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summary (English)

Today, many people live with diseases that require constant treatment. An example is
diabetes. Diabetes is a growing world-wide problem. In 2021, 537 million adults (20-79
years) were living with diabetes with a total cost of at least USD 966 billion.

Studies have shown that automatic treatment by a closed-loop system (artificial
pancreas) based on feedback control can both improve glycemic control and lessen the
burden of living with diabetes. The first hybrid closed-loop system became commercially
available in 2016. Hybrid closed-loop systems are not fully automatic and require the
user to manually announce, e.g., meals or exercise. Furthermore, the currently available
systems are only able to administer insulin which lowers the glucose concentration. Con-
sequently, they are unable to actively prevent hypoglycemia by, e.g., administration of
glucagon. Severe hypoglycemia can have acute consequences, such as loss of conscious-
ness and seizures. Therefore, there is still a significant interest in developing artificial
pancreases (APs). Clinical trials are crucial to ensuring a high level of safety and ef-
ficacy, but are also very expensive and time-consuming which makes the development
of medical devices (including APs) long and cumbersome. Here, virtual clinical trials
(in-silico studies) are beneficial to evaluate the performance and identify potential risks
before a real clinical trial.

In this thesis, we 1) develop a parallelized high-performance Monte Carlo simulation
toolbox to perform large-scale long-term virtual clinical trials, 2) develop the DiaCon
dual-hormone (insulin and glucagon) AP and test it in a clinical trial with 11 adolescents,
3) describe the mathematical models applied in the virtual clinical trials and in the
DiaCon AP as well as the models that were developed during the thesis, and 4) develop
a web application to visualize and analyze diabetes data from, e.g., an AP or a virtual
clinical trial.

The Monte Carlo simulation toolbox is connected to a PostgreSQL database of virtual
participants (represented by mathematical models) and protocols. The database makes
it straightforward to reuse or add more participants and protocols. We show examples
of a virtual clinical trial where two different closed-loop algorithms are compared in 1
mio. virtual participants over 1 year. Using high-performance computing, the virtual
clinical trial is conducted in 82 min.

The DiaCon AP is based on nonlinear model predictive control where we use an
extension of the Medtronic virtual patient model for predictions. We estimate the model
parameters with a prediction error method based on the continuous-discrete extended
Kalman filter that is also used for state estimation. The DiaCon AP consists of the
control algorithm (implemented in an Android smartphone), a Dexcom G6 continuous
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glucose monitor, and two Dana-RS pumps. The clinical trial displayed that it is feasible
to use NMPC for APs and the DiaCon AP improved the time in range compared to the
baseline, but identifying a model individualized to each participant is a challenging and
very time-consuming process. Furthermore, we experienced several technical difficulties
during the trial, such as, pressure induced sensor attenuations and loss of connection to
the pumps.

The web application allows users to login and view representations of the data de-
pending on the permissions of the users. Individuals can view different representations
of their own data from selected periods whereas, e.g., doctors can select between all
their patients. The web application is build using a Vue.js frontend application, a Java
Spring Boot backend application, and a PostgreSQL database. The web application is a
prototype hosted on the localhost and currently only shows virtual people and simulated
data.

This thesis consists of a summary report and a collection of thirteen research papers
and three technical reports.



summary (Danish)

I dag lever mange mennesker med sygdomme, som kreever konstant behandling. Et
eksempel er diabetes. Diabetes er et stigende verdensomspandende problem. I 2021
levede 537 millioner voksne (20-79 ar) med diabetes med en total omkostning pa mindst
966 milliarder USD.

Studier har vist, at automatisk behandling med et lukket-slgjfe-system (kunstig pan-
creas) baseret pa feedback-kontrol bade kan gge glykaemisk kontrol og mindske byrden af
at leve med diabetes. Det forste hybride lukket-slgjfe-system blev kommercielt tilgaen-
geligt i 2016. Hybride lukket-slgjfe-systemer er ikke fuldt automatiske og kraever at
brugeren manuelt annoncerer eksempelvis maltider eller fysisk aktivitet. Derudover kan
de nuveerende tilgaengelige systemer kun administrere insulin og er ikke i stand til aktivt
at forhindre hypoglyksemi. Alvorlig hypoglyksemi kan have akutte konsekvenser sasom
tab af bevidsthed og anfald. Derfor er der stadig en stor interesse i at videreudvikle
kunstige pancreas (AP). Kliniske forsgg er afggrende for at sikre et hgjt niveau af sikker-
hed og effektivitet, men er ogsa meget dyre og tidskreevende, hvilket gor udviklingen
af medicinske enheder (APer inkluderet) lang og omsteendig. Her er virtuelle kliniske
forspg (in-silico simuleringer) gavnlige til at evaluere ydeevne og identificere potentielle
risici for et rigtigt klinisk forsgg.

I denne athandling 1) udvikler vi et paralelliseret hgj-ydeevne Monte Carlo simuler-
ingsveerktej til at udfere storskala langsigtede virtuelle kliniske forsgg, 2) udvikler vi
DiaCon dual-hormon APen og tester den i et klinisk forsgg med 11 eunge (13-18 ar), 3)
beskriver vi de matematiske modeller, der bruges i de virtuelle kliniske forsgg samt i Di-
aCon APen sével som de modeller, der blev udviklet i lgbet af afhandlingen, 4) udvikler
vi en webapplikation til at visualisere og analysere diabetesdata fra f.eks. en AP eller
virtuelle kliniske forsgg.

Monte Carlo simuleringsveerktgjet er forbundet til en PostgreSQL database med
virtuelle deltagere (repraesenteret af matematiske modeller) og protokoller, som gor det
ligetil at genbruge eksisterende deltagere og protokoller og tilfgje flere. Vi viser eksempler
pa et virtuelt klinisk forsgg, hvor to forskellige lukket-slgjfe-algoritmer sammenlignes i
1 mio. virtuelle deltagere over 1 ar. Ved at benytte hgj-ydeevne computerberegninger
tager det virtuelle kliniske forsgg 82 min.

DiaCon APen er baseret pa ikke-lineser model praediktiv regulering (NMPC), hvor
vi bruger en udvidelse af Medtronic virtual patient modellen til preediktioner. Model
parametrene er estimeret med en preediktions-fejl-metode baseret pa det kontinuert-
diskrete udvidede Kalman filter, som ogsa bruges til tilstandsestimering. DiaCon APen
bestar af kontrolalgoritmen (implementeret i en Android smartphone), en Dexcom G6
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kontinuerlig glukosemaler og to Dana-RS pumper. Det kliniske forsgg viste, at det er
muligt at benytte NMPC til APer, og DiaCon APen ggede tid-i-omrade sammenlignet
med deltagernes normale tid-i-omrade, men det er udfordrene og meget tidskraevende
at identificere parametre individualiseret til hver enkelt deltager. Derudover oplevede vi
ogsa flere tekniske problemer i lgbet af forsgget sasom trykinducerede sensor deempninger
og tab af forbindelsen til pumperne.

Webapplikationen tillader brugere at logge ind og se forskellige repraesentationer af
data afheengig af deres rettigheder. Enkelte brugere kan se forskellige repraesentationer
af deres egne data fra udvalgte perioder, hvorimod f.eks. laeger kan veelge imellem alle
deres patienter. Web applikationen er bygget af en Vue.js frontend applikation, en
Java Spring Boot backend applikation. Data er gemt i en PostgreSQL database. Web
applikationen er en prototype hosted pa localhost og som pa nuveerende tidspunkt kun
viser virtuelle mennesker og simuleret data.

Denne afhandling bestar af en sammenfattende rapport og en samling af tretten
forskningsartikler samt tre tekniske rapporter.
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CHAPTER |
Infroduction

The subject of this thesis is the development of model based medical control systems.
Specifically, we consider a dual-hormone (DH) artificial pancreas (AP) based on non-
linear model predictive control (NMPC) for treatment of type 1 diabetes (T1D) and
a simulation framework for development and pre-clinical evaluations (virtual clinical
trials) of closed-loop diabetes treatments (i.e. APs). The AP was tested in a clinical
trial with adolescents. The purpose of an AP is to automatically administer a suitable
amount of insulin (decided by a control algorithm) based on measurements from a con-
tinuous glucose monitor (CGM). AP systems that only administer insulin are referred
to as single-hormone (SH) APs, whereas systems that can administer both insulin and
glucagon are referred to as DH APs. The NMPC algorithm and the simulation frame-
work both require a physiological model and in this work, we primarily focus on models
for T1D. Furthermore, we present a mobile application that functions as a graphical user
interface (GUI) for the AP and a web application for visualizing and analyzing diabetes
data.

1.1  Motivation

Diabetes is a growing world-wide problem [1]. In 2021, 537 million adults (20-79 years)
were living with diabetes and that number is predicted to increase to 643 million by 2030
and 783 million by 2045. T1D accounts for 5-10%. Diabetes was responsible for 6.7%
of deaths in 2021 and accounted for 9% of the global health expenditure with a total
cost of at least USD 966 billion. Despite the advances in technology and treatments,
only around 50% of adults in the United States in 2018 met the glycemic control target
of an hemoglobin Alc (HbAlc) below 7% [2]. Omission of insulin treatment (e.g. due
to fear of hypoglycemia or interference with daily activities) is one of potential causes
of the poor glycemic outcomes [3]. Insulin treatment is also beneficial in critically ill
patients where intensive insulin therapy reduced mortality during intensive care from
8.0% compared to 4.6% with conventional treatment [4].

1.2 Diabetes treatment

Diabetes describes a group of metabolic disorders characterized by elevated blood glu-
cose concentrations (hyperglycemia) in the absence of treatment [5]. In healthy people,
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normoglycemia is achieved by 1) insulin secretion from the [-cells in the pancreas to
lower the blood glucose and 2) glucagon secretion from the a-cells in the pancreas to
increase the blood glucose. Insulin lowers the blood glucose concentration by converting
glucose to glycogen in the liver and stimulating glucose uptake in the tissue (such as,
muscles and kidney) and glucagon increases the concentration by converting glycogen to
glucose in the liver (see Figure 1.1). Insulin secretion from the pancreas can also happen
preemptively, e.g., in relation to consumption of carbohydrates [6].

T1D is an autoimmune disease, where the immune system attacks the insulin-producing
pancreatic (-cells and prevents insulin production. Therefore, people with T1D require
life-long treatment with daily injections of insulin to avoid hyperglycemia. Extended
periods of hyperglycemia lead to a range of health complications, e.g., cardiovascular
disease, chronic kidney disease, and damage to the nerves and eyes. Too much insulin
can cause low blood glucose concentrations (hypoglycemia). Hypoglycemia can cause
a variety of acute complications including loss of consciousness, seizures, and, in severe
cases, even death. Therefore, it is crucial to administer an appropriate amount of insulin.

Type 2 diabetes (T2D) accounts for the majority (over 90%) of diabetes worldwide
and includes various degrees of 5-cell dysfunction and insulin resistance [1, 5|. In general,
symptoms of T2D are less dramatic and it is expected that between 33% and 50% of
people living with T2D are undiagnosed. However, extended lack of treatment causes
complications of prolonged hyperglycemia [8]. The cause of T2D is not completely
understood, but overweight, age, and genetics seem to be critical factors. The treatment
of T2D typically begins with a promotion for life-style change. If life-style changes are
not sufficient, treatment with non-insulin drugs (e.g, metformin, glucagon-like peptide 1
(GLP-1), dipeptidyl peptidase 4 (DPP-4) inhibitors) is initiated and eventually insulin
treatment may be necessary.

This thesis primarily concerns T1D. Conventional treatment of T1D consists of mul-
tiple daily injections with syringes, pens, or with an insulin pump and a self monitoring
blood glucose (SMBG) device to measure the glucose concentration. Therefore, people
living with T1D have to manually adjust the insulin dose based on the glucose measure-
ment and meal consumption, as shown in Figure 1.2. The first CGM was commercialized
in 1999 [9] and allowed for, so called, sensor-augmented insulin-pump therapy, where
the subject can continuously monitor and adjust the insulin infusion rate based on the
CGM measurements. Sensor-augmented pump therapy resulted in improved glycemic
control [10]. However, the person living with T1D is still required to manually adjust
the insulin rate. Therefore there has been a significant interest in developing systems
that can automatically adjust the insulin infusion rate. Such systems are referred to as
closed-loop systems or artificial pancreases.

1.2.1 Closed-loop diabetes tfreatment

The progress towards fully automatic closed-loop systems has been accelerating since
the commercialization of glucose sensors and insulin delivery systems in the mid-2000s
[11]. Figure 1.3 shows a sketch of a closed-loop system that consists of a CGM, a con-
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Figure 1.1: Glucose homeostasis in healthy people: 1) insulin secretion from the (-
cells in the pancreas coverts glucose to glycogen in the liver and stimulates
glucose uptake from the blood to lower the blood glucose and 2) glucagon
secretion from the a-cells in the pancreas converts glycogen to glucose in
the liver to increase the blood glucose [7].

trol algorithm that computes the infusion rate (e.g., in a smartphone), and an insulin
pump. Several control algorithm types have been suggested [12], including fuzzy logic
[13], proportional-integral-derivative (PID) control [14, 15], linear model predictive con-
trol (LMPC) [16, 17], NMPC [18-20], generalized predictive control (GPC) [21], H-c0
control [22], and algorithms based on multiple control modules [23]. Clinical trials have
indicated that closed-loop systems may improve glycemic control [24-29] and in a con-
sensus report Phillip et al. [30] concludes that closed-loop systems should be considered
in all populations. The first hybrid closed-loop system became commercially available
in 2016, where the Medtronic 670G received approval by the U.S. Food and Drug Ad-
ministration (FDA). Since then five more closed-loop systems have become available for
commercial use in the EU or the US 1) Medtronic 780G, 2) Control-1Q, 3) CamAPS
FX, 4) Diabeloop, and 5) Omnipod 5 [30]. These are all categorized as single-hormone
hybrid closed-loop systems, where only insulin can be administered and the user is re-
quired to manually provide information about, e.g., meals or exercise. Consequently,
they are unable to actively increase the glucose concentration in case of hypoglycemia.
Therefore, researchers investigate both fully automatic closed-loop systems that does
not require manual announcements and systems that can actively prevent hypoglycemia
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Figure 1.2: Conventional treatment of T1D, where the person measures the glucose
concentration with an SMBG and manually administers insulin with a
pen or updates the pump settings based on the glucose measurement and
meals or exercise.

by, e.g., suggesting carbohydrates [31] or administer glucagon [32-35]. The only com-
mercially available fully automatic closed-loop system is the STG-22 and its successor,
the STG-55, that are both only available in Japan and are bedside devices that use
intravenous access for glucose measurements and insulin delivery [11]. Initially, clinical
evaluations of DH APs did not demonstrate the expected improved performance com-
pared to SH APs [36, 37], but recent studies have displayed improved outcomes for DH
systems [32-34]. In addition to the commercially available closed-loop system, there
are three systems that received regulatory approval or are under regulatory review, but
are not yet commercially available. The Tidepool Loop system [38] has received FDA
approval and the Inreda DH system [34] received a CE mark. Furthermore, the iLet
insulin only bionic pancreas is under regulatory review. The iLet pancreas also comes in
a DH configuration [32]. The success of closed-loop systems and development thus far
is promising, but there are still open questions in the capability of adapting to complex
scenarios such as exercise, sleep disruption, and variable meal times and sizes [11].
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CGM [39].

1.2.2 Glycemic targets

In 2019, Battelino et al. [40] formulated recommendations for clinical targets on time
in range (TIR) for CGM data. These targets are used to evaluate the glycemic control.
Table 1.1 shows the glycemic ranges and the color code used to represent each range in
this thesis. Table 1.2 shows the target values for average glucose, glucose management
index (GMI), glucose variability (GV), and how much time the CGM should be active as
well as targets for time spent in each range. The average glucose and GMI are directly
related to HbAlc and GV is an indicator for variations in the glucose concentration. It
is recommended that the computed values are based on 14 days of CGM data, which is
not always available in this thesis.

Table 1.1: The five glycemic ranges described by Battelino et al. [40].

Category Range [mmol/L]  Color

Level 2 hyperglycemia 113.9, oo | Orange

Level 1 hyperglycemia 110.0, 13.9] Yellow

Normoglycemia [ 3.9, 10.0] Green

Level 1 hypoglycemia [3.0, 3.9 Light red
[

Level 2 hypoglycemia [0.0, 3.0 Red
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Table 1.2: The glycemic targets described by Battelino et al. [40].

Quantity Target

Average glucose < 8.55 mmol/L
Glucose management index < 7%

Glucose variability < 36%

Active CGM 100%

Level 2 hyperglycemia < 5%

Level 1 and 2 hyperglycemia < 25%
Normoglycemia > 70%

Level 1 and 2 hypoglycemia < 4%

Level 2 hypoglycemia <1%

1.3 Clinical trials and virtual clinical frials

The development of complex medical devices (e.g. closed-loop systems) is very expensive
and time-consuming. In an economic analysis, the mean development cost of bringing a
novel therapeutic complex medical device to the US market was estimated to $54 million.
The estimate was $522 million when accounting for the cost of failed trials and cost of
capital [41]. Clinical trials were a key factor associated with the cost. Clinical trials
are necessary to ensure the safety and efficacy of medical treatments, but they might
result in an undesired outcome. Therefore, it is important to 1) evaluate the potential
performance, 2) identify faults and risks, and 3) assess the competitive advantages of
the treatment or medical device before the actual clinical trial. This is the purpose
of virtual clinical trials. Virtual clinical trials involve virtual participants represented
by mathematical models and can be performed with computer simulations. Virtual
clinical trials are cheaper and less time-consuming, causes no risk for the participants,
and by using high-performance computing, they can involve large populations of virtual
participants and long-term protocols. Various T1D simulators have been developed for
this purpose. The two most famous simulators are the UVA /Padova simulator [42] and
the Cambridge simulator [43]. The UVA /Padova simulator was FDA approved in 2008
as an alternative to animal studies and pre-clinical trials for a single meal scenario only
and includes 300 virtual participants (300 sets of model parameters). A new version
was published in 2014 [44] and in 2018 another version was published that extended the
scenario from a single meal to a single day [45]. The Cambridge simulator was published
in 2010 with 18 virtual participants based on the model by Hovorka et al. [46]. These
simulators offer limited virtual participants with limited variations. Therefore, several
methods to generate larger cohorts of virtual participants with more variability have
been developed [47-50]. To utilize very large cohorts of virtual participants, the virtual
clinical trials must be based on high-performance computing techniques.
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1.4 QObjectives and conftributions

In this work, we aim to develop a DH AP for treatment of T1D and a simulation toolbox
for performing large-scale virtual clinical trials of closed-loop diabetes treatment. Fur-
thermore, we develop a web application to visualize the large amounts of diabetes data
that has become available with modern technology. Digital package solutions combin-
ing mobile communication, smart devices, cloud solutions, and advanced analytics are
projected to transform the health care industry in the future and the transformation
has already started [51, 52]. Here, we attempt to build a package solution consisting of
the AP, the simulation toolbox, and the web application. Figure 1.4 shows the concept.
The DH AP continuously uploads data to the database and enables remote monitoring
from the web application. Furthermore, the web application enables, e.g., doctors or
researchers to analyze data from the AP. The simulator can be used for educational
purposes or for tests and development of new closed-loop systems. The web application
functions as a high level interface to the simulation toolbox and can visualize the results.
In this work, we have developed the individual components, but the full setup, where
the web application can start simulations and remotely monitor the AP, is future work.
The main contributions are as follows.

