmin), the maximum glucose excursion (Gmax) and time to reach max-
imum glucose excursion (Tmax), time till baseline glucose was recovered (Tdelta = 0), total area
of 80 minute curve (AUC80 min), consisting of area I and II, see Figure 3.1, the area under the
curve till Tdelta = 0, area I in figure, (AUCdelta). Moreover, the median and interquartile ranges
(IQR) of every 10 minutes were computed. Besides these endpoints, the following information
of the glucagon clusters and control clusters were noted: the number of cluster in each group
(N), the measured slope of the past 10 minutes (Slope10 min) and the baseline glucose level
(BGM0). Subanalysis were also conducted exclusively on nighttime data, focusing on clusters
started between 00:00 and 06:00 hours. Night time cluster analysis were done to reduce the
influences of glucose affecting meals and exercise. These endpoints serve as the foundation
for our analysis and findings throughout the first three chapters.

3.2.4 Statistical analysis

Non-parametric tests were carried out to compare the distributions of delta glucose values every
10 minutes between the glucagon and control clusters. A p-value <0.05 was considered sig-
nificantly different. Bonferroni correction was applied for multiple testing. The other endpoints
have not been subjected to statistical testing because extracting these endpoints from a single
clusters were substantially affected by the erratic sensor patterns. So, meaningful distribu-
tions of each endpoint of every group could not been made. Therefore, difference between the
groups of the endpoints based on the median glucose response has been assessed for clinical
relevance. Data analysis and statistical analysis were performed in Python version 3.11.4.

3.3 Results

3.3.1 Dataset

From the database, 43.311 treatment days from 129 T1DM patients were included in the anal-
ysis: 65 male and 63 female, aged between 20 and 72 years at start of the data inclusion. The
total number of clusters detected was 231.810 of which 7.708 in the control group and 198.689
the glucagon group, as shown in Figure 3.2. Ten percent of the detected clusters were excluded
due to insufficient sensor data.
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Figure 3.2: Flow diagram of data selection

3.3.2 Glucose response to glucagon

Figure 3.3 shows the difference in glucose changes after glucagon dosages andwithout glucagon
dosage. The glucose levels steadily decreased before glucagon dosing, followed by a slower
decline in glucose levels and after some time the glucose levels increased. As illustrated in
Figure 3.3a, the decrease in glucose levels is less pronounced when glucagon is administered
compared to when it is not. The endpoints are given in table 3.2. On average, the glucose levels
rose 11 and 7 minutes earlier, and decreased 0.72 and -0.03 mmol/L less deeply, respectively,
throughout the entire day and night. Maximum glucose values are always reached at the end
of the observed timeframe. Throughout the entire day, the total area between the curve and
the zero-excision line is three times larger in the presence of blockages than after successful
glucagon dosages. During the night, the AUC only differs 4 mmol/L*h in both groups but are
both smaller compared to the entire day. The deviation between the maximal drop in glucose
levels of both groups is 0.24 mmol/L. The median slope before start of glucagon blockages
clusters are more steep over the entire day and less steep in the night than glucagon dosages.
The median dosage glucagon administered in one cluster is 8 units with an interquartile range
of 2.5-14.5 units. For nighttime data, this is 7.5 [2.5-12] units of glucagon per cluster.
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(a) Day

(b) Night

Figure 3.3: Glucose excursion after glucagon dosage and blockages A) throughout the entire
day B) during the night. The solid line represent the median reaction, the shaded area between
the dashed lines is the range between the first and third interquartile. • is the point where the
maximal decrease in glucose is reached and ⋆ were baseline glucose is recovered.

Figure 3.4, shows a significant difference between glucagon dosage and blockages after the
start but also ten minutes before. The maximum median difference between those groups is
0.77 mmol/L which is reached after 40 minutes. The spreading of delta glucose observed in the
group of clusters receiving glucagon is larger than in the blockage group.
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Table 3.2: Baseline characteristics and endpoints

Entire day Night

Dosage Blockage Dosage Blockage

Baseline characteristics
Number of events (#) 198.689 7.708 40.888 912
BGM0 (mmol/L) 6.07 6.31 5.77 5.59
Slope10 min (mmol/L/h) -3.17 -4.77 -5.42 -2.70
Endpoints
AUC80 min (mmol/L*h) -18.42 -62.52 -13.66 -9.65
AUCdelta (mmol/L*h) -19.89 - - -9.83
Gmin (mmol/L) -0.45 -1.17 -0.26 -0.23
Tmin (min) 23 34 18 25
Tdelta = 0 (min) 67 - - 72
Gmax(mmol/L) 0.24 -0.22 -0.03 0.07
Tmax(mmol/L) 80 80 80 80

Figure 3.4: Boxplot analysis: dosage versus blockages

3.4 Discussion

Summary of findings
The results of the present study suggest that glucagon tends to let the glucose level decrease
less and subsequently increase the glucose level quicker. In general, it ensures a 0.7 mmol/L
less decrease and it takes 11 minutes less time to increase the glucose level in patient with type
1 diabetes. Nighttime data shows equal glucose trends by glucagon dosages and blockages.
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Relation with literature
The finding that glucagon increase the blood glucose level within 80 minutes after dosing is
consistent with studies which have assessed the glucose excursion after glucagon dosages.
However, the effect size and effect time of glucagon on the glucose level deviated from those
in the laboratory [4, 23]. Blauw et al. measured peak glucose concentrations in 6 patients after
40-80 minutes with glucose excursion ranging from 2.6 to 6.2 mmol/l. Ranjan et al. found glu-
cose excursions between 2.7 and 5.3 mmol/L, with a peak concentration after 33-49 minutes of
insulin induced hypoglycemia in 9 patients. The timing of peak glucose excursions aligns with
our findings that the maximum deviation between doses and blockage clusters occurs around
40 minutes. Thereafter there is no relatively greater increase in glucose levels after adminis-
tering glucagon compared to after a blockage. However, the glucose levels are still increasing
after 80 minutes. They also found in their studies a dose dependency for peak glucose excur-
sions and time to reach peak glucose. The difference in effect size of glucagon compared to
those from literature can be assigned to different glucagon doses. In this study, on average
0.08 mg glucagon is administered in a single cluster while the smallest amount of glucagon in
the studies were 0.1 mg glucagon.

Difference between day and night
One important observation is the significant difference between dosage and blockage during
the day, while there is a lesser distinction at night between dosage and blockage. The primary
reason for this difference is the glucose trajectory following a glucagon blockage during the
night and day. A potential explanation for a more pronounced decline in glucose levels during
the day, compared to the night, could be the occurrence of insulin-induced hypoglycemia fol-
lowing meals. Generally, glucose levels are more stable at night, resulting in a less significant
decrease. Therefore, it seems that glucagon is less important in the night to remain in the target
area. However, dosages of glucagon to maintain target glucose levels does not need attention
of the patient and as a result less interruptions of sleep.

Difference between blockage and dosage
Despite the expectation that situations involving glucagon administration and blockage should
be similar, a notable distinction is observed. The slope before glucagon administration deviates
between dosage and blockages clusters. It appears plausible that this disparity could be linked
to an increased likelihood of blockages when larger volumes of glucagon are indicated by the
AP system. Larger volumes of glucagon are given when the glucose levels are decreasing fast.
Hence, the scenarios under consideration lack complete comparability.

Strength and limitations
The challenges of directly translating results from controlled study settings to real-life scenarios
are stated [4]. The main strength of the present study is that a closed-loop system was com-
pared with an open-loop system, so that the effect of glucagon in real world data could have
been assessed. A limitation of assessing the glucose raising effect of glucagon in a closed-loop
system is that contextual knowledge lacks. Consequently, attributing the rise in glucose levels
solely to the effect of glucagon becomes uncertain and can also be due to meals or other blood
glucose raising factors. Besides the lack of contextual knowledge, the known dose-dependency
of glucagon is not taken into account in this study as clusters with several dosages on different
times are used. Therefore, generalizing to individual events is challenging, as this analysis only
examines average responses in clusters.

Conclusions and further research
In conclusion, this study successfully achieved its objective of assessing and quantifying the
impact of glucagon administration on glucose levels. Glucagon exhibits a 11 minutes earlier
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rise and 0.7 mmol/L less drop in glucose levels in the Inreda AP compared to when it is not
administered. Additional research is needed to identify factors influencing the effect size of
glucagon to develop a full picture of implementation of glucagon in bihormonal closed-loop
system.
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4 Interaction of Glucagon and Insulin on glycemic control

4.1 Objective

This chapter examines whether the presence of insulin influences the impact of glucagon on
glucose levels. Results of this study may yield valuable insights for enhancing the diabetes
management with bihormonal closed-loop systems, potentially offering fundamental insights
into physiological principles of glucose homeostasis.

4.2 Methods

4.2.1 Dataset

The dataset used in this study closely mirrors that of the previous study (Chapter 3.2.3), utilizing
similar participants, dataset and a comparable data preprocessing. Differences are sorting the
clusters.

Because, within the scope of this study, an analysis was conducted to compare the glucose
excursion effect of glucagon in the presence and absence of insulin on board. Hence, the
clusters were sorted into categories depending on whether insulin was given in the previous
60 minutes or if no insulin was injected in that 60 minute time frame. Maintenance dosages
of insulin were excluded even as cluster with blockages at the start. The duration of Lispro
insulin activity can extend up to 5 hours; however, in this context, the consideration specifically
involved the peak activity, recognized for its immediate and predominant effect [20, 22].

4.2.2 Data analysis

First of all, the general effect of glucagon on the glucose patterns in the presence and absence
of insulin was assessed through comparing the median-IQR plots and the endpoints. Secondly,
the slope of glucose curve previous to the glucagon dosage (preceding slope) might influence
the size of the glucose excursion after glucagon dosage. Insulin on board might be a predictor of
this preceding slope. Therefore, clusters with similar preceding slopes are categorized to correct
for this factor. Preceding slopes were calculated by averaging the slopes given by the AP in
the ten minutes before the start of the clusters. The slopes examined in this study represent
various rates of decrease: those below -10 mmol/L/h are considered extremely fast decreasing,
between -8 and -6 very fast, between -6 and -4 fast, between -4 and -2 slightly decreasing, and
from -2 to 0 mmol/L/h very slightly decreasing. Moreover, per slope category, the distribution of
administered insulin and baseline glucose level were determined. All mentioned analyses were
performed for the entire day and nighttime (00:00- 06:00 hours).

4.3 Results

4.3.1 Dataset

The number of clusters included is 72.949 for the absence of insulin on baord and 125.740 for
the presence of insulin on board. The amount of insulin administered in the past hour before
glucagon dosages ranges between 0.25 and 43 units with a median [IQR] of 1.75 units [1.00-
3.00].
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Table 4.1: Baseline characteristics and endpoints

Entire day Night

Insulin No Insulin Insulin No Insulin

Baseline characteristics
Number of events (#) 125.736 72.947 20.210 20.678
BGM0 (mmol/L) 6.48 5.37 6.44 5.12
Slope10 min (mmol/L/h) -3.78 -2.12 -2.96 -1.55
Endpoints
AUC80 min (mmol/L*h) -42.16 -18.42 -50.76 -13.66
AUCdelta (mmol/L*h) - -19.89 - -
Gmin (mmol/L) -0.70 -0.45 -0.86 -0.26
Tmin (min) 36 23 70 18
Tdelta = 0 (min) - 67 - -
Gmax(mmol/L) -0.25 0.24 -0.30 -0.03

4.3.2 General finding

Figure 4.1 shows the glucose excursion after glucagon injection with and without insulin on
board. During the entire day, glucose levels decrease by an average of -0.25 mmol/L less,
increase approximately 13 minutes earlier and 0.49 mmol/L more within the first 80 minutes
when insulin is not administered. At night, the decrease is around 0.40 mmol/L less, 52 minutes
faster and 0.33 mmol/L more increase. In table 4.1, the endpoints are shown. The distinction
between clusters occurring after insulin administration and those without is notably more evident
in the nighttime data.

4.3.3 Slope analysis

Figure 4.2 shows the glucose response to glucagon dosage with and without insulin adminis-
tration in the past hour shown for several slope categories. It stands out that the glucose drops
longer, more and rises less when the slope is decreasing faster, regardless of the presence
or absence of insulin on board. However, difference between insulin on board and no insulin
on board is only observed in the slightly and very slightly decreasing slope categories. Fur-
thermore, the glucose drops also longer and faster with insulin on board. In spite of, the fast
decreasing category show slightly opposing results as the glucose levels of the without insulin
on board group drops about 10 minutes longer than the insulin on board group.

As hypothesized, the insulin amount distributions shows that more insulin is on board by the
faster decreasing slopes. Yet, no correlation was seen between slope and amount of insulin on
board (see Appendix B.3). However, the distribution of baseline glucose values are similar for
cluster with and without insulin on board, except for the first two slowly decreasing slopes, where
the most difference in glucose response is observed. In Appendix B.4 the plots are shown for
nighttime data only.
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(a) Day

(b) Night

Figure 4.1: Glucose excursion with and without insulin on board A) throughout the entire day
B) during the night. The solid line represent the median reaction, the shaded area between
the dashed lines is the range between the first and third interquartile. • is the point where the
maximal decrease in glucose is reached and ⋆ were baseline glucose is recovered.
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Figure 4.2: Slope analysis: Glucose Response, Insulin Unit Distribution, and Baseline Glucose
Distribution. The rows represent the categories; clusters with similar preceding slopes in or-
der of faster descending slopes. The first column, shows the glucose response after glucagon
dosage with (IOB, blue) and without (no IOB, red) insulin on board. The solid line represent
the median reaction, the shaded area between the dashed lines is the range between the first
and third interquartile. • is the point where the maximal decrease in glucose is reached and ⋆
were baseline glucose is recovered. The second column, shows the distribution of total amount
insulin administered in the past hour before glucagon dosage, with the y-axis representing prob-
ability density. The last column shows the distribution of baseline glucose values measured at
the first glucagon dosage for IOB and no IOB group.

4.4 Discussion

Summary of findings
This study found that glucagon dosages with insulin on board reduces the impact of glucagon
on the glucose response. Glucose levels show a 13 minutes longer and -0.25 mmol/L more
pronounced decrease while also exhibiting a 0.49 mmol/L less increase within an 80-minute
timeframe. At night, this difference is even more pronounced. In general, a more significant
decrease in the slopes corresponds to a greater and more prolonged reduction in glucose lev-
els regardless the presence or absence of insulin on board. Comparing clusters with insulin on
board and no insulin on board, difference are visual at the lowest decreasing slopes and a slight
opposing trend observed at the steepest declining slopes.

Relation with literature
Literature has already shown that insulin impact the response of glucagon [13, 27]. The glucose
raising effect of glucagon is impaired by presence of high insulin levels. However, at moderate
and low levels of plasma insulin, glucagon raises the glucose levels in a dose-dependent man-
ner. In this study, the administered insulin doses over the past hour vary widely, ranging from
0.25 to 43 units. This variability likely extends to diverse levels of insulin plasma, as these are
not measured in this study. Therefore, fully endorsing the findings observed in the academic
literature is not feasible. However, the results of this study have shown that the glucose raising
effect of glucagon is less when insulin is on board.

Slope analysis
Similar preceding slopes were categorized to be able to compare similar situations excluding
effects of other factors. The difference in glucose response with and without insulin on board
became less prominent as the preceding slope is steeper. In this sub-analysis, the slope is
considered as the independent variable and observed glucose response difference as the out-
come. This analysis reveals a slope-dependent effect whether or not insulin on board appears
to influence the glucose response to glucagon. Hence, interpreting these findings is challenging
due to the complex causality and additional confounding variables. First of all, the distribution
of baseline glucose of the two least steep slope categories differs significantly between the two
groups. Secondly, a relatively higher frequency of clusters with insulin on board in the steepest
slope categories is observed. Steeper slopes, regardless of whether insulin is on board or not,
already exhibit more significant declines in glucose levels compared to less steep slopes. This
observation suggests that prioritizing the preceding slope might hold more significance than
considering the administration of insulin in the past. Nevertheless, relatively more cluster with
insulin on board and less without insulin on board where seen with steeper slopes.

Strength and limitations
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The primary strength of this study lies in its utilization of real-world data, allowing for insights
into the effects of insulin on board within dynamic settings. However, the inherent complexity of
real-world data presents certain drawbacks, given the diverse and varied nature of each situa-
tion, resulting in difficulties to drawn conclusion about the cause - effect relations. Furthermore,
insulin on board is taken into account as a binary variable rather than categorical or contin-
ues. The variability in insulin sensitivity and clearance across individuals and circumstances
is not accounted for in this study and therefore lacks the possibility to generalize the results
to individuals and situations. Lastly, a major disadvantage is not incorporating the amount of
administered glucagon units, as it is known to have a dose-dependent effect on glucagon. Nev-
ertheless, limited data is available at this moment to subdivide it on also the glucagon dosage.

Conclusions and further research
In conclusion, this study aimed to analyze the interaction between insulin on board and the
effectiveness of glucagon. Glucagon dosage with insulin on board results in less glucose ex-
cursion on average 13 minutes longer and 0.25 mmol/L less maximal decrease. However,
preceding slope seems to be more determined factor to the effect size of glucagon than the
amount of insulin on board. To enhance the study’s robustness, future research could explore
the incorporation of variables such as insulin sensitivity and clearance, or alternatively, consider
using plasma insulin levels to provide a more nuanced approximation of insulin on board. This
adjustments has the potential to facilitate comparisons with existing literature, often based on
fixed settings. Additional research is needed to identify more factors explaining the effect size
of glucagon to improve glucagon to develop a full picture which factors are important to consider
to further develop the treatment with bihormonal closed-loop system.
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5 Intra- and inter-variability in glucose response of glucagon

5.1 Objective

In the previous chapter the effect of insulin on board was evaluated. Yet, all contributing factors
to the observed difference in and between individual glucose response to glucagon is not fully
examined. Examining potential contributing factors could offer valuable insights for improving
diabetes management with bihormonal closed-loop systems. This exploration may suggest the
inclusion of additional parameters in the algorithm or the optimization of personal settings to
enhance treatment goals.

5.2 Methods

5.2.1 Dataset

The methodology employed in this study closely mirrors that of chapter 3, utilizing the identical
participants, dataset and data preprocessing. The clustering of glucagon dosages was applied
as mentioned in Chapter 3.2.2. For this study clusters starting with a glucagon dosages without
blockage were included.

Additional data of the cluster were retrieved: Baseline glucose value (BGM0), preceding slope
(slope10min), total units of glucagon given in a cluster (UG). BGM0 was calculated by the mean
glucose level in a two-minute window, one minute before and one minute after the start of the
cluster, in order to reduce impact of sensor errors (as discussed in Chapter 2.2.1) . Slope10min
was retrieved from averaging all the measured slopes in the 10 minutes before the first dosage.
UG was the sum of all glucagon dosages in the cluster except for the anti-blockage dosages.