Dual-hormone artificial pancreas. We develop the DiaCon DH AP based on NMPC
and test it in a clinical trial with 11 adolescents. We use an extended version of the
Medtronic Virtual patient (MVP) model for predictions and estimate the parameters
using a maximum likelihood (ML) based prediction error method (PEM). We use the
continuous-discrete extended Kalman filter (CD-EKF) in both the PEM and for state
estimation in the AP. Furthermore, we use heuristics to switch between administering
insulin and glucagon (insulin and glucagon cannot be administered simultaneously) and
additional safety measures.

Virtual clinical trials. We develop a high-performance Monte Carlo simulation tool-
box for uncertainty quantification in closed-loop systems. We apply the toolbox to
perform large-scale long-term virtual clinical trials of closed-loop diabetes treatment.
The populations of virtual participants are represented by a combination of mathemati-
cal models formulated as stochastic differential equations to incorporate the uncertainty
in the physiology. The protocols are designed from a set of basis days that we combine
to form weeks, months and years. The virtual participants and protocols are stored in a
PostgreSQL database to make it straightforward to reuse and sort existing participants
and protocols or add more. We demonstrate the utility of the toolbox by 1) comparing
two different AP algorithms in a 52 week virtual clinical trial with 1 mio. virtual par-
ticipants, and 2) comparing the performance of an AP algorithm in a 52 week virtual
clinical trial with two different virtual populations of each 1 mio. participants.

Web application and user interfaces. We design and develop a web application
to visualize and analyze diabetes data. The web application is build with a Vue.js
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Figure 1.4: Objective of the thesis and concept for a connected solution for diabetes
treatment, education, and development of new closed-loop systems.

frontend application, a Java Spring Boot backend application, an application program-
ming interface (API), and a PostgreSQL database. The web application allows patients,
doctors, or researchers to inspect different representations of the data based on their
permissions through a login page. In this work, we assume that the data already exist
in the database and it is not possible to start virtual clinical trials directly from the web
application or automatically receive data from the DiaCon AP (due to General Data
Protection Regulation (GDPR)).

1.5 Outline of the thesis

Chapter 2 describes the physiological models used in the DiaCon AP, the models
used to represent virtual participants in the virtual clinical trials, five meal models, and
a glucagon model developed during the thesis. Furthermore, we present the concept of a
whole-body model developed during the thesis and discuss T2D and intensive care unit
(ICU) models. The physiological models are central to all of the work in this thesis, but
the following Appendices are directly related to modeling: Appendix A describes the
whole body model, Appendix B and C presents the glucagon model, and Appendix D
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collects and compares five meal models.

Chapter 3 presents the Monte Carlo simulation toolbox and the large-scale virtual
clinical trials used to prepare and evaluate the performance of closed-loop systems for
diabetes treatment before real clinical trials. We describe the virtual participants repre-
sented by a combination of the models presented in Chapter 2 and a 1 year (52 weeks)
protocol that the participants follow during the trials. Furthermore, we describe how
the virtual participants and protocols are stored in a database. Finally, we describe how
high-performance computing is used for computational feasibility of the large-scale trials
and show an example virtual clinical trial. This chapter is based on Appendices E, F,
G, and H.

Chapter 4 presents the DiaCon AP and compares the system to closed-loop systems
that are commercially available, received regulatory approval, or are under regulatory
review. We show the hardware used to build the DiaCon AP and describe the NMPC
algorithm and heuristics used to compute the insulin or glucagon administration. Fur-
thermore, we describe how we identify individualized parameters for each participant in
the clinical trial. Finally, we summarize and discuss the results from the clinical trial of
the DiaCon AP with 11 adolescents. This chapter is based on Appendices I, J, K, L, M,
N, and O.

Chapter 5 presents the GUI of the DiaCon app and describes the web application
used to visualize and analyze diabetes data. We demonstrate how the DiaCon app allows
the user to connect devices, announce meals and exercise, view time-series of glucose,
insulin and glucagon data, and see selected stats. Next, we show the tools applied to
build the web application and describe the different roles with individual permissions in
the web application. Finally, we show a demonstration of the web application. The web
application is described in Appendix P.

Chapter 6 provides conclusions, summarizes the main contributions, and discusses
possible improvements and future work.
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CHAPTER 2
Models

In this chapter, we describe and list the models used or developed during the thesis.
The different models have been a central component during all of the thesis and range
from relatively simple models suitable for control to whole-body models. There exist
many models in the literature to describe the dynamics in people with both T1D and
T2D and for people in ICU, but here we only list the models that were directly used or
developed during the thesis. We divide the descriptions of the models into descriptions of
the submodels where Section 2.2 describes insulin models, Section 2.3 describes glucagon
models, Section 2.4 describes meal models, Section 2.5 describes exercise models, Section
2.6 describes CGM models, Section 2.7 describes glucose models, Section 2.8 describes
whole-body models, and Section 2.9 discusses the differences in T2D and ICU models
compared to T1D models. Appendices A-C are directly related to modeling and describe
a whole-body model and a glucagon model developed during the thesis. Appendix D
collects multiple meal models for simulation of the human metabolism. Appendices F-
I and M describe the models used to represent virtual participants for virtual clinical
trials and Appendix I and J describe the control model used in the DiaCon AP. Finally,
Appendix O includes three different models to simulate people in the ICU extended
with a simple representation of stress. The model parameters used in the clinical trial of
the DiaCon AP are listed in Appendix L. and the model parameters used in the virtual
clinical trials are listed in Appendix H. Appendix D lists parameters for the meal models
and Appendix C lists parameters for the UPV glucagon model.

2.1 General form

The models described in this section can be written (and implemented) as a continuous-
discrete stochastic system in the form

x(to) = o, (2.1a)
du(t) = f(t, (), u(t),d(t), 0)dt + o (t, 2(t), u(t), d(t), 0)dw(t), (2.1b)

() = h(t, (1), 0) (2.1¢)
y(te) = g(tw, 2(tk), ) + v(te)- (2.1d)

Here, t is time, ty is the initial time, x are the states, zy are the initial states, u are
manipulated inputs (e.g., insulin and glucagon administration), d are disturbances (e.g.,
meals and exercise), and @ are parameters. The first term in (2.1b) is the deterministic
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(drift) term, and the second term is the stochastic (diffusion) term. y are the measure-
ments (e.g, from a CGM) with measurement noise, v. z, are the outputs and are used in,
e.g., the control algorithm. Additionally, w(t) is a standard Wiener process, and v(ty)
is normally distributed measurement noise at discrete time, i.e.,

deo(t) ~ Nusa(0, Idt), (2.2a)

2.2 Insulin models

In this section, we present the insulin models used in the thesis. The insulin mod-
els include compartments for the plasma insulin concentration and the insulin effect.
Furthermore, the models include compartments for subcutaneous insulin absorption to
describe insulin delivery from, e.g., a pump or a pen. We describe the insulin subsystem
from the 1) Hovorka model [18, 46|, 2) UVA /Padova model [53, 54], and 3) MVP model
[55].

2.2.1 Hovorka model

The Hovorka model describes the absorption of fast acting insulin (both bolus and basal)
as a two-compartment chain, S; and Sy [mU], by

$u(t) = ur(t) - 517(;), (2.3a)
So(t) = SlT(t) — Sj(t) (2.3b)
(2.3¢)

where u; [mU/min] is the insulin administration rate and 7, [min| is a time constant for
maximum insulin absorption. The appearance of insulin in the plasma is the amount
that leaves Sy [mU], i.e., Si—g) distributed in the volume, V; [L]. The plasma insulin
concentration, I(t) [mU/L], is

j(t) — iSL(t)

= o kel (D), (2.4)

where k. [1/min] is the fractional elimination rate. Finally, the three compartments for
insulin action on the glucose kinetics are

#1(8) = kI (t) — ki (2), (2.5a)

ZL‘Q(t) = k?bg.[(t) - k?agl'g(t), (25b)
3(t) = kgl (£) — kazs(t). (2.5¢)
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Here, z; [1/min] represents the insulin effect on glucose distribution, x5 [1/min] repre-
sents the insulin effect on glucose disposal, and z3 [1/min] represents the insulin effect
on endogenous glucose production. k,; and ky; [1/min], i = 1,...,3, are activation and
deactivation rates.

2.2.2 UVA/Padova model

In the UVA/Padova model, the insulin absorption of subcutaneously administered in-
sulin is described by

jscl(t) = —(k?d + ka1>Iscl (t) + uBfI(/:/)’ (26&)

jch(t) = kd[scl (t) - ka21502<t)7 (26b)

where I, and Iy [pmol/kg| are insulin in a non-monomeric and monomeric state. kg,
ka1, and k.o [1/min] are rate parameters where k.o > k,1 to represent that insulin
absorption is faster in the monomeric state. u; [pmol/min] is the subcutaneous insulin
infusion rate. The appearance rate of insulin in the plasma, Rajs [pmol/kg/min], is
described by the combined absorption from the non-monomeric and monomeric state,
ie.

Ra[sc<t) = kaljscl (t> + kaQIsc2<t>‘ (27)

The insulin mass in the liver, I,, and plasma, I, [pmol/kg], are described by
Io(t) = —(my + ma)L(t) + mal,(t), (2.8a)
I(t) = —(mg +my) L,(t) + miI(t) + Rag.(t), (2.8b)

where m; and msy [1/min] are rate parameters to describe the transport between the
liver and plasma and mj3 and my4 [1/min| are rate parameters for degradation computed
by

3CL

N 2.
"= SHEV.BW' (2.92)

. HEbm1
ma = g (2.9b)

201L

_ . 2.

T SV BW (2.9¢)

CL [L/min] is the insulin clearance, H Ej, [-] is the basal hepatic insulin extraction, and
BW [kg] is the body weight. The plasma insulin concentration, I [pmol/L], is

where V; [L/kg] is the insulin distribution volume. In the UVA/Padova model, insulin
affects the glucose utilization and the endogenous glucose production (EGP). The in-
sulin concentration in the interstitial fluid, X [pmol/L], affects the glucose utilization
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described in Section 2.7 and is described by
X(t) = =pav X (t) + pav(I(t) = ). (2.11)

Here, poyy [1/min] is the rate of the insulin action on the peripheral glucose utilization and
I, [pmol/L] is the basal insulin plasma concentration. Furthermore, a delayed insulin
signal represented by a two-compartment chain, I; and I; [pmol/L], affects the EGP
described in Section 2.7. The delayed insulin signal is described by

I4(t)

—k;(14(t) — I1(t)), (2.12a)
L(t) :

—ki(I(t) — 1(t)), (2.12b)

where k; [1/min] is a rate parameter to describe the delay between the insulin signal and
the insulin action on EGP.

2.2.3 Medtronic virtual patient model

The final insulin subsystem is from the MVP model and describes the insulin concentra-
tion in the subcutaneous tissue, Is¢ [mU/L], and the plasma, Ip [mU/L], by

dlsc(t) = ki (“fc(j) - ISC(t)> dt, (2.13a)
dIp(t) = ks (Isc(t) — Ip(t)) dt, (2.13b)

where u; [mU/min] is the subcutaneous insulin administration rate, ko = k; [1/min] is
the inverse insulin absorption time constant, and C; [L/min] is the insulin clearance rate.
We set ko = ky for identifiability [56]. The insulin effect, Igpp [1/min], is described by

dlog(Sy(t)) = og,dwg, (t). (2.14b)

pa = ki [1/min] is a time constant, GEZI [1/min] is the glucose effectiveness, EGP
[(mmol/L)/min] is the EGP. The insulin sensitivity, S; [(L/mU)/min], is adaptive and
is estimated with the CD-EKF described in Section 4.3.1. Furthermore, og, is the insulin
sensitivity diffusion coefficient, and wg and wg, are standard wiener processes.

2.3 Glucagon models

In this section, we present the glucagon models used during the thesis. We present 1) the
Haider model [57], and 2) the UVP model (Appendix B and C). As the UPV model was
developed towards the end of the thesis, we only used the Haidar model in the virtual
clinical trials and the DiaCon AP.
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2.3.1 Haidar model

The Haider model describes the glucagon absorption as a two-compartment chain, Q¢
and Q% [ug], by

QY (t) = ua(t) — %, (2.15a)
TGlu
TGlu TGl

where ug [pg/min] is the subcutaneous glucagon infusion rate and 7y, [min| is the
glucagon absorption time constant. We describe how the model is included in the Hov-
orka model and the MVP model in Section 2.7.

2.3.2 UPV model

The UPV model also describes the absorption of glucagon as a two-compartment chain,
Qf and QF [pg], by

QF (1) = ua(t) — Qf(t), (2.16a)
QF (1) = hQT () — k2Q5 (1), (2.16b)
where k; and ko are rate parameters and the glucagon concentration, C' [pg/mL], is
k2Q5 (t)
Ct) = ————"—+C,. 2.17
(t) BIV - Clye T (2.17)

BW [kg] is the body weight, C' L [ml/kg/min] is the apparent glucagon clearance,
and Cy [pg/mL] is the basal glucagon concentration. In addition to the Haidar glucagon
model, the UPV model also includes glucagon receptor dynamics [58]. The receptors
are described in three different states 1) available, r, 2) bonded to glucagon, r., and
3) internalized, r; [unitless|. The receptors become unavailable in the internalized state.
By assuming that the number of receptors is constant, one state can be eliminated, and
we can express the internalized receptors by

ri(t) =1 —=r(t) —r.(t). (2.18)

The available and bonded receptors are described by

r(t) = = kon VaC(t)r(t) + kopsre(t) + Kreeri(t), (2.19a)
Fo(t) = konVAC()r(t) — kopre(t) — kinre(t). (2.19b)
Eon [(pg/min)~!] is the association rate of glucagon to the receptor, V}, [ml] is the volume

of the hepatic interstitial space, kosy [1/min] is the dissociation rate, k. [1/min] is the
recycling rate, and k;, [1/min] is the internalization rate of the glucagon-bonded receptor.
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Fhgp [pmol/kg/min] is the hepatic glucose production and is dependent on the glucagon
receptors by the Michaelis-Menten relation

o Vire(2)
K, (t)

where V,. [umol /kg/min] is the maximum glucagon-dependent hepatic glucose production
rate and K, [unitless| is the apparent dissociation constant. In the UPV model, the
expression for the EGP (described in Section 2.7), the hepatic glucose production is
added to the effect of insulin on the glucose production in the liver.

Frgp(t) (2.20)

2.4 Meal models

In this section, we present the meal models used in the thesis. The meal models are
primarily described in Appendix D. We present the 1) Hovorka model [18, 46], 2) UVA /-
Padova model [59], 3) SIMO model [60], 4) Alskiar model [61], and 5) CSTR-PFR model
based on Moxon et al. [62]. The models introduced here consider only the carbohydrate
content of meals and not the nutritional content or, e.g., amount of calories, which also
affects the digestion of food and appearance of glucose in the plasma [63]. The DiaCon
AP and the virtual participants in the large scale virtual clinical trials are based on
Hovorka’s meal model.

2.4.1 Hovorka model

The meal absorption subsystem in the Hovorka model is described as a two-compartment
chain, D; and Dy [mmol],

Di(t) = AgD(t) — D;(t), (2.21a)
Ds(t) = DTl“) _ Dj(t). (2.21b)

Here, D [mmol/min] is the amount of carbohydrates in the meals, Ag [unitless| is the
carbohydrate bioavailability, and 7p [min| is the meal absorption time constant. The
amount of carbohydrates in the meal, D(¢) [mmol/min], can be converted to d(t) [g
CHO/min] by

1000

MwG
where M, = 180.1577 [g/mol] is the molecular weight of glucose. The rate of appear-
ance, RA [mmol/min], is

D(t) = ——d(t), (2.22)

Ds(t
RA = fﬁ, (2.23)
™D
where f [unitless] is the fraction of the consumed carbohydrates that appears in the

blood.
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2.4.2 UVA/Padova model

In the UVA /Padova model, meals are consumed by updating the initial condition of the
states and it is a single meal model (the UVA /Padova has been extended to a single day
[45]). The meal absorption is described by three compartments that represent 1) the
solid phase of the stomach, Qg0 [mg], 2) the liquid phase of the stomach, Qg2 [mg],
and 3) the glucose mass in the intestine, Qg [mg]. The solid and liquid phases are
described by

Qstol = _kgriQstola Qstol(to) = D, (224&)
Qsto2 = _kemthstOZ + kgriQstola QstoQ(tD) = 0. (224b)

Here, kg; [1/min] is the grinding rate and D [mg] is the total amount of carbohydrates
in the meal. The total amount of glucose in the stomach is

Qsto - Qstol + QstoZ; (225)

where Kepmp [1/min] is the emptying rate that depends on the amount in the stomach
and is described by

kmam - kmin
Kempt = Kmin + — (tanh(a(@sto —bD)) — tanh(B(Qs0o — cD)) + 2) , (2.26a)

)
5!
= (2.26¢)

Kmae [1/min] is the maximum emptying rate that decreases with a rate a [1/mg] to the
minimum emtpying rate ky,;, [1/min] until it recovers back to the maximum by a rate
S [1/mg]. b and c [unitless| relate to the shape of the curve that the emptying rate
decreases and increases with. Finally, the glucose mass in the intestine, Q)g., and the
rate of appearance, RA [mg/kg/min], is

qut = _kabngut + kempt@sto% qut<t0) = 0, (2273)

fkabngut
RA=———"— 2.27b
BW ’ ( )

where, kqps [1/min] is the absorption rate, BW [kg] is the body weight, and f [unitless]
is the fraction of the consumed carbohydrates that appear in the blood.

2.4.3 SIMO model

The SIMO model also describes the absorption of meals with compartments for the
stomach and intestine, but the SIMO model describes the transport through the intestine
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by modeling 1) the jejunum, J [mmol], 2) a delay compartment, R [mmol], and 3) the
ileum, L [mmol]. The stomach, S [mmol], is described by

S - —kjSS, S(to) - D, (228)

where ks [1/min] is glucose transfer rate from the stomach to the jujenum and D [mmol]
is the glucose in the stomach (meal) at the initial time. The glucose in the jejunum is
described by

J = kjsS — ki J — ki, J(to) = 0. (2.29)

ky; [1/min] is the transfer rate from the jejunum to the plasma and k,; [1/min| is the
transfer rate from the jejunum to the delay compartment. The delay compartment is

R=—kyR+kJ, R(to) =0, (2.30)

where k;,- [1/min] is the transfer rate from the delay compartment to the ileum. Finally,
the ileum is described by

L =kyR—kyL, L(ty) = 0. (2.31)

Here, k, [1/min] is the transport rate from the ileum to the plasma. The rate of
appearance, RA [mmol/L/min], is the combined contribution from the jejunum and the
ileum

f(kgjJ + kal)

A:
R V.-BW

(2.32)

where f [unitless] is the fraction of glucose that appear in the plasma, V' [L/kg] is the
distribution volume and the BW [kg] is the body weight.