In addition, the age and gender were known for all patients. Additional patient characteristics
were included from a specific subset of patients, as this data was not available for all patients.
These patient characteristics were diabetes duration at start inclusion date, HbA1c before start
AP treatment and total daily dosage insulin before start AP treatment (TDDibAP). Moreover, for
all patients the average TDDi and the average insulin curve and VI setting over the study period
were calculated.

5.2.2 Data analysis

Analyses were performed for inter- and intra- variability factors, which refer to the factors in-
fluencing the glucose response to glucagon within an individual (intra-variability) and between
individuals (inter-variability). All analyses were also carried out using only nighttime data, with
clusters initiated between 00:00 and 06:00 hours, in order to exclude the impact of meals and
exercise. Table 5.1 shows the included factors and categories the clusters were divided into.
Categories were based on reasonable intervals and ensuring that at least 5 patients were in-
cluded per category to ensure a comprehensive and representative sample. Of all clusters,
the delta glucose values were calculated each minute over a timeframe from 10 minutes be-
fore until 80 minutes after first glucagon dosage. For the inter-variability factors, clusters were
grouped per category and averaged per minute using the median. Intra-variability factors were
assessed by initially calculating the median average within a patient and subsequently calcu-
lating the median for each category. This two consecutive steps of averaging was applied in
order to prevent patients with higher number of clusters from disproportionately influencing the
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Variables Measure Categories
Inter-variability
BGM0 Baseline glucose measure-

ment
mmol/L [<3, 3.0-3.9, 4.0-4.9, 5.0-5.9, ≥ 6.0]

Slope10min Average of 10 minutes pre-
ceeding slope

mmol/L/h [-2 to 0, -4 to -2, -6 to -4, -8 to -6, -8
to -10, ≤ -10]

UG Amount of glucagon injected
in cluster

units [<12,12-22,23-33, 34-44, >44]

Intra-variability
Gender - - [male, female]
Age Age at start inclusion study years [20-29, 30-39, 40-49, 50-59, ≥ 60]
BMI body mass index at start AP

treatment
kg/m2 [<20, 20-24.9, 25-29.9, ≥ 30]

Diaduration Time diagnosed with diabetes
at start AP treatment

years [<10, 10-19, 20-29, 30-39, ≥ 40]

HbA1c HbA1c measured before start
AP treatment

mmol/mol [<48, 49-53, 54-64, 65-75, ≥ 76 ]

TDDbAP Total daily insulin dosage be-
fore AP treatment

units [<40, 40-59, 60-79, 80-99, ≥ 100]

TDDAP Averaged total daily insulin
dosage during study

units [<40, 40-59, 60-79, 80-99, ≥ 100]

Icurve Average Insulin curve setting % [<25, 25-50, 50-75, 75-100, >100]
IVI Average Insulin VI setting % [<2.5, 2.5-5.0, 5.0-7.5, 7.5-10.0,

>10]

Table 5.1: Factors included in this study including definition, unit of measure and categories
clusters were divided in.

results. The starting point for understanding the variations in glucose response was the differ-
ences between the categories. This assessment relied on visually inspection of the differences
between categories as depicted in the median delta glucose response plots.

5.3 Results

5.3.1 Dataset

In Table 5.2 patient characteristics are shown. Of the patients, 65 are male, 63 are female
and for one patient it was unknown. What stands out is that the insulin curve setting, insulin
VI setting and the TDD varies significantly, as women seems to be more insulin sensitive than

Male Female
N 65 (*36) 63 (*34)
Icurve 80 [57 - 111] 44 [33 - 70]
IVI 3.75 [3.00-5.75] 2.75 [1.75 - 3.75]
Age 49 [36 -55] 49 [41 - 56]
Diabetes duration* 26 [18 - 39] 26 [14.5 - 39.5]
HbA1c* 60 [55 - 68] 61 [54 - 67]
TDDibAP* 50 [38 - 72] 35 [30-51]

Table 5.2: Patient characteristics
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male patients.

5.3.2 Inter-variability

BGM0
Figure 5.1 shows the trajectory of glucose levels after glucagon dosage at various baseline
glucose values. What stands out from the figure is the inverse relationship between baseline
glucose level and the subsequent rate of change and magnitude of glucose excursion. Specif-
ically, lower baseline glucose level correlate with faster and more pronounced increase in glu-
cose excursion. Glucagon dosages administered during the night shows a less pronounced
response to glucagon than during day-time. At glucose levels below 3 mmol/L, this difference is
not visible in maximum glucose excursion but the trajectory differs. Additionally, it is noteworthy
that the preceding slope varies across the distinct baseline glucose categories.

Figure 5.1: BGM0: Inter variability in glucose response among various baseline glucose mea-
sures. Numbers of clusters during the entire day (nd) and during night only (nn). [<3.0] nd =
295, nn = 79; [3.0-3.9] nd = 5.039, nn = 1.174; [4.0-4.9] nd = 34.153, nn = 12.439; [5.0-5.9] nd =
25.895, nn = 5.517; [>6.0] nd = 133.300, nn = 21.679

Slope10min
Figure 5.2 shows the glucose excursion for clusters with different rates of decrease in glu-
cose levels before glucagon dosage. As the glucose levels decreasing faster, the glucose level
drops lower, takes longer to increase and will increase less. The maximum glucose excursions
is reached after 80 minutes and exhibit equality among the fastest three decreasing slopes cat-
egories. During the night, the glucose levels deviate after about 10 minutes from the trajectory
seen during the entire day. The glucose levels in the night drops longer and lower than dur-
ing the day. Moreover during nighttime, in the three fastest decreasing categories an infliction
point is visible around 25 minutes, where first the slope is decreasing and subsequently less
decreasing or even slightly increasing following a further decrease.
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Figure 5.2: Slope10min: Inter variability in glucose response among various preceding slopes
(mmol/L/h). Numbers of clusters during the entire day (nd) and during night only (nn). [-2,0] nd
= 50.892, nn = 16.370; [-4,-2] nd = 74.045, nn = 15.945; [-6,-4] nd = 31.058, nn = 3.613; [-8,-6]
nd = 14.495, nn = 1.116; [-10,-8] nd = 6.309, nn = 338; [<=-10] nd = 4.592, nn = 175

Ug
Figure 5.3 illustrates the variability among clusters with varying amounts of glucagon dosage
within each cluster. Throughout the day, the figure demonstrates that a lower requirement for
glucagon corresponds to an earlier deviation from the decreasing slope. During the day the
median glucose response shows an increasing slope within 80 minutes till 44 units and during
the night till 33 units of glucagon. During the night 73% of the clusters return to BGM0 within
80 minutes after one dosage, as there is no need for a second dosage of glucagon, compared
with 67% during the day. At night, the decreasing slope deviates between all categories after
10 minutes and during the day it takes up till 50 minutes before the last two categories deviates
from trajectory.

Figure 5.3: Ug: Inter variability in glucose response among various total glucagon dosages per
cluster. Numbers of clusters during the entire day (nd) and during night only (nn). [<12] nd =
133.504, nn = 29.956; [12-22] nd = 40.350, nn = 6.449; [23-33] nd = 15.192, nn = 2.358; [34-44]
nd = 5.945, nn = 1.188; [>44] nd = 3.656, nn = 934

5.3.3 Intra-variability

In all individual variable analyses, it is observed that the difference in glucose excursions be-
tween the categories varies less during the night than during the day.
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Gender
Figure 5.4 shows the median glucose excursion of female and male patients. The time to maxi-
mum glucose-drop and the magnitude of the glucose-drop are equal for both groups. However,
female patients show a faster increase afterwards in glucose levels during the day as well as
during the night. Female patients achieve approximately 10 minutes earlier their BGM0 than
male patients.

Figure 5.4: Gender, median glucose response of female and male patients during the entire
day and nighttime.

BMI
Figure 5.5 illustrates that glucose excursion after recovering baseline level correlates inversely
with BMI during the night. Throughout the day, individuals classified as underweight or normal
weight exhibit an increase of approximately 0.2mmol/L more than their overweight counterparts.

Figure 5.5: BMI, variability in median glucose response among patients with different BMI.

TDDi
Figure 5.6 shows the glucose trajectory of groups with various total daily insulin during the study.
The different groups shows diverse glucose trajectories after comparable decrease in glucose.
In general, patients who are using fewer insulin per day, show faster increase in glucose levels
and more increase after glucagon dosage. During the night, the difference between patients
using less than 40 units and their counterparts is even more pronounced. The total daily in-
sulin dosage before AP (TDDibAP) treatment demonstrates a comparable response as during
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AP treatment. The plot of variable TDDibAP is shown in Appendix C.7.

Figure 5.6: TDDiAP, variability in median glucose response among various total daily insulin
dosage during the study

Insulin settings
Figure 5.7 shows the variability in glucose response for different curve settings of insulin. Curve
settings less than 25% shows a faster increase of glucose level during the day and during the
night. It also shows a more significant increase in magnitude. VI settings shows less variability
between the groups (see Appendix C.9).

Figure 5.7: Icurve, variability in median glucose response among various insulin curve settings
during the study

Other factors
The remaining analysis of potential contributing factors does not show clear correlations in glu-
cose response. The figures can be found in Appendix C. Age shows no significant difference
in glucose response in both entire day and only night data. Diabetes duration shows a 0.1
mmol/L more decrease during the entire day in the categories till 19 years of being diagnosed
with Diabetes Type 1 compared to individuals with a longer diabetes duration. However, after
80 minutes the glucose excursion are consistent across all groups. A consistent trajectory is
observed among various HbA1c values before AP treatment during the entire day. However,
the maximum glucose excursion shows an inverse correlation with the magnitude of HbA1c.
During the night, this correlation does not hold completely true; yet, individuals with HbA1c lev-
els above 76 mmol/mol exhibit less glucose excursion compared to the other groups.
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5.4 Discussion

Summary of findings
This study has investigated the contributing factors of the glucose response to glucagon. The
inter-variability factors slope, baseline glucose level and amount of glucagon given are contribut-
ing to the glucose response. The intra-variability factor BMI has shown an inverse correlation
with glucose response, where the factors gender, total daily insulin dosage, HbA1c and insulin
curve setting showed an evident difference between a single group and the other groups. More-
over, the fluctuations in glucose are less significant during the night.

Relation with literature
Very little was found in the literature on the question of what the contributing factors are which
affect the glucose raising effect of glucagon. Most study assessed the plasma level of en-
dogenous produced glucagon in Type 1 diabetes during hypoglycemia instead of exogenous
administered glucagon [18, 30]. In two study, the pharmacodynamics for various exogenous
glucagon dosages were assessed by different levels of hypoglycaemia and non-hypoglycaemia
levels [4, 15]. Blauw et al. found that higher blood glucose levels show less glucose excursions
which is in line with the findings of this study [4]. The same study also revealed a correlation be-
tween higher glucagon dosages and increased glucose excursions. Hinshaw et al. also found a
dose dependency but did not find a hepatic glucagon sensitivity difference between euglycemia
and hypoglycemia [15]. However, it’s important to note that in this study, clusters of glucagon
dosages were employed within a closed-loop system. This system ensures that if a glucagon
dosage is insufficient, another dosage will be administered. Therefore, no literature is found
with comparable study design and no conclusions about the dosage dependency of glucose
excursion can be draw from the results in this study.

Implications
The results of this study has multiple implications: First, the results showed that the effect of
glucagon can vary between different preceding slope and baseline glucose values. This sup-
ports the importance of using these as input variables in the closed-loop algorithm. Although
the dosages already depend on these factors, these results do not show if this is sufficient to
prevent hypoglycemia. Second, repeated dosages of glucagon seem to work within 80 minutes
of the first dosage till 44 units, more glucagon dosages does not stop the glucose from decreas-
ing within 80 minutes. Nevertheless, it is unknown what happens when glucagon dosages
were stopped earlier. Third, gender and BMI may serve as indicators of how well an individual
responds to glucagon, alongside the insulin curve setting. Building upon the insulin curve as
a measure of insulin sensitivity, it could indicate a correlation with individual glucagon sensitivity.

Strength and Limitations
This study applies individual variable analysis to explore causality between the factor and glu-
cose response. This approach allows for a focused examination of the impact of a single vari-
able on the outcome, improving our understanding of the relationship. However, while providing
valuable insights, individual variable analysis may offer only a basic understanding of a complex
system. The number of patients in this study was limited, which could lead to non-comparability
of groups on confounding factors, thus affecting causal inference. Multivariate methods using
more patients could offer a more comprehensive exploration, showing more details of depen-
dency between variables and therefore a deeper understanding of its complexity.

Conclusions and further research
To conclude, the objective of this study was to evaluate potential factors, both within and be-
tween individuals, that play a significant role in inluencing the response to glucagon. The con-
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tribution of several factor to variations seen in and between patients is assessed by individual
variable analysis. Inter-variability factors BGMand slope contribute to the response to glucagon.
Evaluating the impact of glucagon dosage is challenging in this study and as a result, no conclu-
sions are drawn. Intra-variability factors as BMI, TDDi and insulin curve setting shows correla-
tion with the glucose excursion, indicating a possible correlation between insulin and glucagon
sensitivity. However, further research is needed to connect this gained knowledge and applica-
tion in the AP treatment. In individuals, AP treatment could be adapted by changing glucagon
or insulin settings. Research should be performed to investigate how these settings influence
treatment.
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6 Glucagon release in the bihormonal closed-loop system

6.1 Objective

In the past chapters the effect of glucagon on the glucose levels was examined under various
conditions. However, the dosage of glucagon was determined by the AP algorithm. The im-
pact of glucagon settings and how changes in these settings affect the AP treatment remain
unknown. This study examines the influence of glucagon settings on glucose regulation. This
may provide valuable knowledge to optimize settings in the AP treatment.

6.2 Methods

6.2.1 Dataset

This study utilized the dataset mentioned in chapter 3.2.1, which includes among others, con-
tinuous glucose measurements, time and amount of glucagon- and insulin dosages and per-
sonalized settings. Glucagon settings consists of curve, maximal correction injection (VI) and
maximal extra injection (EI). Standard settings for glucagon were 11 units for VI and 8 units for
EI and can only be adapted manually. Curve injections were excluded in the analysis because
this setting does not differ among patients. Insulin settings only consist of curve and VI settings
and can be changed both manually and by self-learning algorithm of the AP.

6.2.2 Data analysis

To assess the impact of glucagon settings on glucose regulation, periods of consecutive days
without any adjustments in glucagon settings were identified and extracted for every patient, de-
fined as periods. Periods of less than 4 weeks were excluded, to minimize the variability from
short periods of time. Three forms of glucagon settings and three levels of glucose regulation
with multiple outcome variable were defined, so nine combinations were formed (see Figure
6.1).

Glucagon settings were assessed on three levels:

1. Absolute settings: periods of all patients with same glucagon VI or EI were grouped and
compared with other settings.

2. Ratio between glucagon and insulin settings: periods with different glucagon and insulin
settings were compared to investigate the impact on glucose regulation. Categories were
generated by combining different glucagon settings and insulin curve setting as measure
for insulin sensitivity. Glucagon settings included standard (VI 11 EH and EI 8 EH) or re-
duced glucagon (lowered EI/VI). Insulin settings varied across low, moderate, and high,
determined by median insulin curve settings in that period: low (<25%), moderate (25%-
50%), and high (>50%). These six combinations formed the basis for the ratio assess-
ments.

3. Change in glucagon settings: participants were selected by whom a glucagon setting
was changed within the study period. Difference in periods before and after the change
were compared between lowered setting, increased settings and a reference group. The
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reference group comprises individuals without any change in glucagon setting during the
study period, and the deviation is calculated from the group median of these participants.

Categories at the three levels of glucagon settings were compared on outcome measures at
three different levels related to glucose regulation:

1. Overall management: parameters of overall glucose management were Time in Range
(TIR), Time Above Range (TAR) and Time Below Range (TBR). First, the median glucose
of every 5 minutes was calculated to reduce the amount of data in order to stay within the
limits of computational capacity. Thereafter, the percentage of time with glucose values
below 3.9 mmol/L, between 3.9 and 10.0 mmol/L, and above 10 mmol/L corresponding
to TBR, TIR, and TAR, respectively, was calculated for each period of identical setting
settings per patient.

2. Hormone usage: parameters were median daily dosage insulin (TDDi) and glucagon
(TDDg). Moreover, the median amount and number of injection per kind were also as-
sessed.

3. Clusters: parameters based on the cluster defined in Chapter 3.2.2 were median num-
ber of clusters per day, median cluster duration (time between first and last dosage) and
median amount of glucagon in cluster.

Boxplots were generated for each outcome parameter to facilitate visual comparison among the
categories.

Figure 6.1: Overview of method. The blue boxes highlight three forms of glucagon settings -
absolute value, glucagon/insulin setting, and setting changes. The light blue boxes show the
categories which are compared. Pink boxes indicate the levels of glucose regulation, with light
pink boxes illustrating specific outcome parameters against which the categories are compared.

6.2.3 Statistical analysis

Statistical tests were performed on all analyses. Non-parametric Kruskal Walis test was carried
out to analyze absolute glucagon settings and determine if there were any significant differ-
ences among the glucagon settings. Mann-Whitney U-test was performed by analysis of ratio’s
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and change in glucagon setting. The groups were compared between custom and standard-
ized settings within similar insulin settings. Effect of changing glucagon setting, both lowering
and increasing, was only compared with the reference group. P-values <0.05 was considered
significant different.

6.3 Results

6.3.1 Dataset

259 periods are identified of which 25 periods with a duration of less than 4 weeks are excluded.
The periods have a median duration of 153 days [IQR: 104-266 days]. Thirty-five percent of the
periods consist of standard glucagon settings. A total of 107 adaptions in glucagon settings were
made within a year, comprising 48 reductions and 59 increases. Noted, 21 of these increases
in glucagon settings are due to adaptions by a software update.

6.3.2 Absolute glucagon setting

Comparing various glucagon settings showed us the following: Firstly, analysis of distribution
of TAR, TIR and TBR for different glucagon VI and EI settings has not shown significantly dif-
ferences (see Appendix D.10). Secondly, figure 6.2 shows the total mean glucagon dosage
and insulin dosage per day by different glucagon VI and EI settings. TDDi is lower by custom
VI and EI setting but no significant difference is observed for TDDg. Additional differentiation
between mean daily dosage curve, VI and EI dosages and number of injections showed am-
biguous results. Thirdly, figure 6.3 shows that, the number of clusters increases on average one
cluster per day more by lower VI and EI injection than standard settings. The typical dosage
administered within a cluster closely aligns with the VI setting, suggesting that the amount of a
single VI is usually given in a cluster and likely sufficient most of the time. As most clusters only
contains a single VI and therefore the duration of cluster is zero minutes, it takes longer for the
other clusters to restore the desired glucose target. A maximal VI setting of 6 units showed a
significant increase than the other settings even as a maximal EI setting of 4 and 1 units.

Figure 6.2: Hormone usage per glucagon setting. N = number of periods.
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Figure 6.3: Cluster parameters per glucagon setting. N = number of periods.