2.4.4 Alskér model

The Alskédr model includes a compartment for the duodenum instead of the delay com-
partment in the SIMO model. The Stomach, Gg [mg], duodenum, Gp [mg], G, [mg],
and ileum, G [mg| are represented by

Gs = —kspTGs, Gs(to) = D, (2.33a)
Gp = kspTGs — kpsGp — RAD, Gpl(ty) =0, (2.33b)
Gy =kp;Gp —kjGy— RAy, G;(ty) =0, (2.33¢)
G =k Gy — RA;, G(to) =0, (2.33d)
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where D [mg] is the glucose in the stomach (meal) at the initial time and the flow rates
between the compartments are

G'Y
hop =k (1= ——D 2.34
s ( sz>5o+Gz)> (2340)
1
kp; = —— 2.34b
DI = o (2.34b)
1
= —— 2.34
kjr LT ( 3 C)
1
(2.34d)

T T T T exp(—o(t — ty))

ksp [1/min] is the emptying rate of the stomach described as a hill function with the hill
factor  [unitless| and amount of glucose corresponding to a 50% reduction of the gastric
emptying rate, [Gpso [mg]. k, [1/min] is the emptying rate for a noncaloric liquid. The
hill function represents the pylorus sphincter that can control gastric emptying. Kpy
and Kj; [1/min] are the transport rates from duodenum to the jejunum and from the
jejunum to the ileum. Lp and L; [unitless] are fractions of the total length of the
intestine and 7' [min] is the transit time. 7 [unitless] is a lag coefficient to represent a
delay, where ¢ [1/min] defines the steepness, and t5 [min] is the time for which 7 = 0.5.
The rate of appearance, RA [mg/min/kg], is described as the combined contribution from
each compartment in the intestine and is described with Michaelis-Menten relations to
represent saturation of the glucose transporters, i.e.

RAp + RA;+ RA;

RA = Fp B (2.35a)
RAp = m, (2.35b)
RA; = M, (2.35¢)
RA, — M, (2.35d)

where, K,,¢ [mg] is the amount of glucose corresponding to a 50% reduction of the
absorption rate, RA,,4,, [mg/min| for i = D, J, I is the maximum absorption rate from
the duodenum, jejunum, and ileum, Fp [unitless] is the fraction of glucose that appears
in the plasma, and BW [kg] is the body weight.

2.4.5 CSIR-PFR model

The CSTR-PFR model describes the stomach as a continuous stirred-tank reactor (CSTR)
and the small intestine as a plug flow reactor (PFR). It is based on the second model
presented by Moxon et al. [62]. Contrary to the previous models, the CSTR-PFR model
also contains partial differential equations (PDEs).
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The stomach, m, [mg], is represented by

ms - Fm — L'gd, (236&)
Fsd - ksdmsy (236b)

where F,, = d [mg/min] is the carbohydrates in meals and Fy; [mg/min| is the flow
rate from the stomach to the duodenum. kg4 [1/min] is an inverse time constant and
represents the pylorus sphincter. kg, is assumed to be either 1) constant, 2) a function
of the glucose rate of appearance in the plasma [64], or 3) a function of the amount
of glucose in the duodenum [61]. The glucose concentration, ¢, [mg/m?], in the small
intestine is described by the PDE

8tcsi = —asz - Qaa z € [Zo, Zf] (237)

where, z [m] is the spatial coordinate along the small intestine, and the positions z, and
zy [m] are the boundaries. The peristaltic movement in the small intestine is described
by the flux, N, [mg/m/min|, and it consists of an advection term, Ny, [mg/m/min|, and
a diffusion term, Ny, [mg/m/min], i.e.

N, = Ny + Ny, (2.38a)
Nop = VpCsi, (2.38b)
Nyp = —D,d.c4. (2.38¢)

v, [m/min] is the constant velocity and D,, [m?/min] is the constant diffusion coefficient.
The glucose absorption, Q, [mg/m?/min], is described by
2
Qo = —fqa, (2.39a)

st

Ga = UgCs;, (239}3)

where rg; [m] is the radius of the small intestine, f [unitless] is a factor that describes
how much of the glucose that is absorbed, and v, [m/min] is the glucose absorption rate.
The boundary condition between the stomach and the duodenum is

Asin’z:zo = Fsda (24O>

which means that the flux at the beginning of the small intestine times the cross-sectional
area, Ay [m?] must be equal to the glucose flow rate, Fiy.
Finally, the glucose rate of appearance, R4 [mg/min], is

RA = A, / 7 Qudz. (2.41)

2.5 Physical activity models

During the thesis, we only applied the model by Rashid et al. [65], but more models
of physical activity exist in the literature, e.g., the model by Resalat et al. [50] or by
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Breton [66]. Some models use heart rate to measure exercise intensity (e.g. the Rashid
model), but exercise intensity measured by heart rate can be converted to heart rate
reserve by

HR = HRgr(HR oz — HRyest) + HRyest, (2.42)

where HR [BPM] is the heart rate that corresponds to the heart rate reserve, HRg [%],
HR,o [BPM] is the maximum heart rate and HR,.s; [BPM] is the resting heart rate.
We use the following simple approximation of the maximum heart rate:

HR,,u = 220 — age. (2.43)

2.5.1 Rashid model

The Rashid model includes both the short-term effects of exercise, £y [BPM], and the
long-term effects of exercise, Ey [min]. The model is described by

HR(t) — HRy — E (t)

Bt — ! | (2.44a)

Fo(t) = & fr(t) +T Cy — TE(t)’ (2.44b)

b - ( fETiit) . TEl(t)> B0 + W (2.44c)
@ )"

feat) = (o) (2444)

Here, T [min] is the characteristic time for the long-term effects of exercise, where
¢1 [min] and ¢y [min| define the steady state value and 7., [min] is the time constant
for how fast the steady state is reached, HR [BPM] is the heart rate, HRy, [BPM] is
the resting heart rate and 75z [min] is a time constant. a [unitless|, n [unitless|, and
Tin [min] specify the intensity and time constant of the long-term effect exercise on the
insulin action. We describe how the exercise subsystem is included in the Hovorka model
in section 2.7.

2.6 CGM models

In the thesis, we used the CGM model developed by Facchinetti et al. [67] in a simplified
version, where the measurement noise is assumed to be normally distributed. CGM
models represent that CGMs measure from the subcutaneous interstitial tissue with
some sensor noise.
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2.6.1 Fachinetti model

The Fachinetti model describes the glucose transport from the plasma to the interstitial
tissues and a non-Gaussian sensor noise. The non-Gaussian sensor noise represents the
additional lags and delays caused by the CGM. The interstitial glucose concentration,
Gsc [mg/dL], is described by

(G(t) = Gsclt)) - (2.45)

The time constant, 7 g¢, is 6.7 min. The non-Gaussian sensor noise is represented by
the sum of the two autoregressive processes

ce, = 1.23ccp—1 — 0.3995¢ck—2 + Wee ks (2.46a)
Bp = 1.01305_1 — 0.21350,_o + wy, (2.46b)

where wee ~ N(0,11.3 mg?/dL?) and wy, ~ N(0,14.45 mg?/dL?). The discrete time
measurements from the CGM are described by

Yr = Gsc(ty) + cop + Oy (2.47)

During the thesis, we assume that the sensor noise is normally distributed as in (2.1)
and neglect the non-Guassian sensor noise described by this model.

2.7 Glucose models

We applied three different glucose models during the thesis 1) the Hovorka model [18,
46], 2) the UVA/Padova model [53, 54], and 3) MVP model [55]. The glucose models
describe the plasma glucose concentration and include different representations of the
physiological phenomena that affect both the glucose consumption and glucose produc-
tion.

2.7.1 Hovorka model

The Hovorka model describes the glucose subsystem by the accessible, )1 [mmol], and
non-accessible, Q2 [mmol], glucose compartments

Q1(t) = RA(t) — Fo1.(t) — Fr(t) — 21 ()Q1(t) + k12Q2(t) + EGP, (2.48a)
Q2(t) = x1(t)Q1(t) — k12Q2(t) — 22Qa(1). (2.48Db)
Here, RA [mmol/min] is the rate of appearance of meal carbohydrates, kj [1/min] is

a transfer rate between the compartments, FGP [mmol/min] is the EGP, and x;, i =
1...3, is the insulin action (2.5). Furthermore, the corrected total non-insulin dependent
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glucose flux, Fy; . [mmol/min|, and the renal glucose clearance, Fr [mmol/min], are
described by

For ot) = Fou G(t) > 4.5 mmol/L, (2.490)
oLl FoiG(t)/4.5  otherwise, '
Pty [0003GO = 9Ve G(t) = 9 mmol/L, (2.45b)

A 0 otherwise, '

where Fpy; [mmol/min] is the nominal total non-insulin dependent glucose flux. The
plasma glucose concentration, G [mmol/L], is the glucose in the accessible compartment
divided by the distribution volume, V¢ [L], i.e.

Q1(t)
t) = . 2.
G(t) s (2.50)
In the nominal case, the EGP is
EGP = EGPy(1 — z3(t)), (2.51)

where EG P, [mmol] is the EGP extrapolated to zero insulin concentration, but the UPV
glucagon model modifies the EGP to represent the effect of glucagon on the hepatic
glucose production (2.20), i.e.

EGP(t) = Fagp(t) + EGPy (1 — Sppzs(t)) . (2.52)

Here, S5, [(mU/L)"!] is the hepatic insulin sensitivity. The Haider glucagon model
instead adds Kgp,VaQS () to (2.48a), where Kgy, [(mmol/L)/ug/min] is the glucagon
gain. The Rashid exercise model can be included by subtracting

Qra1(t) = aBs(t)?z, (1) Q1 (1), (2.53)

from (2.48a) and adding it to (2.48b). Furthermore,

Q2 (t) = aBEy(t)’x,(1)Qa(1), (2.54)
and 5
Qpi(t) = ngj (2.55)

are subtracted from (2.48b).

2.7.2 UVA/Padova model

In this thesis, we only used the UVA/Padova model without including glucagon or
exercise. In the UVA /Padova model, the glucose subsystem includes compartments for
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the glucose mass in the plasma and equilibrating tissues, rapidly equilibrating, G, [mg],
and slowly equilibrating G; [mg]. It is described by

Go(t) = EGP(t) + RA(t) — Un(t) — E(t) — k1G,(t) + kaGi(t), (2.56a)
Gi(t) = —Usa(t) + k1G,(t) — kaGy(t). (2.56b)

Here, RA [mg/kg/min]| is the rate of appearance of carbohydrates from the meals, and
k1 [1/min] and ko [1/min] are rate parameters, E [mg/kg/min] is the renal excretion,
and Uy; and U;y [mg/kg/min| are the insulin-independent and insulin-dependent glucose
utilizations given by

Uz(t) = Fens, (257&)
(Vo + Ve X (1)) Gy ()
Koo + G(t) '

Uia(t) (2.57D)

F.ns [(mg/kg) /min] is the glucose uptake of the erythrocytes and the brain, V,,,, [mg L/(kg
pmol min)| and K,,o [mg/kg] are parameters, X [pmol/L] is the insulin concentration
in the interstitial fluid (2.11), poy [1/min] is the rate of the insulin action on the pe-
ripheral glucose utilization, I, [pmol/L] is the basal insulin plasma concentration, and
Vino [(mg/kg)/min] is

(EGPy, — Fops) (Ko + Gw)

= : 2.
Vino G (2.58)

with
Fopns — EGPy + k1Gpp
ko )

EGP, [mg/kg/min] is the basal EGP, and Gy and G, [mg/kg| are the basal glucose
masses. Next, the EGP is

th - (259)

EGP(t) = max{(), EGPb — ]Cpg(Gp(t) - pr) — ]fpg(fd(t) — ]b)}, (260)

where ky [1/min| and k,3 [mg L/(kg pmol min)] are the liver glucose effectiveness and
the amplitude of the insulin action of the liver. I, is the delayed insulin signal (2.12a),
and I, [pmol/L] is the basal plasma insulin concentration. Finally, the renal excretion,
E,is

E(t) = max{0, k.1 (Gp(t) — ke2) }, (2.61)

where ke [1/min] and k.o [mg/kg| are the glomerular filtration rate and the renal glucose
threshold. The plasma glucose concentration is computed by dividing the glucose mass
in the plasma, G}, by the distribution volume, V, [dL/kg], i.e.

(2.62)



2.8 Whole-body models 31

2.7.3 Medtronic virtual patient model

The MVP model describes the glucose subsystem by a single compartment representing
the glucose concentration, G [mmol/L]. We only use the MVP model in the DiaCon
AP. We describe the MVP model as a stochastic differential equation (SDE) and include
glucagon from Haidar’s glucagon model

dG(t) = [~(GEZI + Ippp(t))G(t) + EGP + RA(t) + K, QS (1)) dt + ocdwe(t). (2.63)

Here, Igpp [1/min] is the insulin effect (2.14a), GEZI [1/min] is the glucose effective-
ness, FGP [(mmol/L)/min| is the endogenous glucose production, RA [mmol/min/L]
is the rate of appearance of meals (we use Hovorka’s meal model in the DiaCon AP),
K [(mmol/L)/ug/min] is the glucagon gain, QY [ug] is the second compartment in
the Haidar glucagon model (2.15b) (this term should be removed if glucagon is not in-
cluded in the model), o is the glucose diffusion coefficient, and wg is a standard wiener
processes.

2.8 Whole-body models

Whole-body models describe much more detailed representations of the human physiol-
ogy, but include many more states and parameters that can be hard, if not impossible
to estimate. In 1985, Sorensen presented a whole-body model that includes insulin,
glucagon, and glucose dynamics [68]. Since then, more models have been proposed as
discussed in Appendix A. During this thesis, we presented a whole-body model that
includes 7 organs, 16 metabolites, and 31 enzymatic reactions, and includes digestion
of meals (carbohydrates, protein, and lipids) and external administration of glucagon
and insulin. Here, we briefly introduce the methodology, but leave out the full system
of equations and instead refer to appendix A. Figure 2.1 shows a diagram of the model
and the dynamics of each compartment is described in the form

dc
VE — M(QmC'm - Qouto) ‘l’ RV, (264)
where V' is the volume, C' is the concentration of the metabolites, M represents the
external and internal component ordering, @);, are the inflow rates, Cj, is the concen-
tration of the metabolites that flow in, and @,,; are the outflow rates. The production
rate, R, is defined as
R=(TS)Tr, (2.65)
where r are the reaction rates, S is the stoichiometric matrix, 7" is a matrix to define
the reactions that occur in each compartment.

2.9 Models for 12D and the ICU

We mainly focused on modeling T1D during the thesis, but some of the models described
here, also exist in versions to represent people in the ICU or people with T2D, such as, the
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Figure 2.1: Schematic representation of the whole-body model. Solid arrows represent
blood circulation, where the right side is the arteries and the left side is the
veins. Thick arrows, as and vy, represents joining of flows from other organs.
M, Cy, and Vj, represents the blood tissue exchange and Ry represents the
reactions inside the cell. The dotted lines in the compartments suggest
free diffusion as cell-permeability is not included.
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ICU model by Hovorka et al. [69] or the UVA /Padova simulator for T2D [70]. The major
difference between models for T1D and T2D or the ICU is the modeling of the pancreas
in the insulin subsystem. People with T1D do not produce any insulin and therefore the
pancreas is not included in the insulin subsystem, whereas models describing people in
the ICU or with T2D include the insulin production from the pancreas. In Appendix O,
we list three different models for the ICU and extend them by a simple representation
of stress modeled as an unknown disturbance that directly enters the plasma glucose.

2.10 Summary

In this chapter, we described the models that we used or developed during the thesis.
We only described the models that were directly used during the thesis, but more models
exist in the literature. Here, we divided the descriptions of the models into descriptions
of each subsystem and included models for dynamics of insulin, glucagon, meals, exercise,
CGM, and glucose. Finally, we also briefly discussed whole-body models and models
for the ICU and people with T2D. We use different combinations and versions of the
models described here in the remainder of the thesis, where the large scale virtual clinical
trials are based on extensions of Hovorka’s model and the UVA /Padova model and the
DiaCon AP is based on the MVP model extended with Hovorka’s meal model, Haidar’s
glucagon model and a simplified version of Fachinetti’s CGM model. The parameters
for the models are listed in the appendix.
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CHAPTER 3

Large scale virtual clinical
trials

In this chapter, we describe how we use Monte Carlo simulation to evaluate the perfor-
mance of closed-loop diabetes treatments in large scale virtual clinical trials. The virtual
clinical trials include a population of virtual participants represented by a combination of
the models described in Chapter 2 and a protocol that describes the events that happen
during the trial (i.e. a sequence of model disturbances). We use high-performance com-
puting to make it computationally feasible to perform the large amount of closed-loop
simulations. This chapter refers to Appendices E, F, G, and H. Appendix E introduces
the Monte Carlo simulation toolbox used to perform the virtual clinical trials. In Ap-
pendix F, we extend the Monte Carlo simulation toolbox with a low-memory version
and show an example virtual clinical trial, where we compare the performance of two
different closed-loop systems in a population of 1 mio. virtual participants over 1 year.
Appendix G shows an example, where we instead compare the performance of an AP in
two different virtual populations. Finally, Appendix H describes how the protocols and
virtual participants for the virtual clinical trials are generated (lists the model parame-
ters) and describes how they are stored in a database.

3.1 Monte Carlo simulation

We use Monte Carlo simulation to conduct the large scale virtual clinical trials. Monte
Carlo simulations are used to quantify the uncertainty of certain performance measures
(e.g. the TIR for a person with diabetes) for different values of the uncertain quantities.
The Monte Carlo simulation toolbox works for systems in the general form (2.1), where
we can perform Monte Carlo simulations for different 1) model parameters (i.e. virtual
participants), 2) disturbances (i.e. different lifestyles or protocols), 3) realizations of
the process noise (i.e. model uncertainty), 4) initial conditions, and 5) realizations of
the measurement noise (e.g. measurements from a CGMs). Furthermore, we consider
closed-loop feedback control strategies written in a general form

xlcf—i-l - I{k‘(l‘za yk‘-i-la ak‘a gk-{-l; Czky pm), (31&)

U = )\k('rz7ykaak7gk7d\kapu)7 (31b)
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where z§, are the control states estimated by some x, and uy; are the manipulated inputs
computed from some control strategy A. The generel form (3.1) enables simulation of
different announced disturbances, d, (e.g. misestimated or mistimed meals), hyperpa-
rameters in the controller, p,, or state estimator, p,, and setpoints, g and ;. This form
describes multiple types of closed-loop control strategies including controllers based on
heuristics and physiological insight, PID-based controllers, and MPCs. We solve the
optimal control problem (OCP) in MPC algorithms with IPOPT [71] and we solve the
system of non-stiff SDEs with the Euler-Maruyama method [72]

tk,nJrl = tk,n -+ (St, (32&)
Thnt1 = Thon + [ (Ekn, Thom, Uk, dg, D r)0t
k1 = T + [ (tkns Troms Un, di, Py) (3.2D)
+ O-(tk,nu Lk, Uk, dka pa)awk,n7

where ty o = ty, Tro = Tk, and dwy, ~ Nya(0, 16t). The internal steps in the SDE solver

are not required to have the same sampling time as in the closed-loop system. We let
Ny, denote the number of steps of size dt in the interval [ty tx 1] i.e. Niot = At. Then

tkt1 = te,Ny, (3.3a)
Lk+1 = Tk,Ny,- 33b>

We use internal steps of 30 seconds.

3.2 Protocols

The protocols describe the activities or events that happen during a clinical trial. Here,
the protocols are represented as the model disturbances, d, in (2.1). The protocols
can also include, e.g., meals that are not estimated correctly. In that case d and d
are different. The protocols can include any disturbance described by the model used
for simulation. In this thesis, we design protocols that include the meal carbohydrate
contents and exercise. We design a set of four season dependent basis days and combine
the basis days to form different weeks, months and years. Figure 3.1 shows the basis
days during winter and autumn that consist of the 1) standard day, 2) active day, 3)
movie night, and 4) late night. During summer and spring, the dinner as a medium
meal and the snack is before lunch. Table 3.1 shows the meal sizes. Here, we assume
that the all the disturbances are correctly announced, i.e. d = d. Table 3.2 shows the
composition of the basis days in the standard week, the active week, and the vacation
week. We attempt to represent a northern European lifestyle with eight vacation weeks
(including public holidays) and Table 3.3 shows how the weeks are combined to form
seasons that together forms a year. The protocols are stored in a PostgreSQL database
which makes it straightforward to reuse the existing protocols, combine them in new
combinations, and add new protocols to the framework.
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Figure 3.1: From the top: 1) the standard day, 2) the active day, 3) the movie night,
and 4) the late night.

Table 3.1: Body weight-dependent meal carbohydrate contents.

Meal size Amount of carbohydrates For a 70 kg person
Large meal 1.29 g CHO /kg 90 g CHO
Medium meal 0.86 g CHO/kg 60 ¢ CHO
Small meal 0.57 g CHO/kg 40 ¢ CHO
Snack 0.29 g CHO/kg 20 ¢ CHO

3.3 Virtual Parficipants

The virtual participants are represented by a mathematical model or a combination of
the models described in Chapter 2. Each virtual participant is associated with a unique
set of model parameters, and we consider all the virtual participants represented by the
same model, a population. Furthermore, we generate personal information for the virtual
participants, e.g., name, date of birth, height, body weight etc. to 1) emulate real data
and 2) compute, e.g., heart rate related parameters that are dependent on age. Figure
3.2 shows the approximations of age, body weight and resting heart rate in the virtual
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Table 3.2: Compositions of the weeks.

Type Standard days Active days Movie nights Late nights
Standard 4 1 1 1
Active 3 3 1 0
Vacation 5 0 0 2

Table 3.3: Compositions of the seasons.

Season Standard weeks Active weeks Vacation weeks
Winter 6 4 3
Spring 6 6 1
Summer 7 3 3
Autumn 9 3 1

population. In this work, we generate 1 mio. parameter sets for the Hovorka model and
extend with Rashid’s exercise model, Haidar’s glucagon model, and Facchinetti’s CGM
model and 1 mio. parameter sets for the UVA /Padova model, i.e. we have generated two
virtual populations with 1. mio virtual participants in each population. The parameters
in the Hovorka model are sampled from the distributions presented by Boiroux et al.
[19] and the distributions in the UVA/Padova model are based on the values provided
by Colmegna et al. [54] and Kovatchev et al. [73]. Furthermore, we require that 1) the
generated parameters are within one standard deviation of the mean, 2) the generated
time constants are within one order of magnitude of the mean, 3) the basal rate is above
0.4 U/h, and 4) the steady state is physical, i.e. non-negative and we discard parame-
ters sets that lead to a steady state glucose concentration above 44 [mmol/L] when no
insulin is administered. Clearly, the amount of data used to construct the distributions
and sample the parameters is limited, but with more data becoming available, it should
become possible to construct more representative distributions in the future. The par-
ticipants are saved in a PostgreSQL database as described in appendix H that also lists
the exact distributions of the model parameters. The database allows the participants
to be reused and makes it possible to add more virtual participants to the framework.

3.4 Examples

We demonstrate the utility of the Monte Carlo simulation toolbox with the example large-
scale virtual clinical trial from Appendix F. Here, we compare the performance of two
different closed-loop systems in a population of 1 mio. virtual participants represented
by an extended version of the Hovorka model during a 1 year (52 weeks) virtual clinical
trial. In both trials, the participants are treated with a model-free DH AP that makes
microadjustments of the basal rate, estimates the insulin-to-carb ratio (ICR) over time
to administer meal insulin boli and can administer glucagon boluses at the beginning of
exercise or if the participant reaches hypoglycemia. In trial A, the nominal basal rate is



3.5 High-performance computing 39

20 40 60 80 50 100 60 80 100

Age [years] Body weight [kg] Resting heart rate [BPM]

Likelihood

Figure 3.2: Distributions of the personal parameters that affect the simulation models.
From the left: 1) The age of the participants with a mean of 51 years,
2) the body weight of the participants with a mean of 70 kg, and 3) the
resting heart rate of the participants with a mean of 80 BPM.

correctly estimated and in trial B, the nominal basal rate is underestimated by 50%. The
large-scale virtual clinical trials allow us to evaluate the outcomes based on distributions
of the KPIs instead of individual values. Figure 3.3 shows the mean and worst-case TIRs
for trial A and trial B. We define the worst-case trial as the trial where the participant
reaches the lowest glucose concentration. As expected, the TIR in trial A, where the
basal rate is correctly estimated, is higher, but surprisingly the worst-case participant
spends more time in severe hypoglycemia in trial A compared to trial B. Figure 3.4
shows a cumulative distribution of the glucose concentration for the participants in the
two trials, where we can, e.g., inspect the tails of the distribution and see that some
participants reach both very low and very high glucose levels. Furthermore, we can also
see the span of the all the participants. Figure 3.5 shows a boxplot with the distribution
of the time in ranges for all the participants. The boxplot shows that some participants
spend almost all the time in hyperglycemia and 0% time in range in trial A which is not
the case in trial B. However, on average the participants spend less time in range in trial
B. The boxplot also displays that some participants have 100% TIR. Finally, Figure 3.6
shows the distribution of the manipulated inputs during the trials. Since the basal rate
is underestimated in trial B, we can see that the AP administers less basal insulin and
more bolus insulin in trial B compared to trial A. Furthermore, it also shows that more
glucagon is administered in trial B, which is most likely due to the larger insulin boli.
Another example of a large-scale virtual clinical trial is shown in Appendix M, where the
performance of a closed-loop system is evaluated in two different virtual populations.

3.5 High-performance computing

Virtual clinical trials with millions of virtual participants are not computationally feasi-
ble unless high-performance techniques are applied. The Monte Carlo simulation tool-
box is implemented in C and uses OpenMP [74] to parallelize the simulations for shared
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Figure 3.3: Time in ranges for the two different treatments. Left: mean time in ranges
for treatment A and treatment B. Right: time in ranges for the worst-
case participant (the participant that reaches the lowest blood glucose
concentration) for treatment A and treatment B.

memory architectures. The Monte Carlo simulations are straightforward to parallelize as
each worker can be assigned to a distinct closed-loop simulation. It requires significant
amounts of storage to save the results from the large number of long-term simulations.
Therefore, we extend the toolbox presented in Appendix E with a low-memory version
in Appendix F and G, where only selected KPIs are stored and not the full simulations
for each participant. Whenever the simulation for each participant is completed, we
compute its contribution to the selected KPIs such as TIR as well as mean, minimum,
and maximum glucose concentration. Consequently, the simulation is only stored if it
was worse or better than the previous simulations based on the criterion of the KPIs.
We use the DTU HPC system [75], where Table 3.4 shows the computation times of the
virtual clinical trial. The computation time of the trial with 1 mio. participants over
1 year is 82 minutes with 64 cores. Rome and Epyc refers to two different CPU types
available at DTU. The table shows that the computation time scales almost linearly with
the number of cores, which means that the computation time can be further reduced
with more cores. Furthermore, it also indicates that the performance could be improved
by modifying the toolbox to work for distributed memory architectures (e.g. using MPI
[76]) where multiple computers can used.

3.6 Summary

In this chapter, we described the Monte Carlo simulation framework used to perform
large-scale virtual clinical trials of closed-loop diabetes treatment. The virtual partici-
pants are represented by a combination of the mathematical models presented in Chapter
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Figure 3.4: Cumulative distribution of the glucose concentration in the two virtual
clinical trials with 1 mio. virtual participants over 52 weeks. Blue solid
line: the mean glucose concentration in trial A. Blue dotted line: the mean
glucose concentration in trial B. Red solid line: the participant that reaches
the lowest glucose concentration in trial A. Red dotted line: the participant
that reaches the lowest glucose concentration in trial B. Red dashed line:
the setpoint. Grey shaded area: the span of all the participants in trial A.
Light blue shaded area: the span of all the participants in trial B.

Table 3.4: Computation times of one virtual clinical trial with 1 mio. virtual partici-
pants over 52 weeks.

Cores  Epyc Rome
64 113 min 82 min
32 220 min 158 min
24 287 min 204 min

2, where each participant is associated with a unique set of parameters, and we design
the protocols from a set of basis days based on a northern European lifestyle. Both the
participants and the protocols are stored in a PostgreSQL database, which allows the
user to reuse, modify and add new participants and protocols to the framework. We
use a general formulation of the models, control algorithm, and state estimator in the
toolbox, which makes it possible to test different control algorithms and represent the
participants by different mathematical models. The general formulation also enables
Monte Carlo simulation of, e.g., different protocols, realizations of the sensor noise or
process noise, or different controller hyperparameters.
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CHAPTER 4

Artificial pancreas
technology

In this chapter, we describe the DiaCon AP and summarize the results from a clinical
trial with adolescents (n = 11). We provide an overview of the closed-loop systems
that are either commercially available, in regulatory review, or received approval and
compare with the DiaCon AP. The DiaCon AP consists of a Dexcom G6 CGM, two
Dana RS pumps, and the control algorithm is implemented in an Android smartphone.
The control algorithm is an NMPC algorithm, where we use a stochastic version of
the MVP model extended by Hovorka’s meal model, Haidar’s glucagon model, and
Fachinetti’s CGM model described in Chapter 2 for predictions. We use a ML based
PEM to estimate the parameters. The CD-EKF is used for state estimation and in
the PEM. This chapter is based on Appendices I, J, K, L, M, N, and O. Appendix I
introduces the DH AP system and algorithm and shows the results from a pre-clinical
virtual clinical trial with 50 participants represented by an extended version of Hovorka’s
model. Appendix J provides a full description of the control algorithm used in the
AP, discusses the technical challenges, and summarizes the results from the clinical
trial. Appendix K describes the clinical trial and trial outcomes in detail. Appendix
J and K are the primary resources for this chapter. Appendix L lists and discusses
the individual parameter estimates and outcomes for each participant in the clinical
trial. Appendix M proposes a model-free one-size-fits-all AP for people with T1D that
does not require parameter estimation and is in some ways an extension of the titration
algorithm proposed Appendix N. Finally, Appendix O proposes a linear MPC algorithm
for control of the blood glucose concentration in the ICU.

4.1 Artificial pancreas systems

As also discussed in Chapter 1, there are currently five closed-loop systems commercially
available in the EU or the US. Figure 4.1 shows selected specifications of the systems as
well as the DiaCon AP for comparison. The licenses differ between each system, and they
are not all available in both the EU and the US. Each system have unique features. The
DiaCon AP, the CamAPS FX, and the Omnipod 5 all implement the control algorithm
in Android smartphones, but the Omnipod 5 uses the Omnipod patch pump which
is tubeless instead of the Dana RS pump. The Medtronic systems, Control-1Q, and
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Diabeloop implements the control algorithm in pump or a in dedicated device. The
Medtronic 780G includes automatic corrections and is an upgraded version of the 670G.
Common to all of the commercially available systems is that they require announcements
of meals or exercise. Compared to the commercially available systems, the DH feature
of the DiaCon AP is unique, but if we compare to other AP systems in development
(see Figure 4.2), both the Inreda and Ilet bihormonal systems are able to administer
glucagon. Both the Inreda and iLet bihormonal systems have special pumps that contain
chambers for both insulin and glucagon, i.e., they do not require two different pumps
like the DiaCon AP, but currently, just the insulin only version of the iLet system is
in regulatory review. Furthermore, the Inreda system does not require announcements
of meals or exercise whereas the iLet system still requires announcements although not
specific amounts of carbohydrates. The Inreda system is the only system that uses two
CGMs. Finally, the Tidepool loop system is an Iphone app that is compatible with
multiple sensors and pumps and also integrates with the Apple watch. As these systems
are still in development, the exact features are unknown and some of the details might
change.

4.2 DiaCon arfificial pancreas system

The DiaCon AP is categorized as a hybrid DH closed-loop system as it can administer
both insulin and glucagon and requires the user to announce both meal intake and
exercise. The system consists of two Dana Diabecare RS pumps (one for insulin and
one for glucagon), a Dexcom G6 sensor, and a Samsung galaxy A5 2017 smartphone.
Figure 4.3 shows a picture of the DiaCon AP. The DiaCon app is a Java Android
application that also provides a GUI for the user. All computations in the control
algorithm are performed with the smartphone. Figure 4.4 shows a flowchart of the
closed-loop system as well as the pre-trial preparations. We describe the details of both
the pre-trial parameter estimation and the control algorithm in Section 4.3.

4.3 Nonlinear model predictive conftrol

In this section, we describe the NMPC algorithm used to compute the insulin and
glucagon administration in the AP, and how we estimate the parameters in the predic-
tion model. NMPC algorithms compute a closed-loop feedback control strategy using
the moving horizon principle, where a new open-loop strategy is computed with some
sampling time when new measurements are available. NMPC allows to include the non-
linear effect of the insulin action on glucose. The NMPC algorithm is combined with a
number of heuristics to switch between insulin and glucagon and to provide additional
safety constraints.
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Comparison between the DiaCon AP system (SH and DH configurati

Figure 4.1

with the closed-loop systems commercially available in the EU or the US.

From the left

DiaCon SH, DiaCon DH, Medtronic 670G, Medtronic 780G,

Control-1Q, CamAPS FX, Diabeloop, and Omnipod 5.
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DiaCon Single DiaCon Dual Tidepool Loop iLet insulin only iLet bihormonal Inreda

System
appearance 7 E
-2 ‘
o, Q
Continuous Dexcom G6 Dexcom G6 Dexcom G6 Dexcom G6 Dexcom G6 Medtronic
glucose monitor Guardian Sensor
Pump Dana RS Dana RS Omnipod iLet pump iLet pump Inreda pump
MiniMed
Algorithm App on Android App on Android App on Iphone On pump On pump On pump
configuration phone phone
Regulatory status - - FDA approved Pending 510(k) - CE mark
Features Automatic Dual hormone. Compatible with Automatic Dual hormone. Dual hormone. No
corrections. Automatic multiple diabetes corrections. Does Automatic announcements
Exercise mode corrections. devices. Automatic  not require carb corrections. Does required
with temporary Exercise mode corrections. counting not require carb
target with temporary Exercise mode counting

target

Figure 4.2: Comparison between the DiaCon AP system (SH and DH configuration)
and the closed-loop systems that are in development and either received
approval or are in regulatory review (with the exception of the iLet bihor-
monal system). From the left: DiaCon SH, DiaCon DH, Tidepool Loop,
iLet insulin only, iLet bihormonal, and Inreda AP.

4.3.1 Continuous-discrete extended Kalman filter

We use the CD-EKF [77] to estimate the states and the insulin sensitivity from the
received CGM measurement every 5 minutes. Furthermore, we use the CD-EKF in the
PEM to estimate the model parameters.

Filtering Given the previous one-step prediction of the states, 1, its covariance,
Prjk—1, and a measurement, y;, the CD-EKF computes the filtered state, Zj, and
its covariance, Py;. We compute the one-step prediction of the measurement and its
derivative by

@k“ﬂ—l = g(tka ilk\k—l? H)a (413)
9 .
Cr = (%(tk, Trik-1,0). (4.1b)

We use the one-step prediction of the measurements to compute the innovation, e, and
its covariance, R, , by

€k = Yk — Yrjk—1, (4.2a)
Rej = CyPy—1CF + R. (4.2b)

We then compute the Kalman gain as

Kok = Pur1CL Ry, (4.3)
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Figure 4.3: The DiaCon AP system. The system consists of 1) an Android smart-
phone, 2) a Dexcom G6 sensor, 3) a Dana Diabecare RS pump for insulin
administration, and 4) another Dana Diabecare RS pump for glucagon
administration.

and obtain the filtered state and its covariance by
Tpk = Trpp—1 + Ky per, (4.4a)
Py = Prjk—1 — fo,kRe,kK};,k- (4.4b)

Positive definiteness of the filtered state covariance, Py, can be ensured by the Joseph
stabilized form [78§]

P = (I — Kok Cr) Pepp1 (I — Kok Cr)" + fo,kRKJTM. (4.5)

Prediction From the filtered state-covariance pair (4.4), we compute the one-step
prediction

Trie = T(tes), (4.6a)
Pryije = Pr(trr), (4.6b)
by solving
d .
£$k<t) = f(t,xk(t),uk,dk,ﬁ), (47&)
d

%Pk(t) = Ap(t) P(t) + Pu(t) Ax(t)"
+ Uk(f})O'k(t)Ty (47b)
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Figure 4.4: A flowchart of the pre-trial preparations and the DiaCon AP as a closed-
loop system. Top left: Example of CGM, meal, and insulin data received
before the studies. Top right: Parameter estimation using the data pro-
vided by the participants. Bottom: We enter the model parameters in the
smartphone that is connected to the sensor and pumps. The smartphone
reads the sensor and estimates the states using the CD-EKF based on
the measurement. We then update the constraints, select either insulin or
glucagon administration, and solve the OCP. The post-processing routine
evaluates the solution, checks the predictions, and rounds the input to the
pump resolution before writing the instructions to the pump.
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for t;, <t <tp.1, where

_of

Ak(t) = or (t,.if:k(t),uk,dk,G), (48&)
O’k(t) = a(t,i"k(t),uk,dk,@), (48b)

with the initial condition
Pi.(tx) = Py (4.9b)

Remark Different versions of the Kalman filter can also be applied for fault-detection
[79, 80].

4.3.2 System identification

We estimate the parameters in the extended MVP with a PEM based on the CD-
EKF [56] from CGM, meal, and insulin data. In the clinical trial, we received around
two weeks of data from the participants prior to the trials and in the pre-clinical virtual
clinical trials (Appendix I), we generate data with the simulation model and estimate
the parameters from the simulated data to represent a real clinical trial.

4.3.2.1 Maximum likelihood based prediction error method

We use a ML based PEM using the CD-EKF to estimate the parameters. Let Zy be a
set of experimental data, i.e.

i1 = {Yrr1, un, di} ULy, Zo={yo}, k=0...N-1 (4.10)

The aim is to maximize the conditional probability density, p(Zy|6). Since we assume
that the inputs, ug, and disturbances, dj, are deterministic, we can express the condi-
tional probability density as

P(In10) = p(yn,yn—1s- - -, %0l0). (4.11)

Let the negative log-likelihood function

V(0) = —log(p(In|0)), (4.12)

be expressed as

(N+21)”y log(27) + ;kz (log[det(Re,k(Q))] - ek(e)T[Re,k(e)]—lek(e)), (4.13)

V() =
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Here, n, = 1 and the innovation, ey, and its covariance, R.j, are computed with the
CD-EKF (4.2). The objective is to the find the set of parameters, §, that minimizes the
negative log-likelihood function (4.13), i.e.,

0 =arg min V(0), (4.14)

0, <0<0,

where 6 ~ N(é, Py) and with the constraints 6; < 6 <0,.