6.3.3 Ratio of glucagon and insulin settings

Examining periods with varying ratios of glucagon and insulin settings reveals the following:
First, Figure 6.4 shows the TIR, TAR and TBR for several combinations of glucagon and insulin
settings. The high insulin curve category shows a significant difference between custom and
standard glucagon setting in TBR. The periods with customized glucagon settings are longer
below 3.9 mmol/L. No significant difference between the other categories or ranges. Second,
figure 6.5 shows the hormone usage per category. In contract with the absolute settings, it
showed no difference in TDDi between standardized and customized glucagon settings. Nev-
ertheless, the TDDi correlates with the insulin curve, the greater the insulin curve setting, the
more insulin use. The median glucagon usage varies within 5 units per day for each category.
Only the moderate insulin curve settings shows significantly less glucagon use by custom set-
tings. Third, figure 6.6 explains that glucagon dosages remain relatively consistent across all
categories as the number of clusters increases, while the dosage within each cluster decreases
for lower glucagon settings. Cluster durations do not differ significantly between standard and
customized glucagon settings.
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Figure 6.4: Overall glucose management per ratio between glucagon setting and insulin curve
setting. Standard is default glucagon settings. Custom is adapted to lower VI and/or EI glucagon
setting. Low <25% insulin curve, Moderate 25-50% and High >50%.

Figure 6.5: Hormone usage per ratio between glucagon setting and insulin curve setting. Stan-
dard is default glucagon settings. Custom is adapted to lower VI and/or EI glucagon setting.
Low <25% insulin curve, Moderate 25-50% and High >50%. n = number of periods
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Figure 6.6: Cluster parameters per ratio between glucagon setting and insulin curve setting.
Standard is default glucagon settings. Custom is adapted to lower VI and/or EI glucagon setting.
Low <25% insulin curve, Moderate 25-50% and High >50%. n = number of periods

6.3.4 Change in glucagon setting

Comparing periods before and after change in glucagon setting reveals the following results:
Firstly, changes in glucagon setting shows that all ranges could change in both directions but
are within the variation seen in the reference group (see Appendix D.11). In general, the ranges
do not change more than 10 minutes per day. Secondly, figure 6.7 shows the difference in TDDi
and TDDg when glucagon settings are changed. Glucagon use is less when glucagon settings
are reduced. Nevertheless, an increase in glucagon settings does not significantly change the
glucagon usage. Moreover, insulin usage is not significantly affected by adaption of glucagon
settings. Thirdly, figure 6.8 shows the outcome parameters at cluster level. Lowering glucagon
settings in general caused a decrease in the amount of clusters per day, decrease in cluster
duration and less units of glucagon in a cluster. Increasing the glucagon dosage exhibits a sim-
ilar effect as decreasing, except that the glucagon dosage per cluster remains constant.

Figure 6.7: Hormone usage changes by modification glucagon settings. n is number of periods
included.
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Figure 6.8: Cluster changes by modification glucagon settings. n is number of periods included.

6.4 Discussion

Summary of findings
The results shows that no specific glucagon settings give better glucose management or less
hormone use. Hormone use remains constant across all glucagon settings, given that most
clusters consist of a single VI. Yet, lower settings are associated with a higher number of clus-
ters per day. Analysis adjusted for insulin sensitivity shows that for the high insulin curve setting
only, TBR is slightly elevated by patients whereby the glucagon settings are customized. More-
over, insulin usage is more dependent on insulin curve settings than glucagon settings. On
average, adapting glucagon settings does not affect the overall glucose management neither
the insulin use. However, with lowered glucagon settings, the total glucose use is reduced as
the clusters occurring less often and clusters contain less glucagon dosages without increase
in cluster duration. This suggests that reducing glucagon settings is justified, as fewer amount
of glucagon in a cluster is required and it does not take longer to slow down the glucose decline.

Absolute glucagon settings and ratio between settings
At the group level, no significant difference is found in overall treatment goals across various
glucagon settings, suggesting that a one-size-fits-all approach is not applicable. However, dif-
ferences in insulin use is found across various glucagon settings. Patients with higher glucagon
VI and EI shows higher TDDi than patients with custom settings suggesting that TDDi is lower
by custom glucagon settings. Nevertheless, these results may be biased by the fact that more
patients with lower insulin curve settings also have reduced glucagon settings, given that in-
sulin settings more strongly influence insulin use. It appears that patients with higher insulin
sensitivity, as indicated by lower insulin curve settings, are more likely to obtain lower glucagon
settings, probably caused by a higher glucagon sensitivity. In contrast, the patients with higher
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insulin curve settings and lower glucagon settings, showed more time below range than patients
with standard glucagon settings. A possible explanation could be that these patients have re-
ceived more insulin, whereby glucagon has a reduced impact on the glucose levels resulting in
more time below range. So, at group level insulin curve setting results as indicator to glucagon
sensitivity. Therefore insulin curve settings could be taken into account by determine glucagon
settings, where high insulin curve setting corresponds with high glucagon setting and low insulin
curve with lower glucagon setting.

Change in glucagon setting
As the preceding paragraph addresses the group-level results, this section dives into the specifics
of what can be anticipated when making individualized setting changes. When glucagon set-
tings are changed, all three ranges can change both increasing and decreasing. However, on
average is does not deviate much from the original ranges and the average is within variations
seen in the control group. An important expected change is the potential decrease in glucagon
use, attributed to a reduction in dosage per cluster and the number of clusters per day, without
an increase in cluster duration. If the cluster duration increases, it may indicate that insufficient
glucagon is being administered to effectively slow down the decline and maintain glucose levels
within the desired range. Moreover, it is not yet clear if reduction of the number of clusters can
be attributed to prevention of the jojo-effect which are caused by glucagon injections. Never-
theless, it is crucial to evaluate whether these adaptations yield the desired response on an
individual basis as this varies between individuals.

Strength, limitations and further research
This study investigated the effect of glucagon settings on multiple levels (overall glucose man-
agement, hormone use and clusters) in real world data. As these levels give more insights in
differences seen between different settings, this data has a disadvantage of selection bias. Pa-
tients who has customized settings, have shown indications of increased reaction to glucagon
or experience side effects. Therefore, the results only apply to patients which shown indica-
tions to decrease settings. It does not provide information what customization does in the other
patients without indications of decreasing settings. Nevertheless, this study presents general
findings that could be expected, potentially easing the boundary or providing additional rationale
to reduce glucagon settings for healthcare professionals. Another limitation of this study lies in
the inclusion of periods. Patients with unmodified glucagon settings throughout the study period
are represented by only one period, while other patients have more periods and are included
multiple times, potentially overemphasizing a select group of patients. Nevertheless, a patient
centered approach is needed in treatment of diabetes and glucagon settings should only be
adapted to a selected group of patients which has indications such as jo-jo effect or side effects
of higher glucagon dosages. This study shows evidence what changes in glucagon settings
does in real world data at group level. Further research should validate quantitative measures
which can be monitored in individuals to assess the effects of customization of glucagon set-
tings, as this could reduce assessment time for healthcare providers and improve patient out-
comes.

Conclusion
In conclusion, this study aims to investigate the impact of glucagon settings on the glucose
regulation. Absolute glucagon settings did not show on average difference in overall glucose
management en hormone usage. This indicates that there is no one-fits-all glucagon setting for
all patients. Patients with high insulin sensitivity were more likely that glucagon settings were
decreased. However, these patients uses on average the same amount of glucagon as patients
with standard settings. Nevertheless, decreasing glucagon settings within a person could result
in less glucagon use in that individual but with a reduced cluster duration and preserved TBR.
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7 Patient Clustering for Optimized Glucagon Settings

7.1 Objective

The previous chapters showed the need of customization of glucagon settings in the bihormonal
closed-loop system. In this chapter, cluster analysis will be performed to group patients based
on the prediction of how well they respond to glucagon. This method might enables the cus-
tomization of glucagon settings for specific patient clusters, promoting personalized approaches
from the start of the treatment.

7.2 Methods

7.2.1 Dataset

The variables included in this study are numerical data which could be known before the start
of treatment, originated from Chapter 5 and 6: BMI (kg/m2), HbA1c (mmol/mol), age (years),
diabetes duration (years), TDDibAP (units).

7.2.2 PCA

Principal Component Analysis (PCA) is conducted to assess the explained variability of the
variables, with the potential goal of reducing many correlated variables in the dataset. PCA is
affected by scale, therefore the variables are scaled by subtracting the mean and dividing by the
standard deviation. Thereafter, two PCA are executed using sklearn package. The first PCA
only contains BMI and TDDibAP, as these variables shows correlation with glucose response to
glucagon. The second PCA is applied with all variables. Loading values are noted and a scree
plot is made for each PCA. If the eigen value of the first principal component is more than 70%
of total sum of the eigen values, i.e. explain more than 70% of the variability, the loading values
are reviewed on importance of variables. If a variable in the first principal component adds little
to the explanation of variability, it is omitted from the cluster analysis.

7.2.3 Data analysis

Variables as input for the cluster analysis are determined on outcome from the PCA. K-means
approach is used to cluster the patients groups, as this is an straightforward and easy to inter-
rupt method which is a great starting point. K-means clustering is sensitive to scaling therefore
the variables are scaled in the same manner as during the preprocessing of PCA. Two clusters
are chosen, as the patients should be distinguish between standard and custom settings. To as-
sess whether the clusters accurately represent glucagon response and corresponding settings,
a comparison of the glucagon settings among the patients within each cluster is conducted.
Glucagon settings is reviewed by the minimal glucagon VI setting in the study period, as this
shows the most distinction between the desired setting. The outcome measures include sensi-
tivity, indicating the percentage of patients with custom settings in the study period clustered in
the custom setting group, and specificity, representing the percentage of patients with standard
settings assigned standard settings.
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7.3 Results

7.3.1 Dataset

Seventy patients with known TDDibAP and BMI were included in the study. All variables were
available for 66 patients. Custom settings (glucagon VI and/or EI) were utilized for 49 out of
the 70 patients (70%). The numbers of patients with glucagon VI values of 11, 8, 6, and 5 units
were 39 (56%), 22 (31%), 6 (9%), and 3 (4%), respectively.