4.3.2.2 Fisher information matrix and parameter covariance

The Fisher information matrix, H(0), is defined as the covariance of the gradient of the
log-likelihood function

A oV .. OV 4 02‘/ R
HO), = E 50,0 =E 0 41
or equivalently
H(0) £ Eo {VVO)VV(6) } = Eo {VIV (D)} (4.16)
where
1% N 1 _18Rek _1a€k 1 _18Rek »
T 52 a0 | TeBarzg — gl Ra gy 41
aez l;) 2tr [RQk 891 ] + ekRe7k 861 QGkRe,k 891 e7k6k7 ( 7)

The observed Fisher information matrix can be used to provide a lower bound on the
covariance of the estimated parameters by the Cramér-Rao lower bound (CRLB) [81-83]

Py = Cov(d) > H'(0). (4.18)

If the number of data points is sufficiently large, the covariance of the parameter esti-
mates, 0, can be approximated as the inverse of the Hessian [84], i.e.

Cov(0) = H'(0). (4.19)

A

Consequently, the standard deviation of the parameter estimate, 6;, is

og, =/ (H )i (4.20)

Remark The Fisher information matrix can also be applied to evaluate the experi-
mental design [85, 86].
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4.3.2.3 Examples

Figure 4.5 shows an example of the data used for estimation and a simulation with
the estimated parameters for one virtual participant from Appendix I, and Figure 4.6
shows the data and a simulation with the estimated parameters for a participant in
the actual clinical trial from Appendix J and L. Clearly, the fit is more accurate in the
simulation study. The data we received from each participant before the clinical trial
was usually of poor quality with periods of missing CGM data and unannounced or
misestimated meals. Therefore, we selected a subset of the data for estimation, which
was usually less than 24 hours, and for some participants it was not possible to find
more than a few hours of data without missing information. In practice, it was also
necessary to fix some of the parameters. Choosing a suitable subset of the and data
and which parameters to fix was both a challenging and time-consuming task and was
performed by trial and error. Conversely, the data in the simulation study had correctly
announced meals and no missing data. Furthermore, the data received from the real
participants included more variations in, e.g., the meal response, where meals of similar
sizes with a corresponding insulin bolus resulted in different responses (see, e.g., the
first and third meal in Figure 4.6). These variations might occur because of incorrectly
announced meals, but can also happen because of physiological variability. We could
have included incorrectly announced meals in the simulation study, but neither the
control nor simulation model are able to describe the physiological variability in the
meal response. The combined effects lead to much more accurate predictions in the AP
in the simulation study compared to the real clinical trial.

4.3.3 Optimal control problem

We solve an OCP to compute the insulin or glucagon administration every 5 minutes
when a new CGM measurement is received. The OCP is in the form

min ¢ = o([z(D)], {w}re); (4.21a)

()], ur} Dt

subject to
(to) = Zo, (4.21b)
#(t) = f(t,2(t), u(t), d(t), 0), t € [to, t], (4.21¢)
u(t) =ug, t € [ty b, k=0,...,N—1, (4.214)
d(t) = dy, t€ [t tesl, k=0,...,N—1, (4.21e)
Umin < Ug < Unax, k=0,...,N—1, (4.21f)

where (4.21b) is the initial condition estimated with the CD-EKF, (4.21c) is the determin-
istic part of the extended MVP model, (4.21d)-(4.21e) are zero-order hold parametriza-
tions of the manipulated inputs and announced disturbances, and (4.21f) are the con-
straints on the manipulated inputs. We use a control and prediction horizon of 6 hours
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Figure 4.5: Parameter estimation for the example study. From the top: 1) CGM
measurements (blue dots) and a simulation with the estimated parameters
(red line), 2) announced meals, 3) basal insulin rate, and 4) bolus insulin.

for predicting sufficiently long to reach steady state while ensuring computational feasi-
bility. We describe the objective function, ¢, in Section 4.3.3.1.

4.3.3.1 Objective function

We define the objective function (4.21a) as

N-1

o= [ pateNdt + X pu). (4.22)

0 k=0

to penalize deviations from the target glucose concentration and deviations from the
nominal values of the manipulated inputs. We define the term that penalizes deviations
from the target glucose concentration as

pz(z) = a2p5(2> + azrrlinpzmirl(z) + aZmapomax (2)7 (423>
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Figure 4.6: Parameter estimation for one virtual participant in the simulation study.
From the top: 1) CGM measurements (blue dots) and a simulation with
the estimated parameters (red line), 2) announced meals, 3) basal insulin
rate, and 4) bolus insulin.

where
p=(2) = ;(z —2)%, (4.24a)
o () = S (mIN{0, 2 — 20} (4.24b)
P (2) = ;(maX{O, Z = Zmax})’- (4.24¢)

We penalize 1) deviations of the blood glucose concentration from the setpoint, z =
6 mmol/L, 2) hypoglycemia (2 < 2, = 4.5 mmol/L), and 3) hyperglycemia (z >
Zmaz = 10.0 mmol/L). Figure 4.7 shows the glucose penalty function when administering
both glucagon and insulin. The weights in (4.23) are az = 1, o, = 10% a,,__ = 50
when computing the insulin administration, and «,_, = 0 when computing the glucagon
administration. The penalty function is asymmetric to penalize hypoglycemia more than
hyperglycemia i.e. o, _, > a, . . The second penalty term is defined as

pu(uk) = au,bapu,ba(uba,k) + au,bopu,bo(ubo,k); (425)
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Figure 4.7: Asymmetric glucose penalty function when administering insulin (blue)
and glucagon (black).

when administering insulin, where

Pu,ba(uba,k) = Huba,k — ﬂba,ng, (4.26a)
Pubo(Ubo k) = || Ubok|1- (4.26D)

Here, pypa(tpar) penalizes deviations from the nominal basal insulin rate i, in a 2-
norm to promote small deviations and py, po(Uso k) penalizes administering insulin boli,
where the 1-norm promotes sparsity, i.e., few, but large insulin boli. We set the weights
in (4.25) to ayp, = 0.5 and a,p, = 0.01. When administering glucagon, the penalty
term is

pulur) = o cllucl3. (4.27)

Similar to the basal insulin penalty term, we also apply the 2-norm for glucagon admin-
istration to promote small deviations, but here the nominal value is zero. The weight is
ay,¢ = 100.0.

4.3.3.2 Numerical solution

We use direct multiple-shooting [87] to transcribe the OCP (4.21) into an NLP. We
discretize the dynamic constraint (4.21c) and the integral in the objective function with
an explicit 4th order Runge-Kutta method with fixed step size. We solve the NLP with
a SQP method [20, 88], where we solve the QP in each SQP iteration with a Riccati
based primal-dual interior point algorithm [89, 90].

4.3.4 Heuristics

We use heuristics to 1) switch between insulin and glucagon administration, 2) compute
bounds of the insulin and glucagon administration, 3) update controller parameters when
exercise is announced, 4) round to pump resolution, and 5) a fall-back strategy if the
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solution of the OCP (4.21) was prevented. In the nominal case, the setpoint, z, and the
switch limit is,

zZ = 6.0 mmol/L, switch limit = 4.5 mmol/L. (4.28)

The setpoint is set to a value above the glucose level in healthy people as an extra
safety measure to avoid hypoglycemia. Furthermore, the switch limit is slightly above
the threshold for the hypoglycemic range to let the AP be able to administer glucagon
proactively. Algorithm 1 lists the full control algorithm.

Algorithm 1: Control algorithm executed with 5 min intervals.

1 if CGM measurement available then

2 if a meal was consumed within the previous hour then
3 ‘ set the insulin sensitivity diffusion coeflicient, og,, to zero;
4 end
5 estimate the states, &, Section 4.3.1;
6 clip insulin sensitivity, Sr(t), (4.38);
7 | update the constraints, ug;", (4.34), upiy, (4.33), and, upe%, (4.29);
8 if the exercise mode is active then
9 ‘ update the setpoint, z, and the switch limit, (4.36);
10 end
11 if the measured or estimated glucose level is below the switch limit then
12 ‘ solve the OCP, (4.21), in glucagon mode;
13 else
14 solve the OCP, (4.21), in insulin mode;
15 if any glucose predictions within the next 30 min are below the switch
limit then
16 ‘ go back and solve the OCP in glucagon mode;
17 end
18 end
19 if the optimal solution is obtained then
20 ‘ proceed with the solution;
21 else
22 ‘ use the open-loop fallback strategy, (4.39);
23 end
24 if ezercise was just announced and Gegy < 7 mmol/L then
25 ‘ stop insulin administration and give a glucagon bolus of 100 pug, (4.37);
26 end
27 else
28 ‘ use the open-loop fallback strategy, (4.39);
29 end

30 round to pump resolution and unit conversion, Section 4.3.10;
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4.3.5 Switch logic

We use a simple switch logic to avoid administering insulin and glucagon simultaneously:

o If the measured or estimated glucose concentration is below switch limit, we set
the insulin administration to zero and switch to the glucagon mode.

o If the glucose concentration is predicted to become below the switch limit within
the next 30 minutes, we set the insulin administration to zero and switch to the
glucagon mode.

The AP is always initialized in insulin mode.

4.3.6 Insulin administration logic

We allow insulin boli to be administered after meals or as a correction if the glucose
concentration reaches hyperglycemia. We compute the upper bound on the allowed
insulin bolus as

max

_ corr meal hist
Upgp = MAX{E, Upoy, + Upo — Upo k) (4.29)

where € = 1072, u{% is the maximum correction bolus infusion rate, u"! is the maxi-

mum meal bolus infusion rate, and u}! is the sum of the insulin administration history

over the last hour. The allowed correction bolus is computed as

1 GCGM - Gmaa:
ok = 0, =+ . 4.30
ubo,k max { ) TS _[SF ( )
Here, T; = 5 min is the sampling time, Geogpy [mmol/L] is the CGM measurement,
Gmaz = 10 mmol/L is the limit for when correction boli can be administered, and

ISF [mmol/L/mU] is the insulin sensitivity factor provided by the participants. The
correction bolus target is set to 10 mmol/L, as the aim is to correct the participants into
range and not to the target. We allow meal boli for 1 hour after a meal is announced
and compute the maximum allowed insulin bolus as

d
UZI;?ZI = max {0, ;IGR}, (431)

where d [g CHO] is the announced amount of the carbohydrates in the meal, IC'R [g/mU]
is the ICR provided by the participants, and v = 1.15 [unitless] allows the AP to
administer 15% more insulin than the amount that would have been administered based

on the ICR alone. If a meal was not consumed within the last hour, up%' = 0. The
insulin bolus history is computed as

hist
Nbo

UE;SZ = Z Ubo,k—j|k—j s (4.32)
j=1
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where wp, |, is the insulin bolus infusion rate at the £’th interval and NgloiSt = 11 corre-
sponds to 12 sampling intervals of 5 minutes, i.e., 1 hour. Finally, the maximum allowed
insulin basal rate is

max

uba,k = Qaba,lm (433)

where 1,1, is the nominal basal rate of the participants.

4.3.7 Glucagon administratfion logic

The glucagon administration is constrained by

max

ugy = max{e, ug™ — ughr}- (4.34)
Here, € = 1072, uZ® = 300 pg and the glucagon history is computed by

Ngist
ulgf,g = > UG k—jj—j- (4.35)
j=1

Uk is the glucagon administration rate at the A’th interval and Ngi“ = 23 which
corresponds to 24 sampling intervals, i.e., 2 hours. The limit of 300 ug per 2 hours is
based on the recommendations by the doctors at Steno Diabetes Center Copenhagen.

4.3.8 Exercise logic

We update certain parameters in the AP when exercise is announced as the prediction
model does not include an exercise subsystem. We increase the setpoint, z, and the
switch limit to reduce insulin administration and allow the AP to administer glucagon
earlier during exercise. The updated values are

zZ = 7.0 mmol/L, switch limit = 7.0 mmol/L. (4.36)

Furthermore, if Gogy < 7 mmol/L when exercise is announced, a glucagon bolus is
administered

UGk = 100 ug if GCGM <7 IIll'IlOl/L (437)

4.3.9 Insulin sensitivity logic

We set the insulin sensitivity diffusion coefficient to zero for one hour after meals to
prevent the meals from effecting the adaptive estimation of the insulin sensitivity. Fur-
thermore, we restrict the estimated value of the insulin sensitivity, S;, in the CD-EKF
to be within the limits

log S;(0) — 1 < log S;(t) <logS;(0) + 1, (4.38)

as a safety measure, where S;(0) is estimated during the parameter estimation.
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4.3.10 Post-processing and fall-back strategy

We design a fall-back strategy to handle possible unforeseen problems. Specifically, the
fall-back strategy is activated in case the solution of the OCP (4.21) is prevented (e.g.,
if the maximum number of iterations in the SQP algorithm is reached). The fall-back
strategy is

U _ 0 GCGM S 8.0 mIIlOl/L, (4 39&)
baklk Upgr, Otherwise, '

Upo |k = 0, (4.39b)

o [min{15 pgugy} Gogu < 4.5 mmol/L, (1390
Gklk 0 otherwise. '

If the solution of the OCP (4.21) is obtained, we round the manipulated inputs to the
pump resolution which is 0.01 U/h for the insulin basal rate, 0.1 U/h for the bolus
insulin and 0.01 pg/h for the glucagon infusion rate.

4.4 Clinical trial

The DiaCon AP was tested in a clinical trial with adolescents with T1D. Appendix
K describes the clinical trial and primary outcomes. Appendix L and J discuss the
clinical trial from a technical perspective. Appendix L describes the results from each
study individually and Appendix J summarizes the overall results and compares to the
simulation study performed in Appendix I. Here, we provide an overview and discuss
the most interesting learnings from a technical perspective and refer to the Appendices
for more details. There were 3 participants in the phase 1 trial and 11 participants in
the phase 2 trial. In the phase 1 trial, we only tested the DH configuration of the AP
and in the phase 2 trial each participant had two visits, one with the DH configuration
of the AP and one with the SH configuration of the AP. Figure 4.8 shows the protocol.
The study lasted 26 hours and the participants entered the clinic at 17:00, had dinner at
19:00, slept from approximately 22:00 to 07:30, had breakfast at 08:00, lunch at 12:00, a
snack at 15:00, had an exercise session of moderate intensity from 16:30-17:15, and the
study ended at 19:00. The participants had a median of 54% TIR, 3% in level 1 and 2
hypoglycemia, and 43% in level 1 and 2 hyperglycemia with their normal treatment.

4.4.1 Technical difficulties and subset of participants

The studies were affected by a number of technical difficulties of varying impact including
pressure induced sensor attenuations (PISAs), lost connections to the pumps, occlusions,
and bent infusion sets. PISAs cause faulty CGM measurements of very low glucose
concentrations, which causes the DH AP to administer glucagon to increase the glucose
concentration. PISAs are less significant for SH APs as the only impact is a suspension
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of the insulin administration until the next measurement is received. One approach to
circumvent PISAs, is to, e.g., use two glucose sensors as in the Inreda system. Lost
connections to the pumps can cause the AP to believe that the insulin or glucagon has
been administered, which causes both the participants to not receive the adequate dose,
but also the estimate of the insulin sensitivity to become incorrect. If the connection is
lost briefly it has almost no effect, but prolonged disconnections can have a severe impact
on the study outcome. The AP starts an alarm if the connection is lost for more than 15
minutes, but in one study the alarm was unnoticed. Glucagon occlusions are common
and happen due to rapid fibrillation after reconstitution [91]. The occlusions prevent
the glucagon from being delivered and causes issues in the AP as the administered
amount is unknown. Finally, when inserting the infusion sets, the tubes may bend and
prevent drug delivery. We make a subset of studies, where we exclude the studies that
were heavily affected by technical difficulties. Furthermore, we also exclude the studies
where no glucagon was administered in the DH study, as the algorithm is identical in
both studies, in that case. The subset of selected participants (n = 7) excluded two
participants, where no glucagon was administered in the DH study, a participant where
the connection to the insulin pump was lost for approximately 7 hours in the DH study,
and finally a participant where multiple PISAs occurred in the DH study and caused
faulty glucagon administrations.

4.4.2 Results

We show the combined results from the phase 2 trial here and refer to Appendix J and
L for discussions of the individual studies the results from the phase 1 trial. Figure
4.9 shows the mean time in the different ranges for all phase 2 studies, the selected
studies, the worst-case studies (the studies where the participants spent most time in
level 2 hypoglycemia), and the simulation study presented in Appendix I. Table 4.1
shows the outcomes for the glycemic targets [40] for all studies in the phase 2 trial as
well as the selected studies and the simulation study, and Table 4.2 shows the insulin
and glucagon administration. Finally, Figure 4.10 shows the median and span of all the
phase 2 studies and the selected studies. The mean TIR was higher (not significantly
different, see Appendix K) and the mean time in hypoglycemia was lower in the SH
studies compared to the DH studies, when considering all studies. The TIR for both
configurations was higher than the baseline TIR of the participants, but adherence during
the clinical trial might also affect the TIR. If we consider the selected studies, the TIR
was similar and all the glycemic targets were satisfied. In the worst-case SH study, the
participant entered the clinic in level 2 hypoglycemia and did not reach normoglycemia
before the study was started and both the meal and glucagon response was overestimated
in the worst-case DH study, which resulted in too much insulin being administered. The
insulin administration was similar in all studies although slightly more correction bolus
insulin was administered in the DH studies. More glucagon was administered in the
selected studies, where a mean of 912.91 ug glucagon was administered compared to
a mean of 653.95 ug in all studies. Figure 4.10 shows that, the glucose concentration
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was mainly in target over night and oscillated more during the day, and that the initial
glucose concentration varied between each study. The initial condition should not have
a large impact on the performance in a real life setting, where the participants wear
the AP for extended periods of time, but can affect the outcomes in a 26 hour study.
If we compare the outcomes from the clinical trial to the simulation study, both the
DH and SH configuration achieved lower TIR and more TBR in the clinical trial. We
believe future simulation studies could represent a real clinical better, if we designed
the simulation study differently. Specifically, 1) the simulated data used for parameter
estimation is of too high quality with no missing data and correctly announced meals,
2) the glucagon model was the same in both the simulation and control model in the
simulation study which results in too accurate predictions of the glucagon response, and
3) the initial condition should not always be steady state. Furthermore, it could be
interesting to include certain technical issues in a simulation study as suggested by, e.g.,
Formo et al. [92].

4.5 Summary

In this chapter, we introduced the DiaCon AP and summarized the results from a clinical
trial with (n = 11) adolescents. Furthermore, we compared the overall features of the
DiaCon AP to the closed-loop systems that are commercially available or in development.
The DiaCon AP uses a Dexcom G6 CGM, two Dana Diabecare RS pumps, and the
control algorithm is implemented in an Android smartphone. The control algorithm is
an NMPC algorithm, where we use an extended stochastic version of the MVP model for
prediction. Furthermore, we use a number of heuristics for additional safety measures
and to switch between insulin and glucagon administration. We obtain the individualized
model parameters with a ML based PEM from CGM, meal and insulin data before the
trials. The clinical trials displayed that it is feasible to use NMPC for APs, where both
the DH and SH configuration of the AP improved the TIR compared to the median
baseline TIR of 54%, but obtaining a model for predictions is both very time-consuming
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Figure 4.8: The protocol in the clinical trial. The protocol consists of a dinner, sleep,
a breakfast, a lunch, a snack, and finally, exercise of moderate intensity.
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Table 4.1: Mean and standard deviation of the values for the glycemic targets [40]
for the DH and SH AP in the clinical trial as well as the simulation study.
The average glucose concentration is shown in [mmol/L] and the rest of the
targets are displayed in [%].

Quantity Target  DH all SH all  DH selected SH selected DH sim.

Avg. gluc. < 855 8.69 (1.57) 8.05 (1.15) 7.73 (0.91) 7.65 (0.66) 7.01 (0.41)
GMI <7 7.03 (0.70) 6.78 (0.50) 6.61 (0.41) 6.61 (0.29) 6.33 (0.18)
GV <36 29.81 (6.88) 33.93 (8.72) 31.34 (6.29) 31.74 (6.63) 29.95 (8.18)

Active CGM 100 99.97 (0.10) 100.0 (0.00) 100.0 (0.00) 100.0 (0.00) 100.0 (0.00)

2 hyper <5  52(7.26) 48(7.38) 1.8(389) 1.3(273) 1.9 (3.31)
1 and 2 hyper <25  34.3 (22.56) 22 2 (13.63) 20 7 (13.36) 18 8 (11.38) 10.56 (8.28)
normo > 70 62 9 (20.94) 76 0 (13.63) 75 3 (12.70) 78 8 (11.90) 89.44 (7.16)
1 and 2 hypo < 4 8 (4.65) 8 (1.63) .0 (5.52) 4 (1.42) 0.0 (0.00)
2 hypo <1 8 (1.50) 0.2 (048) 1(1.75) 0.3 (0.60) 0.0 (0.00)

Table 4.2: Mean and standard deviation of the insulin and glucagon administration
during the 26 h trial.

Quantity DH all SH all DH selected SH selected  DH sim.

Total ins. [U]  59.32 (20.65) 50.47 (17.15) 58.12 (18.44) 61.45 (18.89) 26.19 (7.34)
Basal ins. [U]  26.88 (9.45) 26.29 (7.96) 27.71 (9.01) 28.05 (7.99) 15.13 (4.59)
Meal bo. ins. [U] 25.94 (10.33) 28.64 (10.39) 26.89 (10.12) 30.64 (12.32) 10.12 (3.61)
Cor. bo. ins. [U] 650 (6.26)  4.54 (3.71)  3.53 (4.01) 2.76 (2.20) 0.94 (1.36)
Glucagon [ug]  654.0 (499.6) - 912.9 (415.2) - 135.5 (74.3)

and very challenging. The TIR was not significantly different between the DH and SH
configuration. The DH AP achieved a mean of 63% TIR and the SH AP achieved a mean
of 76% TIR. Some studies were heavily affected by technical issues, such as, PISAs and
lost connections to the pumps, and therefore we made a subset of selected participants
(n = 7). For the selected participants, the DH AP achieved a mean of 75.3% TIR and
the SH AP achieved a mean of 78.8% TIR.
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User intferfaces

In this chapter, we describe and demonstrate two user interfaces for diabetes manage-
ment. We show the GUI from the DiaCon AP application and a web application that lets
people with diabetes and medical personnel view diabetes data from, e.g., an AP. The
web application is a prototype hosted on the localhost and only includes virtual people
and simulated data as described in Chapter 3, but it is designed to work with real data
from, e.g., the AP as well. The web application is build with a Vue.js frontend applica-
tion, a Java Spring Boot backend application, and the data is stored in a PostgreSQL
database. We show a demonstration of the DiaCon app here, but it was primarily devel-
oped before the beginning of this project. During this project, we added functionality
to the exercise announcement screen and corrected bugs. Appendix P describes the web
application.

5.1 Artificial pancreas mobile application

The DiaCon app is a Java android application build with the model-view-presenter
framework. The application is currently not connected to a database and saves the data
in local CSV files as GDPR restricts the connection to the internet during the clinical
trials. The application serves multiple purposes as it handles the connections to the
pumps and sensor, calls the control algorithm, lets the user create a profile (name, ICR,
ISF, nominal basal rate) and change settings, allows announcement of exercise and
meals, and finally displays glucose, insulin, and glucagon time series and predictions.
Figure 5.1 shows the stats page (front page) of the application on a smartphone and
Figure 5.2 describes each component in the stats page. The stats page shows glucose,
insulin, and glucagon data and lets the user activate or deactivate the automatic closed-
loop mode. From the bottom menu, the user can navigate between the different pages.
Figure 5.3 shows the care page that lets the user announce meals, give manual boluses,
set temporary targets, and insert manual glucose measurements. Figure 5.4 shows the
exercise page, where the user can announce exercise and shows the modifications to the
stats page and settings page. While exercise is active, an icon is shown on the stats page
to remind the user that exercise is active and during exercise it is not possible to change
the settings from the settings page. Figure 5.5 shows the profile page that lets the user
create new profiles and modify the existing ones (this is where the user enters, e.g., their
ICR). Finally, Figure 5.6 shows the settings page, where the user connects the CGM
and pumps. If the user selects virtual CGM and virtual pump, the app will run with



64 5 User interfaces

a simulator instead. The application also continuously monitors the connection to the
CGM and pumps, and sounds an alarm if the connection to the sensor or pumps is lost
for more than 15 minutes.

5.2 Web application

The web application allows users to login and view different representations of the data
depending on their permissions. The aim of the web application is to let people with
diabetes and medical personal view and analyze data, but, in the future, also to provide
a GUI for the large scale virtual clinical trials described in Chapter 3 and enable remote
monitoring of, e.g., the DiaCon AP. Figure 5.7 shows the architecture of the web appli-
cation and the primary tools used to build each element. The web application is build
with a Vue.js frontend application, a Java Spring Boot backend application, an API, and
a PostgreSQL database. The backend and frontend application communicates through
the API that is described with Swagger. Figure 5.8 shows the login page that handles the
permission for each user. Currently, it is possible to log in as a patient, doctor, or admin.
The doctor role has permissions to view the data from all the patient users, whereas the
permissions of the patient only allow the user to view their own data. The admin role
(e.g. a researcher) also enables the user to see statistics based on the entire population
of patients similar to the results from Chapter 3, but this role is work in progress and
will not be displayed here. Figure 5.9 shows the glucose page with the doctor login. The
visualization of the data is the same for each role. The left bar lets the doctor search for
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Figure 5.1: The DiaCon artificial pancreas Android application.
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Figure 5.2: The stats page (front screen) in the DiaCon app. 1) Closed-loop status
(active/inactive) and time since last update of the glucagon or insulin
infusion rate, 2) current glucose concentration and trend, 3) current in-
fusion rate, 4) historical glucose concentration and future predictions, 5)
historical data for insulin, glucagon, or IOB (selected above 4.), 6) button
to activate closed-loop. 7) reminder when activating closed-loop, 8) but-
ton to suspend insulin when closed-loop is active, 9) button to deactivate
closed-loop, and 10) button that directs the user to the stats page.

specific patients and select who to visualize (this bar is not shown for patients). The top
bar lets the user select data from a specific period, switch between mmol/L and mg/dL,
and select between different pages with visualizations of the data. The second top bar
and the right bar shows the values (black if the value is within target range and red if
it is not in range) for the glycemic targets [40]. The All time series page shows meals,
insulin administration, and exercise in addition to the glucose concentration as shown in
Figure 5.10. Finally, the Glucose statistics page consists of two charts where 1) displays
the time in ranges for each day in the selected period (see Figure 5.11) and 2) displays an
overlay of the glucose concentration from each day in selected period (see Figure 5.12).
The glucose statistics page indicates trends in the glucose concentration. The overlay of
days in Figure 5.12 can indicate if the user has, e.g., a tendency of hypoglycemia in the
morning and has a too high basal rate during the night or hyperglycemia after dinner
and should administer a larger insulin bolus. The simulated data in Figure 5.12 has
limited variations between the days and causes narrow confidence intervals. The daily
time in ranges in Figure 5.11 can indicate if, e.g., the glucose concentration is usually
poorly managed in weekends or if a new treatment improves the care as in the example
in Figure 5.11, where the daily TIR is gradually improving.
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Figure 5.3: The care menu in the DiaCon application. 1) Front page to announce
meals, administer a manual insulin bolus, set temporary target or insert
manual glucose measurement, 2) insert amount of carbohydrates in the
meal, 3) select size and duration of manual insulin bolus, 4) icon on front
page for administration of a meal bolus, 5) set temporary target, 6) icon
that indicates that a temporary target is active, 7) the temporary target
can be canceled by clicking the icon, and 8) enter manual glucose values.

5.3 Summary and future perspectives

In this chapter, we introduced the DiaCon app and a web application for diabetes
management. The DiaCon app is a Java Android application that handles the setup
and connection to the CGM and pumps, meal and exercise announcements, and displays
the current status of the user and the treatment. The web application allows users to
see different visualizations of diabetes data and see the glycemic targets for the selected
periods. The web application is build with a Vue.js frontend application, a Java Spring
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Figure 5.4: The exercise menu in the DiaCon application. 1) Front page to set exercise
duration and accept, 2) confirm exercise announcement, 3) stats page after
exercise announcement with an exercise icon in top-left corner, and 4)
settings cannot be changed while exercise is active.

Boot backend application, an API, and a PostgreSQL database. Through the login page,
the view changes depending on the permissions of the user, where doctors can see data
from all their patients. patients can only see their personal data. There are however
still several possible improvements to the web application and missing links before the
concept from Figure 1.4 is achieved. Some of the first improvements should include
adding the charts from Chapter 3 to the admin role and the possibility to sort the
patients based on not only their name, but also, e.g., the TIR to let the doctors identify
the patients that need care. Adding the charts from Chapter 3 requires some updates
to the data structure and backend in order to handle the computations of population
based statistics and reduce computation time. Furthermore, while both the virtual
clinical trials from Chapter 3 and the web application are connected to a database, the
two systems do not interact. In future versions, it should be possible to setup and
start simulations (virtual clinical trials) from the web application for both educational
purposes, and to perform and view results from large scale virtual clinical trials. Finally,
the DiaCon app should be connected to the database to enable the web application for
remote monitoring.
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is inactive as no database is connected), and 4) the about page.
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Figure 5.11: Chart that displays the time in ranges for each day in the selected period.
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CHAPTER 6
Conclusions

The main contributions of this thesis are

1. A high-performance Monte Carlo simulation toolbox to perform large-scale long-
term virtual clinical trials of closed-loop diabetes treatments.

2. The DiaCon AP tested in a clinical trial with 11 adolescents.
3. A web application to visualize and analyze diabetes data.

In this work, we presented the models used and developed during the thesis. The mod-
els are a central component in both the DiaCon AP and the virtual clinical trials. We
presented the models used for predictions in the DiaCon AP and the models used to
represent virtual participants in the virtual clinical trials. We described and compared
five different meal models and briefly discussed models for T2D and the ICU. Further-
more, we described the glucagon model and introduced the whole-body model developed
during the thesis.

We developed a parallelized high-performance Monte Carlo simulation toolbox in
C and applied it to perform large-scale long-term virtual clinical trials of closed-loop
diabetes treatment. The virtual participants were represented by a combination of
mathematical models, where each set of model parameters represent a unique participant.
We designed protocols from a set of basis days and combined them to form weeks,
months and years. The virtual participants and protocols are stored in a PostgreSQL
database to make it straightforward to reuse, modify, or add more participants and
protocols. We demonstrated the utility of the toolbox by comparing two different closed-
loop algorithms in a population of 1 mio. virtual participants over a year (52 weeks) as
well as by comparing the performance of a closed-loop system in two different virtual
populations with 1 mio. participants in each over 1 year (52 weeks). The first virtual
population was represented by the Hovorka model extended with the Haidar glucagon
model, the Rashid exercise model, and a simplified version of the Facchinetti CGM model.
The second virtual population was represented by the UVA/Padova model modified by
Hovorka’s meal model. The total computation time of each virtual clinical trial was less
than 3 hours.

We developed the DiaCon AP that has both a DH and SH configuration. The DiaCon
AP consists of a control algorithm implemented in an Android smartphone, a Dexcom
G6 CGM, and two Dana Diabecare RS pumps for insulin or glucagon administration.
The DiaCon AP is based on NMPC, where we used an extended version of the MVP
model for predictions. We estimated the model parameters with a ML based PEM from
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glucose, insulin, and meal data. The states were estimated with the CD-EKF that was
also used in the PEM. Furthermore, we used a number of heuristics for 1) switching
between insulin and glucagon administration, 2) updating controller hyperparameters
during exercise, 3) a fall-back strategy in case the solution of the OCP was prevented,
and 4) rounding the suggested administration rate to the pump resolution. The AP
was tested in a clinical trial with 11 adolescents and we prepared the AP with a pre-
clinical virtual clinical trial including 50 virtual participants. The virtual participants
were represented by an extended version of Hovorka’s model. The clinical trial displayed
that it is feasible to use NMPC for APs, where both the DH and SH configuration of
the AP improved the TIR compared to the baseline (54% TIR). However, obtaining a
model for predictions is both very time-consuming and very challenging. The TIR was
not significantly different between the DH and SH configuration. The DH AP achieved
a mean of 63% TIR and the SH AP achieved a mean of 76% TIR. Some studies were
heavily affected by technical issues, such as, PISAs and lost connections to the pumps.
The DH AP achieved a mean of 75.3% TIR and the SH AP achieved a mean of 78.8%
TIR for the subset of selected participants (n = 7) without technical difficulties and
where glucagon was administered in the DH studies.

Finally, we designed and developed a web application for visualizing and analyzing
diabetes data. The web application was build with a Vue.js frontend application, an
API, a Java Spring Boot backend application, and a PostgreSQL database. The web
application is a prototype hosted on the localhost and only includes virtual people and
simulated data. The web application allows users to login and see different views de-
pending on their permissions. The web application allows users to inspect time-series
data and the glycemic targets for specific periods. Furthermore, the user can view daily
TIRs and an overlay of days in the selected period to inspect specific daily trends.

6.1 Suggestions for future work

In this section, we discuss suggestions for future work. We discuss future work and
possible improvements for the Monte-Carlo simulation toolbox for large-scale virtual
clinical trials, the DiaCon AP, and the web application, individually.

Large-scale virtual clinical trials. In this work, we generate virtual participants
represented by two different models, 1) an extended version of the Hovorka model, and
2) a modified version of the UVA /Padova model. Both populations are based on limited
data, and we suggest that virtual participants represented by more mathematical models
are added to the library. Furthermore, we have attempted to construct a set of basis
protocols that can be used as building blocks for longer protocols, but we suggest that
protocols with more daily variations are added to the library. Furthermore, while we can
solve OCPs in the Monte Carlo simulation toolbox, we were not able to achieve parallel
scaling with TPOPT due to internal memory allocation. Here, a specialized thread-safe
solver is required. Finally, we suggest adding a high-level interface to the toolbox, e.g.,
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from the web application, to make it user friendly and available for people who are
unfamiliar with C code.

DiaCon AP. Here, we displayed that it is feasible to use NMPC for APs and solve
OCPs in a smartphone, but the major drawback of NMPC is the requirement of a predic-
tion model. In this work, the model parameters are estimated from glucose, insulin and
meal data from the participants with a ML based PEM, but it is a very time-consuming
process that requires manual selection of suitable subsets of the data. Manual parameter
estimation is not feasible in a commercial setting with, potentially, thousands of users.
Therefore, either the parameter estimation procedure needs to be automated or the con-
trol algorithm should either depend on a simpler model or be completely model free.
Furthermore, the clinical trial also provided valuable learnings for future development
of DH APs: 1) the insulin sensitivity is adaptive and estimated with the CD-EKF, but
we fixed it during and after meals. A similar approach should be implemented after
administration of glucagon and 2) PISAs have a significant impact on the performance
of DH APs. The impact of PISAs may be avoided by using two glucose sensors as in the
Inreda system or by some fault-detection algorithm. Finally, in this work, we assumed
that the glucagon response was the same for all participants as glucagon data from the
participants was unavailable. With the data from the trials, it could be to estimate
parameters in the Haidar glucagon model or the UPV glucagon model to compare and
evaluate the differences.

Web application. The web application developed in this work is a prototype hosted
on the localhost and only includes virtual people and simulated data. Evidently, several
improvements are possible. The first and fastest improvement is to add the possibility
to sort patients based on KPIs, such as, TIR in addition to their names and date of
birth. This would allow medical personnel to quickly identify the people who need care.
Furthermore, the admin role that allows for population based statistics needs to be
finalized. The objective of the thesis from Figure 1.4 requires two significant updates
to the web application, 1) the web application should be connected to the Monte Carlo
simulation toolbox with a GUI to start simulations and 2) the data from DiaCon AP
should be uploaded to the database and visualized. Connecting the DiaCon AP to a
database is a relatively small task, but might be challenging due to GDPR.
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Abstract: We propose a whole-body model of the metabolism in man as well as a generalized
approach for modeling metabolic networks. Using this approach, we are able to write a large
metabolic network in a systematic and compact way. We demonstrate the approach using a
whole-body model of the metabolism of the three macronutrients, carbohydrates, proteins and
lipids. The model contains 7 organs, 16 metabolites and 31 enzymatic reactions. All reaction
rates are described by Michaelis-Menten kinetics with an addition of a hormonal regulator
based on the two hormones insulin and glucagon. We incorporate ingestion of food in order to
simulate metabolite concentrations during the feed-fast cycle. The model can simulate several
days due to the inclusion of storage forms (glycogen, muscle protein and lipid droplets), that
can be depleted if food is not ingested regularly. A physiological model incorporating complex
cellular metabolism and whole-body mass dynamics can be used in virtual clinical trials. Such
trials can be used to improve the development of medicine, treatment strategies such as control

algorithms, and increase the likelihood of a successful clinical trial.
Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Mathematical modeling, metabolism, systems biology, cyber-medical systems,
multi-scale modeling, quantitative systems pharmacology

1. INTRODUCTION

In the human body, metabolites are constantly formed
and broken down through a vast number of reactions.
The metabolism functions in an organized manner to keep
the body alive (Miesfeld and McEvoy, 2017). Whole-body
modeling uses exactly this idea to describe the human
body as a collective unit. Doing so can provide a predicted
concentration of a metabolite in any specific organ, which
is relevant e.g. to PK/PD drug development (Derendorf
et al., 2020).

Depending on the modeling objective (i.e. the intended use
of the model), there are several ways to model the human
metabolism. We look at the system of organs and blood
vessels as a whole-body model. The enzymatic reactions
in the metabolic network occur in the organs, and the
organs are connected with each other through the blood
vessels. As the organs are not identical, different reactions
and reaction rates are defined based on their role in the
metabolism. Following this approach, it is possible to
simulate the metabolism of man under various conditions.

There exist whole-body models in today’s literature that
describe the metabolism in man at different levels of com-
plexity. Sorensen (1985) refined simple and inadequate
models with focus on glucose, insulin and glucagon dy-
namics, using a simple whole-body model. More complex
models have been developed in recent years. Panunzi

* Corresponding author: J.B. Jgrgensen (e-mail: jbjo@dtu.dk).

et al. (2020) focused on extending the model proposed
by Sorensen (1985), by adding food intake. Other authors
(Kim et al., 2007; Dash et al., 2008; Kurata, 2021) use
whole-body models and expand into stoichiometry to in-
clude several metabolites. A simple and intuitive approach,
in which the mathematical equations can easily be incor-
porated, is not readily available. By utilizing previous work
and modeling principles described by Yasemi and Jolicoeur
(2021), we propose such a mathematical approach.