7.3.2 PCA

Figure 7.1 shows the explained variance per component for PCA 1 and PCA 2. The explained
variance represents the proportion of an eigenvalue for a component in relation to the total sum
of eigenvalues. The first principal component of PCA 1 explains 75% of the observed variance.
The corresponding loading values of component 1 are 0.707 for both variables BMI and TDDi,
meaning that both contributing equal to the first principal component and are positively corre-
lated. The second PCA did not show a component more than 35% of the sum of eigen values.
Since no single variable accounts for a substantial portion of the variance, none of the variables
are diminished for the cluster analyses.

Figure 7.1: Scree plots. The variables used in the left plot consists of TDDibAP and BMI. The
right plot shows the results of the PCA with all variables included.

7.3.3 Cluster analysis

Figure 7.2 shows a scatter plot with assigned clusters and confusion matrix. What stands out is
that the clusters are separated diagonally, indicating that both insulin usage and BMI are influ-
ential in defining the clusters. The scatterplot reveals that the clustering method with those two
variables may not be effective, as the custom and standard settings do not exhibit clear separa-
tion based on the two variables. This suggests limitations in the ability of these variables, insulin
usage, and BMI, to distinctly define the clusters. The sensitivity is higher than the specificity,
indicating that this cluster model is better at predicting custom settings than standard settings.
A precision of 75% has been achieved, indicating that 3 out of 4 patients who were predicted to
belong to the custom cluster actually had custom settings during the treatment.
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(a) Scatter plot displaying the relationship between BMI
and Total Daily Insulin Use before AP treatment. Each
marker represents a patient, where the color indicates the
cluster assignment and the marker corresponds to stan-
dard or customized glucagon setting. The size of the
marker corresponds to the minimal glucagon setting.

(b) Confusion matrix. TP = True Posi-
tive, TN = True Negative, FN = False Neg-
ative, FP = False positive. Sensitivity =
TP/(TP+FN), specificity = TN/(TN + FP), Pre-
cision = TP/(TP+FP), NPV = Negative Predic-
tive Value = TN/(TN+FN) and accuracy = (TP
+ TN)/(TP + TN + FP + FN)

Figure 7.2: Cluster algorithm applied to variables: BMI and TDDibAP

The results of the second cluster analysis are shown in Figure 7.3. The scatter plot shows the
clustering assignment in the TDDibAP- BMI plot. It is notable that the cluster assignment appears
random in this plane and does not accurately reflect the actual glucagon setting classes. As
presented in the glucagon confusion matrix, the sensitivity is 62% and specificity 48%.

(a) Scatter plot displaying the relationship between BMI
and Total Daily Insulin Use before AP treatment. Each
marker represents a patient, where the color indicates the
cluster assignment and the marker corresponds to stan-
dard or customized glucagon setting. The size of the
marker corresponds to the minimal glucagon setting.

(b) Confusion matrix. TP = True Posi-
tive, TN = True Negative, FN = False Neg-
ative, FP = False positive. Sensitivity =
TP/(TP+FN), specificity = TN/(TN + FP), Pre-
cision = TP/(TP+FP), NPV = Negative Predic-
tive Value = TN/(TN+FN) and accuracy = (TP
+ TN)/(TP + TN + FP + FN)

Figure 7.3: Cluster algorithm applied to variables: BMI, TDDibAP, HbA1c, Age and Diabetes
duration

7.4 Discussion

Summary
In summary, the observed variance cannot be adequately explained by a single or a couple of
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factors. The PCA did not reveal a clear relationship or dominant factor influencing the variance
observed in the dataset. The K-means cluster algorithm achieved a maximum sensitivity of
67% and a specificity of 48% to cluster patients with custom glucagon VI settings. The cluster-
ing performance did not improve with the inclusion of more values; instead, there was a slight
decrease in sensitivity.

Application of clustering
Optimal settings at the start of AP treatment may offer benefits such as user-friendly initiation
and reduced need for clinician interactions at the start. Therefore, the application of clustering
in determining initial glucagon settings should meet certain performance criteria. Various con-
siderations need to be taken into account in this regard. As glucagon functions as a hormone to
counteract decreasing glucose levels and prevent hypoglycemia, ensuring an adequate admin-
istration is crucial. However, adjusting glucagon settings downward could result in potentially
insufficient effects on glucose levels, as glucagon is dose-dependent. Therefore, it becomes
necessary to carefully assess the possibility of decreasing glucagon settings while maintaining
the desired impact on glucose regulation. On the other hand, minimizing the use of hormones
is preferred, ensuring only essential amounts are administered. For instance, the intensification
of insulin use may lead to weight gain and potentially increase insulin resistance [28]. The long-
term effects of continuous glucagon dosages are not widely studied. Nonetheless, embracing
a strategy of reduced hormone use not only holds the potential for improved health outcomes
but also stands to benefit healthcare costs. Summing up, in a closed-loop system, the risk of
underdosing glucagon outweighs the risks associated with overdosing. Hence, the clustering
method in this study lacks the necessary high specificity for predicting custom glucagon settings.

Limitations
A limitation in this study is the comparison between clusters with minimal glucagon VI settings,
as this may not always represent the optimal setting in all cases. In certain patients, there
might be a potential to reduce glucagon settings. However, in current practice, adjustments
to glucagon settings typically do not occur unless issues such as the jo-jo effect or excessive
glucagon usage arise. In other patients, glucagon settings were adjusted in response to expe-
rienced side effects. However, these changes in settings may not always optimize the glucose
regulation for these particular patients. Another limitation lies in the low ability to generalize
the results to all AP users. The patient information prior to treatment was only accessible for a
specific subset of patients, who, on average, exhibited a higher prevalence of custom glucagon
settings compared to other patients included in the other studies within this thesis.

Conclusions en further research
The objective of this study was to assess if groups of patients can be identified which are compa-
rable and benefit from the same glucagon settings. Although the performance of the clustering
is not sufficient for direct implementation in practice, it has demonstrated that BMI and TDDibAP
maintain their value even when additional variables are excluded. Further research could ex-
plore other cluster algorithms as they have their own properties. Besides applying other cluster
algorithms, the optimal glucagon settings for all patients should be determined. This could be
by assessments of reports or by changing the glucagon settings till optimal settings. The initial
method is safer for the patient and less time-consuming, but it is susceptible to interpretations
by the researchers when compared to the experimental study design.
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8 Advancing the use of glucagon in bihormonal closed-loop
system

8.1 Introduction

With the introduction of the AP, fully automated controlling blood glucose levels is possible. One
of the contributors to accomplish this, is the addition of glucagon dosages to the diabetes treat-
ment. Little was known about continuous glucagon use in real-life setting. However, research
is done with obtained data from real life use of the AP. This chapter provides education and
offers advice for AP treatment for healthcare professionals.

8.2 Current practice

Glucagon settings will be adapted if the glucose curve shows indications which are qualitative
reviewed by healthcare professionals. Indications could be occurrence of the jojo-effect, alter-
nating pattern between glucagon and insulin injections accompanied by corresponding glucose
level adjustments, caused by excessive response to glucagon (Figure 8.1a). Another indica-
tion could be that patients experience side effects like nausea by higher glucagon dosages.
Glucagon settings will be reduced based on visual inspection of the glucagon dosages over
multiple days, taking into account time of the day, presence of insulin VI or curve dosages.
Type of setting is determined based on which injection VI or EI caused the most problems.

8.3 Scope of Recommendations

8.3.1 Healthcare professionals

Comprehending the Situation
It is important to identify the underlying causes of failures to maintain normoglyckemia, specif-
ically focusing on the factors contributing to hypoglycemia in this context. First of all, the AP
should not be paused manually or interrupted due to system errors such as glucagon blockage.
Glucagon blockages ensures that no or too little glucagon is delivered into the subcutaneous
tissue. Moreover, we known that insulin on board diminish the response to glucagon. So, if
a lot of insulin is given before glucagon injections this could be the cause that glucagon could
not prevent hypoglycemia. Therefore, insulin overdosing in bihormonal closed-loop is not effec-
tive [1]. Furthermore, regardless the amount of insulin on board, glucagon injections following
rapid decreasing glucose levels also does not decline the decreasing glucose levels sufficient
enough. Also, the blood glucose is an important factor as the effect of glucagon is less with
higher blood glucose. In addition, it takes on average 10 to 20 minutes before glucose levels
stops to drop and start to increase. If this takes longer, multiple times, this could be a sign of an
absorption problem. It is noteworthy, that till 40 units of glucagon, the glucose levels is going to
increase within 80 minutes after the first dosage.

Considerations and anticipated outcomes
The studies in this thesis indicated that females, patients with normal or low BMI, those with
insulin curve settings less than 25%, and less <40 EH total daily insulin use, exhibited a faster
and more elevated response to glucagon than their counterparts. So, these could be signs
supporting a better fit with lower glucagon settings. Moreover, if patients are losing weight or
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gaining a lot of weight, this could also be signs to reevaluate the insulin and also glucagon set-
tings.

Data showed that, on average, when glucagon settings were lowered this does not affect the
TBR, TIR and TAR, but it does reduce the glucagon use per day. Most of events which prevent
hypoglycemia, are sufficient with a single VI injection. So, changing the VI has probably more
effects on the regulation than EI. Reducing glucagon settings does not show less insulin usage
and therefore reducing glucagon settings is not indicated to reduce insulin usage. It is advised
to balance safe amount of glucagon but not give more than needed. A rule of thumb is that
glucose levels in normoglyckemia do not necessarily need to increase, but they typically do
not decrease significantly further into hypoglycemia for most instances when glucagon is dosed
correctly. Thereby, it is important to evaluate when settings are changed if the desired effect is
reached and not negatively affecting treatment goals.

Advice for medical support and healthcare professionals
To concretize the advice, consideration should be given to adjusted settings if glucagon does
not prevent hypoglycemia, total daily glucagon usage is high (>60 units), give side-effects or
responds excessive. A flowchart is provided in Appendix E.12 to assist healthcare providers in
determining the appropriate steps to take. It is important to note that the flowchart should be
used based on the general impression gathered over at least two weeks, rather than occasional
occurrences. Firstly, consideration should be given to adjust insulin settings if, on multiple oc-
casions and over several days, more than 2 units of insulin have been administered in the hour
preceding glucagon dosage, or if the glucose level decreases by more than 6mmol/L per hour at
the time of glucagon dosage. The decision on which insulin setting to modify should be based on
individual glucose patterns. For instance, if multiple dosages curve injections are given before
glucagon dosages, then the insulin curve setting should be reduced. Moreover, if post-prandial
peaks are already high (>12 mmol/L) and therefore it is not favorable to reduce the insulin VI
setting, the insulin curve setting should be reduced. Secondly, in order to reduce the total daily
glucagon dosages, overdosing of insulin should be excluded, after which the occurrence of the
jojo effects can be examined. If the jojo-effect is caused or maintained by glucagon dosages,
glucagon setting should be decreased depending on which injection is given, most likely VI.
When the jojo-effect is not the cause of high glucagon usage, the glucagon EI should be re-
duced. Thirdly, if patients report side-effects from glucagon stacking. It could be considered
to reduce the glucagon settings, preferably glucagon EI setting. However, the events where
glucagon is not stacking should be reviewed to, especially when insulin curve setting > 50%,
because the TBR might increase. If glucagon settings should be changed, it would be done
in steps of 2 à 4 units till desired effect is reached or undesired effects appears. Fourthly, if
patterns of excessive glucagon response are observed, it should be examined whether insuf-
ficient glucagon effect also occurs. In that case, no change should be made; otherwise, the
glucagon setting, which is likely causing the jojo effect, should be reduced. Finally, it could
be considered, when glucose regulation is stable, to determine glucagon settings based on
TDDi and insulin curve settings, as lower usage and settings correspond to a more pronounced
glucagon response. Those patients showed similar results with and without custom settings.
This could indicates that in patients with standard settings, more glucagon is given than needed
but it does not cause jojo-effect. However, it is advised to take into account the TBR and hypo-
unawareness of the patient, to safely adapt the glucagon setting.
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8.3.2 Developers

For developers of the AP system, there are a couple of aspects that warrant attention regard-
ing glucagon implementation. Firstly, setting a limit for glucagon dosages within a specific time
frame is desirable. Currently, glucagon is limited to the amount contained in the ampule thus a
maximum of 100 units of glucagon. However, the results suggest that there are events where
a lot of glucagon is administered with little to no effect (See Figure 8.1b). It is unknown what
causes these events and if less glucagon gives the similar response. Nevertheless, some pa-
tients experience those events as annoying because they get nauseous and still have to eat.
Possible causes could be a steep decreasing slope, infusion problems or absorption problems.
In the first cases, it could be beneficial to warn patients earlier by steep decreasing slope with
no effect of glucagon instead of giving an eat alarm at a glucose level of 3.5 mmol/L or lower.
Additional alarms reduce the autonomic regulation of the AP and therefore, alarm criteria should
be chosen with caution, so the alarm is not triggered too much but only when needed. Last of
all, regardless of the already compensated dosages for glucose slopes, it still shows differences
in response to glucagon, which could indicate that too few glucagon is given in those situations.
These responses did not show a difference between insulin given in the past hour or not and
are mainly dependent on the preceding glucose slope. So, the AP could be improved by setting
a limitation to glucagon and set an additional criterion to the eat warning. However, the data
analysis done in this thesis are not sufficient to determine the limits, therefore other compar-
isons should be made. However, this study suggest limitation around 50 units, as this did not
show glucose from dropping within 80 minutes.

(a) Typical jojo-effect caused by glucagon (b) Situations when glucagon limitation or eat alarm
is desired

Figure 8.1: Examples from reports. The top graph shows the glucose curve and the bottom
graph shows injections. Blue represent insulin and purple glucagon injections.
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9 General discussion

Chapter 3 evaluates the impact of glucagon on glucose levels within a closed-loop system, ex-
amining responses with and without glucagon blockade in general. In Chapter 4, the influence
of insulin on board on the glucagon response was explored. In Chapter 5, various inter- and
intra-variables are assessed, which contribute to the effect size of the glucose response. Chap-
ter 6 describes the effect of glucagon settings on the treatment with the Inreda AP. Chapter 7
applied and evaluate cluster analyses to predict glucagon settings before the start of treatment
with the AP. Finally, Chapter 8 provides some considerations and advises regarding glucagon
use in the AP. This Chapter aims to provide a critical examination of glucagon use in a bi-
hormonal closed-loop and the limitations of this thesis, accompanied by recommendations for
future research. Lastly, the relevance of this thesis will be discussed.

9.1 Real world data

The innovative aspect of this thesis is its exploration of the relatively unexplored effect of glucagon
effect on glucose levels in real-life data. Researching the direct impact on glucose levels shed
light on how glucagon enhance the successes and limitations of the bihormonal closed-loop
system rather than simply confirming its effectiveness. Using real-world data ensures that fac-
tors which are typically overlooked or consciously disregarded in controlled studies are incor-
porated, providing a more realistic view on the role of glucagon in the bihormonal closed-loop
system. Additionally, real world data opens the possibility of acquiring more data easily with a
bihormonal closed-loop system than in controlled settings, as the system is used 24/7 by the
patients. However, real world data could be complex to insulate one factor to investigate and
assign results to this. Major factors affecting the results of glucagon response in this thesis are
meals and exercises.

9.1.1 Meals

Meals increase blood glucose levels just like glucagon does. Therefore, meals possibly overes-
timate the glucose raising effects of glucagon. In the studies, this effects is as good as possible
excluded to include analyses with night time data. However, night time data does also exclude
other factors like insulin on board, stress and exercises.

Apart from the potential bias introduced by meals affecting the glucagon response, it would be
advantageous to be able to isolate the effects of glucagon from meals during the assessment
of reports. Healthcare professionals could better assess the glucagon sensitivity of that patient
and consequently determine appropriate treatment options. As patients cannot announce their
meals in the AP, another method should be applied to exclude clusters affected by meals. One
method could be to exclude cluster with glucose excursion of more than 4 mmol/L, as this was
the maximum glucose excursion in clinical setting to glucagon [4]. Nevertheless, this thresh-
old measure is ambiguous as it could exclude strong glucagon responses. Another methods
which could be applied is machine learning techniques to recognize patterns and thus classify
as glucagon or meal intake. This method requires data to be classified to train and validate the
model. A challenge could be that a lot of factors are involved in the glucose excursion after a
meal for instance amount of carbohydrates intake, meal composition but also timing of insulin
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and insulin sensitivity. The model should have a high sensitivity as the effect should mainly as-
cribe to glucagon. A well-trained model could support with assessment of glucagon response.
Moreover, it might form the basis for a self-learning algorithm for glucagon.

9.1.2 Exercise

Besides meals, another factor affecting glucose regulation is exercise. Exercise is known to
increase glucose uptake by muscles and increase insulin sensitivity which could be a challenge
in reactive fully closed-loop system. As exercise affects the insulin sensitivity, insulin dosages
before exercise could decrease glucose levels more than intended leading to hypoglycemia.
A pilot study with Inreda AP have shown results that besides insulin dosages before exercise,
glucagon was able to prevent post-exercise hypoglycemia in 7 out of 10 participants [33]. Bis-
gaard et al. described an endogenous glucagon release in T1DM during exercise, however this
is attenuated compared to non-diabetic individuals [2]. It remains uncertain whether exercise
influences glucagon sensitivity, potentially enabling the success of glucagon in a closed-loop
system without the need for correction by exercise. The Inreda AP system have three ac-
celerometers, on each sensor one and one on the computer/pomp itself. Unfortunately, this
data is already filtered and processed into a measure which is saved to the database therefore
a reliable measure for exercise is not yet available. Further studies could utilize IMA values
(Integrated Modulus of body Acceleration) as measure of energy expenditure during physical
activity, given its high accuracy [6]. The impact of accelerometer placement and orientation on
the human body is negligible concerning the correlation. Besides that a reliable measure for
activity could investigate glucagon sensitivity during exercise, it could also support data analysis
as less assumption have to be made when patients are asleep or exercising.