In this work, we describe a whole-body model of the
metabolism in man. Furthermore, we demonstrate a gen-
eral, systematic and intuitive way to formulate the model
equations. The five key organs included are the brain,
the heart and lungs, the liver, the gut and the kidney.
Further, the muscle tissue and the adipose tissue are each
simplified as a single compartment and can therefore be
considered as an organ. This results in a total of seven
organs. The metabolism inside the organs are explained
by the stoichiometry of the enzymatic reactions. We use
Michaelis-Menten kinetics to describe the enzymatic re-
actions. Using the model, we simulate the feed-fast cy-
cle to investigate how prolonged fasting affects selected
metabolite concentrations and glucose flux. Further, we
simulate intermittent fasting to investigate how it affects
the carbohydrate, the protein and the lipid storage.

The remaining part of this paper is structured as follows.
Section 2 describes the approach for whole-body modeling.
In section 3, a biological model is formulated using the

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.

10.1016/j.ifacol.2023.01.015



A Conference Paper - FOSBE 2022

Peter Emil Carstensen et al. / IFAC PapersOnLine 55-23 (2022) 58—63 59

mathematical approach. Section 4 presents the simulation
results, and we discuss our formulated model and assump-
tions in Section 5. Finally, Section 6 concludes on our
findings.

2. MATHEMATICAL APPROACH

The general model is described as a system in which
metabolites flow in, are metabolized, and flow out. The
dynamics of a single compartment is defined by the general
differential equation

d
VO = M(QuuCin — Q) + RV, (1)
where V' is the volume, C is a vector containing the
concentration of the metabolites, M is the external and
internal component ordering, Q;;, is the flow rate of what
goes in, Cj, is a vector containing the concentration of
the metabolites that flow in, Q¢ is the flow rate of what
goes out and R is the production rates. The compartments
are coupled through concentration gradients in the blood
vessels that connect the compartments. M is a square
matrix containing only ones and zeros in the diagonal
corresponding to the metabolites distributed through the
blood vessels (circulating metabolites). For instance, the
circulating metabolite, C;, corresponds to M;,; = 1. The
production rate R is incorporated as a vector defined by
R=(TS)Tr, (2)
where T is a matrix of reactions that occur, S is a stoi-
chiometric matrix containing all reactions and r is a vector
with the kinetics for the reactions. 7' contains ones and
zeros corresponding to which reactions from the stoichio-
metric matrix, that are present in the compartment. For
instance, a compartment which involves reaction 1,3 and
5 from the stoichiometric matrix have T1; = 1,753 =
1,T3 5 = 1, and zeros elsewhere. The reaction rate vector,
r, is a function of the concentration of each metabolite:

r=r(C). (3)
To utilize (1), in a whole-body model, it must be formu-
lated for each compartment.

3. MODEL

We now present a model containing 7 compartments, 16
metabolites and 31 reactions including the hormonal effect
from two signal molecules, insulin and glucagon, on specific
tissues. Fig. 1 shows a flow diagram of the whole-body
model. The blood circulation is split into two parts, the
arteries (red) and the veins (blue). The total blood flow,
Q, is at all times preserved, and the local blood flow can
be calculated using mixers and splitters. They are either
explicitly modelled as organs, or implicitly as shown by
the triangle (splitter) or square (mixer). A splitter divides
the blood flow so as = a1 + a3, and a mixer combines the
blood flow so v; + v3 = v2. As blood flow is preserved, the
flow coming into a compartment is the same as the flow
coming out of a compartment.

We create the model using the same methodology as de-
scribed in Section 2. The purpose is to describe the energy
metabolism of the three macronutrients, carbohydrates,
proteins and lipids. We include the major biochemical
pathways, shown in Fig. 2, which these macronutrients
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Fig. 1. Schematic representation of the whole-body model.
Solid arrows represent blood circulation, where the
right side is the arteries and the left side the veins.
Thick arrows, as and wve, represents joining of flows
from other organs. M ,C,V), represents the blood tis-
sue exchange and Ry represents the reactions hap-
pening inside the cell. The dotted lines in the com-
partments suggest free diffusion, as cell-permeability
is not included.

are a part of, in order to simulate their behaviour under
various conditions. Insulin and glucagon are included to
add stability and avoid large transient periods in the
simulation after food intake, as they are important an-
abolic and catabolic hormones, respectively. From Fig. 2,
it follows that many pathways are cell specific. 10 of 31
reactions occur in all organs. The remaining 21 are tissue
specific, as the different organs each have a specialized role.
Insulin and glucagon secretion/clearance are incorporated
as a single reaction each for simplicity, as they are not



A Conference Paper - FOSBE 2022

95

60 Peter Emil Carstensen et al. / IFAC PapersOnLine 55-23 (2022) 58—63

Blood
Tissue
=D GLC T3 GBP %~ GLY
3] 14
18 21
GA3P s GLR <% TGL{
29 20
% 21
7 8 28
{=LAC TGLAP 5 > FFA <—-—"—
109 22 23
PfR— % 3ACOA® = KET=Y
" 16
12 h 14
D An
w4 OoXA TCA cIT
PRO
15
30 31
INS GLU
i §

Fig. 2. Diagram of metabolic pathways in cell. The hollow
double-sided arrows indicate that the metabolite is
distributed through the blood. The black arrows in-
dicate reactions that happen in all organs. The grey
arrows indicate reactions that only happen in some
organs. Metabolites are shown as 2-4 letter abbrevi-
ations. The stoichiometric matrix is formed from the
numbering of the reactions.

created by nor metabolised into any included metabolite.
Their reaction rates are inherited from Sorensen (1985),
as described in Section 3.1.

The most accurate mathematical equations to describe
each of these 31 metabolic reactions are not necessarily
known, and vary from individual to individual. Therefore
each of these reactions have been simplified. In the model,
we describe the reaction rates using Michaelis-Menten ki-
netics. Michaelis-Menten kinetics are especially useful for
describing enzyme reactions, as enzyme reactions have an
upper limit on the reaction rate. Alternatives to Michaelis-
Menten kinetics include altering the mathematical formula
in the reaction rate vector to e.g. positive hyperbolic tan-
gent functions as in Sorensen (1985) or simple first-order
kinetics from Kim et al. (2007). If a reaction is excluded
from an organ, it does not mean that the reaction never
happens in reality. Instead, it means that the reaction is
excluded for simplicity. An example is glycogen formation
that also happens in the brain, heart and adipose tissue,
but it is in such small quantities, that it becomes negligible
(Gropper et al., 2018).

3.1 Inclusion of a hormonal model

Sorensen (1985) employs a very simple glucagon model
that describes the pancreatic glucagon release. Sorensen
found that the glucagon release and clearance could
be described adequately by a one compartment model.
Sorensen also formulated an insulin model described by
a six compartment model. While it is possible to include

Table 1. Reactions affected by insulin and
glucagon (Gropper et al., 2018; Miesfeld and
McEvoy, 2017). {} symbolizes increased stimu-
lation and |} symbolizes decreased stimulation.

Hormone Effect # R Reaction Affected Organs
Insulin 1 1 GLC — G6P Liver, muscle, adipose tissue
1 3 G6P — 2 GA3P Liver, muscle tissue
1 5 G6P — GLY Liver, muscle tissue
1 13 PYR — ACoA Liver, muscle tissue
1 21 TGL — 3 FFA + GLR Adipose tissue
ki3 23 7 ACoA — FFA Liver
T 26 AA — PRO Muscle tissue
T 28 3 FFA + GLR — TGLap Adipose tissue
4 4 2 GA3P — G6P Liver
(A 6 GLY — G6P Liver, muscle tissue
1 27 PRO — AA Muscle tissue
4 29 TGLap — 3 FFA + GLR Adipose tissue
Glucagon T 4 2 GA3P — G6P Liver
ki3 6 GLY — G6P Liver
T 29 TGLap — 3 FFA + GLR Adipose tissue
4 3 G6P — 2 GA3P Liver
4 5 G6P — GLY Liver

the glucagon model as a single compartment model and
insulin as a six compartment model, similar to Panunzi
et al. (2020) and Sorensen (1985), we include insulin and
glucagon in a whole-body seven compartment model. In-
sulin and glucagon are therefore included in the stoichio-
metric matrix as metabolites in order to calculate their
production rates.

Table 1 contains the reactions that are affected by insulin
and glucagon, as well as which organ is affected. While
the qualitative effect of insulin and glucagon is known (see
Table 1), the related model parameters for insulin and
glucagon are not necessarily known. Miesfeld and McEvoy
(2017) describe qualitatively which enzymes and hence
reactions that insulin and glucagon affect. Accordingly,
given the reciprocal effects of insulin (/) and glucagon (T"),
we use a simple function where the ratio between them
allows us to determine whether or not they have an effect
on the system. These functions alter the production rates
of the reactions in Table 1. If only insulin have an effect
on the reaction, the functions are

Ik Hj

Insulin activation: (I—B> Vinaz;
k

(4)

IB Hj
Insulin inhibition: (IL) Vinaw, » (5)
A :

and if both insulin and glucagon have an effect on the
same reaction (though with opposite effects), the insulin-
to-glucagon or glucagon-to-insulin ratio is used instead,

s n,\"
- %) Vmaxjv
Ty I}

(6)

Ty 1B Hj
Glucagon-to-insulin stimulation: (F—B %) Vinaz;»
k k
(7)

Insulin-to-Glucagon stimulation: (
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l ToGA

Fig. 3. Schematic representation of the digestive tract.
S represents the amount of macronutrients in the
stomach, J the jejunum, R a delay and L the amount
in the ileum. rog 4 is a vector describing the uptake
of the three macronutrients.

where j is the reaction, e.g. GLC— G6P, k is the compart-
ment and the superscript B indicates that it is the basal-
value. Vinqz; is the maximum rate in the Michaelis-Menten
kinetics and mu; is a scaling parameter for the hormonal
effect. These simple functions are equal to V;,,qz; at steady
state, which occurs when the blood glucose concentration
is at 5 mmol/L, such that it is independent of y; in steady-
state. This is an important property, since many of the
parameters used in the reactions are estimated based on
metabolite homeostasis.

3.2 Inclusion of a modified SIMO-model

A modified version of the simple interdependent glu-
cose/insulin model, SIMO (Panunzi et al., 2020), is used to
include the uptake of glucose, amino acids and lipids from
ones diet. The rates are the same for all macronutrients,
which is not physiologically accurate. It is known from
Miesfeld and McEvoy (2017) that the macronutrients differ
in terms of absorption given their molecular differences.
Due to lack of data or other mathematical models de-
scribing the uptake of macronutrients, we adopt the SIMO
model as it is the simplest choice. The resulting uptake of
macronutrients is represented by

kgiJarc + kgLarc
roga = kgjJ + kgL = { kgjJaa +kgLaa } . (8
kgijJrar + kgLrar
where ky; and kg are uptake rates and roga is a 3x1
vector, where the first two macronutrients, i.e. glucose and
amino acids, are taken up by the gut. This is not the
case for triglycerides, which enter the lymphatic system
as chylomicrons and is transported to muscle and adipose
tissue before it enters the blood circulation (Gropper
et al., 2018). The triglycerides (TTGL) from roga is then
delivered to muscle and adipose tissue, where a 50/50%
distribution is assumed in the two tissues. As the specific
uptake rates of amino acids and lipids are not explicitly
known from the SIMO model, we utilize the uptake rate
kg; and kg from glucose. It is included in the model as the
parameters:

~
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Fig. 4. The metabolite concentrations of glucose (GLC),
amino acids (AA), triglycerides (T'GL), glycogen stor-
age (GLY), free fatty acids (FFA) and glycerol
(GLR) in the liver after an initial meal of 60 g glucose,
24 g protein and 16 g fat and an accompanying fasting
for 72 hours.

Gut: Groga
Muscle: M Py,
Adipose: APy,

The modified SIMO model is included as additional inputs
in the differential equations and not directly into the
production rate vector R, as the modified SIMO model
provides external inputs from meal consumption and is
seen as an extension to the general methodology.

4. SIMULATION RESULTS

We now simulate the model presented in Section 3 in
MATLAB. Initially we present the model with a single
meal ingested at steady-state, and follow the development
of the metabolites as an in silico patient refrains from
eating or doing physical activity for the next 72 hours.
Fig. 4 shows the glucose concentration, the amino acids,
the triglycerides, the glycerol, the free fatty acids and
the glycogen concentration. The plots for GLC, AA and
TGL show the metabolites that are ingested through the
modified SIMO model. After the initial meal, we see that,
the glucose concentration initially rises and then returns
to the baseline, where it remains constant for roughly 10
hours. The glucose concentration then starts to decrease
as glycogen storage is reduced substantially. While the
glucose concentration diminishes, the concentrations of
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Fig. 6. The glucose fluxes in every organ after an initial
meal and accompanying fasting for 72 hours. It shows
the fluxes over time with a logarithmic scale on the
X-axis.

the other metabolites start increasing. This is especially
the glycerol concentration, the free fatty acids and the
triglycerides, as the patient enters the starvation stage,
where lipids are the main energy source for several organs.
An increase in the triglycerides is seen during starvation
as the triglyceride storage in the adipose tissue, TGL sp,
reduces. The free fatty acid levels increase substantially
during starvation, which is to be expected based on articles
that investigate the effects of starvation (Unger et al.,
1963; Yaffe et al., 1980).

4.1 Fluzes inside the cells

While it is important to keep in mind that these simulation
results are not physiologically accurate for all metabolites,
we can plot the fluxes in order to investigate the dynamics.

Time [days]

Time [days]

Fig. 7. The metabolite concentrations of the fat storage
in the adipose tissue (I'GLap), the protein storage
in the muscle tissue (PRO), the glycogen storage in
the liver (GLY7) and in the muscle tissue (GLYp),
the triglycerides in the liver (T'GLy), the free fatty
acids in the liver (FFAL) and the glycerol in the
liver (GLRy,). The simulation is run for 13 days with
intermittent fasting every other day.

Fig. 5 shows that the brain is a major consumer of glucose,
and the liver is a major exporter of glucose, which is also
what is expected from Miesfeld and McEvoy (2017). The
rightmost column, Sum, shows the net flux of glucose in all
organs, resulting in an overall consumption corresponding
to a meal containing 60 g glucose. Fig. 6 shows which
organs are the consumers of glucose over time. There
is a large drop initially for the glucose flux in the liver
and the muscle tissue as food is ingested and the blood
glucose concentration is high. This is especially seen in
the insulin stimulated tissues, as the effect described in
Table 1 shows an increase in the glucose uptake as a result
of high concentrations of insulin. As the blood glucose
concentration reduces, the liver again produces glucose for
the other organs in order to keep homeostasis, and thus
increases its flux to a positive value.

4.2 Simulation of intermittent fasting

Fig. 7 shows a simulation over 13 days, with regular food
intake every other day, resulting in intermittent fasting
for 33 hours. We see a decrease in the concentration of
lipid droplets, as they are metabolized to provide energy
for the body. This is due to the energy balance of the
system becoming skewed from a roughly equal calory
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intake/consumption, to a 50% reduction in calory intake.
Further, we see that the protein storage in the muscle
tissue is also broken down, as food becomes a relatively
scarce source for the body. Within a day we see a large
drop in the concentration of glycogen after the last meal.
Glycogen is initially used as an energy storage, but gets
depleted quickly in the liver. The glycogen in the muscle
tissue is relatively stable, as the in silico patient is at
rest for the entire simulation. The lipid droplets are
converted into F'/F'A and GLR and utilized in different
compartments. We see large spikes when the body enters
the starvation phase after 18 hours without any food (see
also Fig. 4). The simulation shows, that following this diet
results in an effective weight loss, as TGLap (body fat)
levels decrease. However there are adverse effects to this
diet, as muscle proteins are also diminished. By simulating
intermittent fasting, we are able to show both the effects
of regular meal intake and fasting.

5. DISCUSSION

Diffusion across the cell membrane is assumed to happen
infinitely fast, as the time it takes for the cell to be in
equilibrium with the blood vessels happens at a much
faster timescale compared to the timescale of our model.
This assumption makes it possible to include organs as
one compartment. If transporters and diffusion were to be
incorporated in the model, it would be expected to divide
the compartments in two, intracellular and extracellular,
such that transporters could be explicitly modeled. The
concentration is assumed to be the same across the entire
compartment. We model each organ as a well-stirred tank.
Therefore every metabolite is uniformly distributed in the
organs. It is known, that the enzymatic reactions in each
cell and organ happen at a fast timescale of 1072 to 10°
seconds (Yasemi and Jolicoeur, 2021). We are interested in
simulating the model for up to several days. Therefore, we
assume that the enzymatic reactions happen at a uniform
rate across the spatial organs, allowing a simplification of
enzymatic reactions to Michaelis-Menten kinetics.

It could be theorized, given the introduction of more
metabolic inputs, that a model like this could be used
to gain a better understanding of the dynamical changes
in metabolite concentrations of an individual. Both a
generalized model could be used, or one tailored to a
specific person’s parameters, thus introducing personalized
modeling behaviour. Simulation of enzymatic defects to
represent various diseases, could be done with the current
format of the model. However, it would require validation
of the model.

6. CONCLUSION

Using a systematic approach for modeling metabolic net-
works, we have developed a model that is capable of
simulating the complex human metabolism. The approach
makes it simple to expand the system through changes
in the stoichiometric matrix, that match the chemistry
and modeling objective. The core of the model is simply
which parameters and reaction kinetics that are used in
the production rate vector Rj. This is illustrated in the
model, which involves 16 metabolites and 2 hormones in
7 organs. It results in a total of 126 differential equations.

We write these as 7 differential equations, one for each
organ, as the entire reaction network is included in Ry. As
shown, the modeling approach can readily be expanded to
incorporate large networks of metabolic reactions in the
body. The approach is applicable to not just a physiologi-
cal model, but can easily be made to fit chemical systems,
with containers, tubes and chemical reactions taking place.
The modeling objective was to create the basis for a phys-
iological whole-body model that can incorporate cellular
metabolic processes, so that qualitative knowledge can be
utilized in a quantitative manner and, when adequately
tested, used for in silico trials.

REFERENCES

Dash, R.K., Li, Y., Kim, J., Saidel, G.M., and Cabrera,
M.E. (2008). Modeling cellular metabolism and en-
ergetics in skeletal muscle: Large-scale parameter es-
timation and sensitivity analysis. IEEE Transactions
on Biomedical Engineering, 55(4), 1298-1318.  doi:
10.1109/tbme.2007.913422.

Derendorf, H., Schmidt, S., Rowland, M., and Tozer, T.N.
(2020). Rowland and Tozer’s clinical pharmacokinet-
ics and Pharmacodynamics: Concepts and applications.
Wolters Kluwer, 5 edition.

Gropper, S.S., Smith, J.L., and Carr, T.P. (2018). Ad-
vanced nutrition and human metabolism.  Cengage
Learning, 7 edition.

Kim, J., Saidel, G.M., and Cabrera, M.E. (2007). Multi-
scale computational model of fuel homeostasis during
exercise: Effect of hormonal control. Annals of Biomed-
ical Engineering, 35(1), 69-90. doi:10.1007/s10439-006-
9201-x.

Kurata, H. (2021).  Virtual metabolic human dy-
namic model for pathological analysis and therapy
design for diabetes. iScience, 24(2), 102101. doi:
10.1016/j.isci.2021.102101.

Miesfeld, R.L. and McEvoy, M.M. (2017). Biochemistry.
W.W. Norton & Company.

Panunzi, S., Pompa, M., Borri, A., Piemonte, V., and
Gaetano, A.D. (2020). A revised sorensen model: Sim-
ulating glycemic and insulinemic response to oral and
intra-venous glucose load. PLoS ONE, 15(8). doi:
10.1371/journal.pone.0237215.