9.1.3 Other confounding factors

Other confounding factors which could have influenced the results are software updates, errors
in the sensor measurements and reliability of glucagon blockage detection. It’s important to
note that these are limitations inherent to the current Inreda AP system rather than limitations of
the studies performed in this thesis itself. First, in the study period, a new software update has
roll-out which has affect the control system and some reduced glucagon settings are increased
to maintain safe use. The effect size to the results is unknown but the most impact would be visi-
ble in the investigation of glucagon settings, specifically the assessment of increase in glucagon
settings. Second, glucose sensors could show a significant error both directions which affects
the results [12]. Inreda AP uses two sensors and a measure of reliability of the sensors. How-
ever, sensor problems are present issue and therefore the results could significantly deviate
from the true blood glucose value. This had impact on the accurately of the glucose levels but
moreover, undesired or mostly unneeded glucagon could be administered and these can be
included in the analysis. Clusters with insufficient sensor data were excluded but stricter crite-
ria should be implemented to rule out clusters affected by sensor problems, to obtain accurate
representation of the glucagon response. Criteria could be higher threshold value for reliability
measure or excluding jumps of a certain range in measured glucose value when primary sen-
sor is changed. Lastly, glucagon blockages could be detected by the AP. However, glucagon
blockages could be detected late especially in low glucagon dosages. In all studies glucagon
blockages which are detected later in the cluster are included, however it could be feasible that
no glucagon is administered. So, the effect of glucagon could be diminished. Nevertheless, it is
expected that the numbers of these clusters will not contrast significantly with the other clusters,
as glucagon blockages occur far less frequently than clusters of glucagon dosages. In conclu-
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sion, a lot of factors might effect the results but the effect size on the results is difficult to assess.

9.2 Strength and limitations

On top of all the above mentioned factors which could have influenced the results, the methods
applied in this thesis have some limitations. Firstly, the patients included in this study are the
first patients who were allowed to use the AP in their daily life and did not dropout during the
study phase. This could lead to a selection bias, as these patients were highly motivated and
some of them were poor responders to standard diabetic care. This together with withdrawal of
unsatisfied participants could lead to a patient group that does not truly represent the average
Type 1 diabetic patients and as a result, the findings of this study may not be generalizable to
other Type 1 diabetic patients. However, motivation does not appear to be a notable issue, as
the average Time in Range (TIR) remains consistent over a one-year period [32].

Secondly, this thesis uses clusters of glucagon dosages to assess the glucose raising effect
of glucagon. However, this approach does exclude the fact that glucagon is dose dependent.
Glucagon is administered until a desired glucose level is reached, allowing for multiple dosages
of glucagon with time intervals in between. Administering multiple doses with time intervals
complicates the quantification of the pharmacodynamic effects of glucagon. One method to
account for the dose dependency of glucagon is to explore each scenario by dividing the clus-
ters into different units of glucagon administered. However, the number of clusters limits these
divisions, as too few clusters are incorporated to draw reliable results.

Lastly, the data is limited in this thesis to determine the role of glucagon in the Inreda AP at
individual level. This study primarily focused on average outcome measures, yet the disad-
vantage of solely looking at averages is that it can conceal the variability and unique needs of
patients. An individual-centered perspective is highly recommended in diabetes care because
it acknowledges the unique needs, preferences, and circumstances of each patient. Cluster
analysis might reveal groups of patients sharing similar characteristics that correspond to the
effect size of glucagon, suggesting a potential requirement for either lower or higher glucagon
settings. However, the sample size in this thesis limits the use of artificial intelligence to predict
optimal (glucagon) settings. Nevertheless, the results of this study may help to determine pa-
rameters in a mathematical simulation model. If a simulation model of sufficient performance
is built, it could enable simulation with various settings to predict expected outcomes. Conse-
quently, personalized optimal settings could be determined. Nevertheless, developing mathe-
matical models of glucose metabolism in T1DM patients is not yet feasible, as it is complex due
to the many factors influencing the glucose levels [5]. Another approach of personalising the
role of glucagon in individuals is to utilize the cluster method employed in the first three studies
of this thesis. Visualizing the average glucagon response in an individual and comparing it to
the responses of patients with similar profiles, then optimizing based on the settings of these
other patients. An advantage of this method is that it shows average response to glucagon and
this is more straightforward to assess the glucagon sensitivity and probably less subjective to
healthcare professional to evaluate. A disadvantage of this method is that enough data should
be available before an average response can be calculated. So, glucagon settings could not
be personalized at start of the study.
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9.3 Conclusion

In conclusion, this thesis has successfully achieved the objectives:

1. Assess and quantify the impact of glucagon administration on glucose levels.
In general glucagon dosages ensures a 0.7 mmol/L less decrease and 11 minutes less
time to raise the glucose level in patient with Type 1 Diabetes. Nighttime data shows equal
glucose trends by glucagon dosages and blockages.

2. Analyze the interaction between insulin on board and the effectiveness of glucagon.
Insulin on board does reduce the impact of glucagon on the glucose response. Glucagon
dosages with insulin on board show a 13 minutes longer and -0.25 mmol/L more pro-
nounced decrease while also exhibiting a 0.49 mmol/L less increase within an 80-minute
timeframe. However, preceding slope seems to be more determined factor to the effect
size of glucagon than the amount of insulin on board. Therefore, it would be more mean-
ingful to incorporate the preceding slope in the algorithm to determine the appropriate
amount of glucagon than considering the insulin dosage in the past.

3. Evaluate potential factors, both within and between individuals, that play a significant role
in influencing the response to glucagon.
Assessment of inter variables as slope and BGM did show an inverse correlation with
glucagon response even as intra-variable factors BMI. Gender, total daily insulin and
HbA1c and insulin curve setting showed only a significant difference between a single
group and the other groups. Age and diabetes duration did not affect the glucagon re-
sponse, and meaningful conclusions about glucagon dosage could not be drawn.

4. Investigate what impact glucagon settings have on the glucose regulation.
No specific glucagon settings show better glucose management or less hormone use and
thus there is no one fits best glucagon setting for all patients. Correcting for insulin sen-
sitivity did only show that lowered glucagon setting with low insulin sensitivity showed a
higher TBR than at standard glucagon setting. Decreasing glucagon settings within a
person could result in less glucagon use in that individual but with a perserved TBR and
reduced time in need for glucagon dosages.

5. Apply and evaluate a cluster method for predicting optimal glucagon settings.
The K-means clustering applied to the dataset with a limited sample size and a poorly reli-
able outcomemeasure results in insufficient specificity and sensitivity, making it unsuitable
for direct application in practice. Further research is needed to personalize settings with-
out the need of thorough and time-consuming observations of reports. Further research
should investigate how to classify or select people before treatment which should have
advantage by custom glucagon settings.

6. Propose guidelines to optimize the utilization of glucagon within the Inreda AP.
The main goal of this thesis was to determine the role of glucagon in the bihormonal
closed-loop system of Inreda Diabetic used in daily life. The findings have significant im-
plications for the understanding of the effect of glucagon in daily life conditions and patients
and how settings are affecting the glucose regulation. Although these findings provide un-
derstanding and support for healthcare providers, this research has not provided definitive
new guidelines for personalizing glucagon settings in the individual. However, the results
do support the policy of current treatment. General rules of thumbs are defined with the
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most important being to reduce glucagon settings when glucose regulation is stable and
insulin usage is low, rather than when an excessive glucagon response is observed.
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Appendix A

Figure 1: The graph displays the glucose curve (upper graph) and the corresponding insulin
and glucagon dosages (lower graph) for a single day of one patient. The green area highlights
the target range, while the blue area indicates periods when the AP is paused. In the lower
graph, the blue lines represent insulin dosages, and the purple lines represent glucagon
dosages. The height of the lines corresponds to the amount administered. Circles on top of
the lines indicate dosage of type VI, while caret’s (^) represent EI and without any symbol are
dosages of type curve.

The vertical dashed lines are the start of a new cluster according to the cluster defining
method. The marks on top of the upper graph represent the author’s assessments. The first
cluster is correctly assigned. Afterward, the glucose levels increases again, followed by a
decrease with glucagon dosages. At this point, a new cluster should has been assigned. The
second cluster is correctly assigned, but the third is not, as this dosage belong to the previous
cluster. The fourth cluster is correct because the glucose curve decreases again, and the
same applies for the fifth cluster. However, the last cluster is assigned incorrectly due to erratic
sensor readings.
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Figure 2: Boxplot analysis: glucagon response versus glucagon blockage during the night
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Appendix B

Figure 3: Correlation plot between preceding slope before start cluster and amount of insulin
administered in past hour.
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Figure 4: Slope analysis: Glucose Response, Insulin Unit Distribution, and Baseline Glucose
Distribution during the night. The rows represent the categories; clusters with similar preceding
slopes in order of faster descending slopes. The first column, shows the glucose response
after glucagon dosage with (IOB, blue) and without (no IOB, red) insulin on board. The solid
line represent the median reaction, the shaded area between the dashed lines is the range
between the first and third interquartile. • is the point where the maximal decrease in glucose is
reached and⋆ were baseline glucose is recovered. The second column, shows the distribution
of total amount insulin administered in the past hour before glucagon dosage, with the y-axis
representing probability density. The last column shows the distribution of baseline glucose
values measured at the first glucagon dosage for IOB and no IOB group.

65



Appendix C

Figure 5: Age, median glucose response of group patients with different ages during the entire
day and nighttime

Figure 6: Diabetes duration, variability in median glucose response among Type 1 Diabetes
patients with different durations of diagnosis.
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Figure 7: TDDibAP, variability in median glucose response among various total daily insulin
dosage before AP treatment.

Figure 8: HbA1c, variability in median glucose response among patient groups with various
HbA1c level before AP treatment.

Figure 9: IVI, variability in median glucose response among various insulin VI settings during
the study
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Appendix D

Figure 10: Overall glucose management per glucagon setting. N = number of periods.
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Figure 11: Overall glucose management changes by modification glucagon settings.
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Appendix E

Figure 12: Flowchart of treatment plan for glucagon settings
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Figure 13: Proposal to determine start glucagon settings, which first needs validation in a study
context
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