Sorensen, J.T. (1985). A physiological model of glucose
metabolism in man and its use to design and assess
improved insulin therapies for diabetes. Ph.D. thesis,
Massachusetts Institute of Technology. Department of
Chemical Engineering.

Unger, R.H., Eisentraut, A.M., and Madison, L.L. (1963).
The effects of total starvation upon the levels of circu-
lating glucagon and insulin in man. Journal of Clinical
Investigation, 42(7), 1031-1039. doi:10.1172/jcil04788.

Yaffe, S., Gold, A., and Sampugna, J. (1980). Effects of
prolonged starvation on plasma free fatty acid levels and
fatty acid composition of myocardial total lipids in the
rat. The Journal of Nutrition, 110(12), 2490-2496. doi:
10.1093/jn/110.12.2490.

Yasemi, M. and Jolicoeur, M. (2021). Modelling cell
metabolism: A review on constraint-based steady-state
and kinetic approaches. Processes, 9(2), 322. doi:
10.3390/pr9020322.



APPENDIX B

Conference Paper -
Mathmod 2022

Assessment of a new model of glucagon action with
glucagon receptor dynamics

Authors:
Clara Furi6-Novejarque, Ricardo Sanz, Asbjorn Thode Reenberg, Tobias K. S. Ritschel,

Ajenthen G. Ranjan, Kirsten Ngrgaard, José-Luis Diez, John Bagterp Jgrgensen, Jorge
Bondia

Published in:

[FAC-PapersOnLine, 55-22, 647-652, 2022.

Proceedings of the 10th Vienna Internation Conference on Mathematical Modelling
MATHMOD 2022: Vienna, Austria, 27-29 July, 2022.



100




B Conference Paper - Mathmod 2022

101

ScienceDirect

Available online at www.sciencedirect.com

IFA

line

CONFERENCE PAPER ARCHIVE

IFAC PapersOnLine 55-20 (2022) 647-652

Assessment of a new model of glucagon
action with glucagon receptor dynamics

Clara Furié-Novejarque * Ricardo Sanz *
Asbjérn Thode Reenberg ** Tobias K. S. Ritschel **
Ajenthen G. Ranjan *** Kirsten Ngrgaard ***
José-Luis Diez ***** John Bagterp Jgrgensen **

Jorge Bondia

ok ok

* Instituto Universitario de Automdtica e Informdtica Industrial,
Universitat Politécnica de Valéncia, Valéncia, Spain
** Department of Applied Mathematics and Computer Science,
Technical University of Denmark, Kgs. Lyngby, Denmark
*** Steno Diabetes Center Copenhagen, Gentofte, Denmark
% Centro de Investigacion Biomédica en Red de Diabetes y
Enfermedades Metabdlicas Asociadas (CIBERDEM), Madrid, Spain

Abstract: In this work, a novel insulin-glucagon-glucose model is proposed, where the glucagon
effect on the endogenous glucose production (EGP) is described by the dynamics of the glucagon
receptors. In order to assess the quality of the model, its parameters are fitted in such a way that
the influence of glucagon on EGP is isolated. Experimental data is used to validate the model
structure and show that the receptor dynamics allow to explain some of the glucagon-related
phenomena observed in the clinical data. This physiology-focused model will be useful in the
development of artificial pancreas algorithms both for more realistic in silico validations and in
the development of model-based control strategies.

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Diabetes, glucagon receptors, PK-PD model, parameter estimation, clinical data

1. INTRODUCTION

Type 1 diabetes (T1D) is a metabolic disease caused
by the auto-immune destruction of the insulin-producing
beta cells in the pancreas. This also results in glucagon-
producing alpha cell dysfunction, partly due to lack of
paracrine signalling between both cells (Unger and Cher-
rington, 2012). Insulin lowers blood glucose (BG) concen-
tration by promoting glucose entrance into the cell, while
glucagon has the opposite effect by promoting EGP. The
lack of endogenous insulin secretion leads to an unhealthy
state of too high BG concentration (hyperglycaemia).
Therefore, diabetes treatment depends on exogenously
injected insulin. However, too much insulin can result in
too low BG concentrations (hypoglycaemia), leading to
unconsciousness, coma and even death (Cryer et al., 2003).
Exogenous glucagon infusion can be used to mitigate hy-
poglycaemia. Understanding and modelling the effect of
both hormones is important to several aspects of diabetes
treatment, e.g., automated insulin delivery systems, also
referred as the artificial pancreas (AP).

AP systems aim to lessen the burden of glycaemic control
for people with T1D. The main actor is a control algorithm

* Corresponding author: J. Bondia (jbondia@isa.upv.es)
**This work was partially supported by: grant DPI2016-
78831-C2-1-R funded by MCIN/AEI/10.13039/501100011033 and
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107722RB-C21, FPU17/03404 and EST19/00740, funded by
MCIN/AEI/10.13039/501100011033; the IFD Grand solution

project ADAPT-T2D (9068-00056B).

which adjusts the insulin dosage via an insulin pump,
based on the glucose measurements below skin provided
by a continuous glucose monitor. This is a challenging task
since insulin infusion is a control action that acts in a single
direction. Insulin stacking due to subcutaneous insulin
absorption can provoke, for instance, late hypoglycaemia
after a meal. As well, exercise can induce hypoglycaemia,
which is difficult to resolve solely with insulin pump
suspension (Zaharieva et al., 2017).

Dual-hormone AP systems add glucagon infusion as a
counterregulatory control action. A review (Peters and
Haidar, 2018) concluded that dual-hormone AP systems
proved superior performance in reduction of hypogly-
caemia overall and during exercise compared to single-
hormone (insulin-only) AP systems. Contrary to the ex-
pected performance, benefits in postprandial control, re-
duction of severe hypoglycaemia, and mean BG remained
unclear, which means there is room for improvement in
the design of dual-hormone AP systems.

The design of an AP system relies heavily on in si-
lico evaluations. Futhermore, many control algorithms
are designed from control-oriented models, with simpler
structure, which must capture the main dynamics be-
tween the control action and BG. Insulin pharmacokinetic-
pharmacodynamic (PK-PD) models have been widely
studied and few variations exists in the available simula-
tors used in AP research (Hovorka et al., 2004; Dalla Man
et al., 2014). However this is not the case with glucagon
action and modelling differs significantly among authors.

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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In Dalla Man et al. (2014), glucagon PK-PD is incorpo-
rated in the widely used UVA /Padova simulator. Glucagon
action on EGP is modelled as an additive antagonic effect
with respect to insulin. A “delayed” glucagon action is
considered proportional to plasma glucagon concentration
(when above a basal threshold). The same additive effect is
considered in the model proposed in Resalat et al. (2019),
but in this case a composite term of glucagon action and
its derivative are added to the EGP. Other authors have
introduced a coupled effect of insulin and glucagon on
EGP. Indeed, in El Youssef et al. (2014) a saturating effect
of insulinemia on glucagon action is reported in euglycemic
clamp studies with constant low-mid-high insulin infusion.
In Wendt et al. (2017) a Michaelis-Menten-type glucagon
action is proposed, modulated with a multiplicative effect
of the delayed insulin action, proportional to plasma in-
sulin. Emami et al. (2017) also resorts to consider this
interaction with a multiplicative effect, reducing glucagon
action the higher the insulin action is. Note that all the
above models consider a functional relationship among
plasma glucagon and EGP aimed at fitting experimental
data, which does not provide any physiological insight.

Contrarily, in Masroor et al. (2019) a model of glucagon
action on EGP is presented based on the glucagon receptor
dynamics. In particular, internalization of glucagon recep-
tors is proposed, with good fitting of experimental data
from the “glucagon challenge test”, where endogenous
insulin and glucagon secretion are inhibited by somatosta-
tine, and are replaced by exogenous insulin and glucagon
infusion to get a constant plasma insulin and rapidly
changing plasma glucagon concentration 2-3-fold with res-
pect to physiological levels. However, this experimental
condition is far from being representative of physiological
conditions in T1D insulin therapy.

This paper aims to assess the capacity of the glucagon-
receptors-based proposal in Masroor et al. (2019), with no
coupled effect with insulin, to explain the dose-response
of glucagon from experimental data representative of T1D
management, such as in a dual-hormone AP system, where
glucagon delivery is expected as a response to hypogly-
caemia, probably induced by an inadequate previous in-
sulin bolus.

This paper is organized as follows: Section 2 presents the
glucagon action model. Section 3 describes the complete
glucoregulatory model. Experimental data is described in
Section 4. Section 5 explains the model fitting procedure.
Section 6 depicts the obtained results for the parameters
and the fit to the data. Finally, in Section 7 the implica-
tions of the obtained results are discussed.

2. GLUCAGON ACTION MODEL WITH GLUCAGON
RECEPTOR DYNAMICS

In this section, the glucagon action model proposed by
Masroor et al. (2019) is described. As a key feature
compared to current models used in artificial pancreas
research, it incorporates dynamics of glucagon receptors,
being more physiologically sustained. Glucagon receptors
are mainly located on the liver membrane. These receptors
bond to glucagon molecules and cause a chain reaction
in protein signalling that leads to promotion of glyconeo-
genesis (synthesis of new glucose from non-carbohydrate

Clara Furié-Novejarque et al. / IFAC PapersOnLine 55-20 (2022) 647652

precursors such as aminoacids and lactate) and glycoge-
nolysis (depletion of glycogen in the liver) while inhibiting
glycolysis and glycogenesis (Miiller et al., 2017). However,
receptors undergo a recycling process in which they are
internalized and become unavailable. Information about
the behaviour of receptors is limited. In Masroor et al.
(2019), this process is described by a three-compartmental
model representing glucagon receptors at different states:
the glucagon-bonded receptors r.(t), the available surface
receptors r(t), and the internalized receptors r;(t), ex-
pressed as normalized amounts with respect to the total
(unknown) number of receptors, which is considered con-
stant. Thus, the constraint r;(t) = 1 — r(t) — r.(t) holds,
and the model can be simplified to the following second
order system (where no free receptors are internalized):

d?(“l(tt) =—kon Vi -C(t) - r(t)+ Kof - re(t) (1a)
+ kree - (L—r(t) —re(t))
di;it) = Fkon Vi - C(t) - 7(t) —kogys - re(t) (1b)
= kin - 7e(t)
Fon(0) :Ig%r(g) (1¢)

where C(t) (pg/ml) is the plasma glucagon concentration
(model input), Fjg,(t) (pmol/kg/min) represents the he-
patic glucose production (model output) as a Michaelis-
Menten dynamic of the relative number of glucagon-
bonded receptors, V, (ml) is the volume of the hepatic in-
terstitial space, kopn ((pg/min)~!) is the association rate of
glucagon to the receptor, kos¢ (min~') is the dissociation
rate, k... (min~!) is the recycling rate of the receptor, k;,
(min~1) is the internalization rate of the glucagon-bonded
receptor, K, (dimensionless) is the apparent dissociation
constant, and V,. (umol/kg/min) is the maximal glucagon-
dependent hepatic glucose production rate.

3. COMPLETE GLUCOREGULATORY MODEL

In order to assess the capacity of the above model to
describe glucagon dose-response, it must be integrated
into a complete glucoregulatory model describing glucose
regulation by subcutaneously infused insulin and glucagon.
An adaptation of the model from Wendt et al. (2017) is
considered in this work, where the insulin and glucagon
effect on the EGP are substituted by the descriptions in
Hovorka et al. (2004) and Masroor et al. (2019), respec-
tively. It should be remarked that Wendt et al. (2017) was
chosen as a baseline model because this work shares the
same experimental data as the original model. Thus, it
serves as a good comparator. An overview of the model
subsystems is shown in Fig. 1, which are described next.

Insulin pharmacokinetics. A two-state system descri-
bes the pathway of insulin from subcutaneous adminis-
tration to plasma:

dX(¢) Xi(t)

FTER ur(t) — o (2a)
dt t’m,az‘ tmam

1 X 6
[(t) = Tnaz WoCles CZF,I 10° + 1 (2(})
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Fig. 1. Schematic of the proposed compartment model with glucagon receptor dynamics. The blue square contains
insulin pharmacokinetics ((2a) to (2c)). The green square contains glucagon pharmacokinetics ((3a) to (3c)). The
yellow square contains the glucagon receptors cycle ((1a) to (1c)), and the orange square contains the glucose

regulation subsystem ((4a) to (4f)).

Here, X;1(t) and X3(¢) are the insulin mass due to exo-
genous dosing in the subcutaneous tissue and in plasma,
respectively, measured in insulin units (U). t,q. is the
time from dose to maximum plasma concentration (min).
uy(t) is insulin infusion as a deviation from basal (U/min).
I(t) is the insulin concentration in plasma, and I, is its
basal value (mU/1). W is the body weight (kg) and Clp,;
is the apparent insulin clearance (ml/kg/min). Note that
dynamics in plasma are considered fast with respect to
subcutaneous tissue, therefore equation (2c) represents the
static behaviour.

Glucagon pharmacokinetics. Similar to the insulin
subsystem, glucagon pharmacokinetics are described by:

dZdlf(t) =uc(t) — k1Z:(t) (32)
dZd2t(t) =k1Z1(t) — k2Z5(t) (3)
ct) = %21(?0 T 0

Here Z;(t) and Zs(t) are the glucagon mass due to exo-
genous dosing in the subcutaneous tissue (pg). k1 and ko
are the absorption and elimination rate constants (min=1).
Clp,c is the apparent glucagon clearance (ml/kg/min).
uc(t) is glucagon infusion as a deviation from basal
(pg/min). C(t) and Cj, are the glucagon concentration and
its steady state value (pg/ml).

Glucose regulation. The model describing insulin action
is composed by three states according to Hovorka et al.
(2004). These states represent the effects of insulin on

the glucose distribution, z1(¢); glucose disposal, z2(t); and
endogenous glucose production, z3(t):
WA _ gy 1) - ()] (1a)
2 — s 1) 2200 (4b)
) _ i 10) — (0] (10)

Ka1, ka2 and k.3 are deactivation rate constants (min—!).

Finally, the glucose dynamics for the accessible, Q1 (t), and
non-accessible, Q2 (t), compartments, are described as:

dcfilt(t) = —Foi(t) — Fr(t) — Sra1(t)Q1(t) + k12Q2(t)
+ EGP() (4d)
dQ(ft(t) = Sra1(H)Q1(t) — Q2(t) [k12 + Spxa(t)] (4e)
Gt) = Q%/(t) (4f)
where EGP is given by
EGP(t) = Fugp(t) + EGP (1= Srs(t))  (4g)

Fp1 is the insulin-independent glucose flux (pmol/kg/min),
Fp is the renal glucose clearance (pmol/kg/min) (see
Wendt et al. (2017) for their definition), St and Sp
are the insulin sensitivity to glucose transport and dis-
posal, respectively (min~—!/(mU/1)). kj2 is the transfer
rate constant from the non accessible to the accessible
compartment (min~!), EGP, is the EGP extrapolated
to zero insulin concentration (pmol/kg/min), Sy is the
hepatic insulin sensitivity ((mU/1)7!), V is the glucose
distribution volume (ml/kg) and G(t) is the BG (mmol/1).

Remark that the difference with the original model in
Wendt et al. (2017) is provided by the new description
of EGP given in (4g). For the sake of completeness, the
original description was given by:

- 1-— SESC (t) C(t)
EGP(t) = 1775;11, ((Emaz - Gane) m)
+ Gana (5)

where Sk ((mU/1)71) is the hepatic insulin sensitivity,
Epaz (umol/kg/min) is the maximum EGP at basal in-
sulin concentration, Cgso (pg/ml) represents the glucagon
concentration yielding half of maximum EGP, and Ggnyeg
(p#pmol/kg/min) represents glucose production by glyco-
neogenesis.



104

B Conference Paper - Mathmod 2022

650

Saline
} 100 pug
Insulin 200 ug
% bolus 300 ug
] I .
I T
t=-120 min t=0min t =240 min

Fig. 2. Protocol in the clinical trial by Ranjan et al. (2016).
After admission, patients were administered insulin
in order to lower their glycemic values to 70 mg/dl.
When glucose reached hypoglycaemia conditions (¢t =
0 min) a glucagon or saline bolus was injected.

4. EXPERIMENTAL DATA

The data used for the assessment of this model was ob-
tained during the clinical trial carried out by Ranjan et al.
(2016). Their study was designed to evaluate the effect of
different glucagon doses from insulin-induced mild hypo-
glycaemia. Eight subjects with T1D participated in the
study, and each one underwent four different arms of the
trial. In all visits, patients were administered an insulin bo-
lus to reach mild hypoglycaemia (BG concentration < 70
mg/dl). Then, depending on the assigned randomization,
they were administered either saline or a glucagon bolus
of 100 ug, 200 pg or 300 ug (see Fig. 2).

Plasma glucose, plasma glucagon, plasma insulin, plasma
growth hormone, cortisol, free fatty acids, triglycerides,
blood pressure and heart rate were measured. However,
for the purpose of this work, only glucose, insulin and
glucagon data are relevant. Only the visits where glucagon
was administered are considered. Consequently, three dif-
ferent sets of data are available per patient, each with a
different glucagon dose, labelled henceforth Visit A, B and
C, respectively.

Each of the datasets (3 datasets x 8 patients) describes
two parts: 1) the first segment of the study up to t = 0,
where only insulin was administered and plasma glucagon
kept its steady state value; and 2) from ¢ = 0, when
a glucagon bolus is administered and both the effect of
plasma insulin and glucagon on EGP are present.

5. MODEL FITTING
5.1 Parameter identification

The purpose of this study is to assess the glucagon dose-
response explanation capacity of a glucagon action model
incorporating glucagon receptors as novelty. Thus, it is our
interest to eliminate confounding factors unrelated to EGP
that could hinder the explanatory performance of this
model structure compared to other grey-box (functional)
glucagon action models, such as the one in Wendt et al.
(2017).

The main confounding factor in this case is the patient’s
insulin sensitivity, which varies over time and between pa-
tients (Heinemann (2002)). The model incorporates three
insulin sensitivity parameters, of which St and Sp affect
processes unrelated to EGP. Consequently, these param-
eters were identified for each patient visit. The initial
value of Q3(t), denoted as Q20, was also identified. In
simulation studies, the initial state is sometimes associated

Clara Furié-Novejarque et al. / IFAC PapersOnLine 55-20 (2022) 647652

with equilibrium. However, it is difficult to achieve steady
state conditions in real life, i.e., the starting point of the
study is not in equilibrium. Contrary to the value of Q19
which is known from glucose measurements, Qo9 must be
identified for each visit. The rest of the model states were
considered at equilibrium. Therefore, the following set of
parameters 6; must be identified, for each patient (P) and
for each visit (v):

1fP = {ST75D7Q20}7

The EGP model subsystem must be able to explain the
dose-response from data in Visit A, B and C, so indivi-
dualized parameter values must be considered. Regarding
the glucagon action model, parameters ko, K,, and V,
were considered in the identification process, represent-
ing the activation rate of receptors, and the Michaelis-
Menten parameters. Since the patients that underwent the
“glucagon challenge test” in Masroor et al. (2019) were
healthy people, it was deemed appropriate to tune the
activation rate of the receptors. It could be discussed that
glucagon action is impaired in people with diabetes and
that could be explained by a deficit in the activation rate.
The remaining parameters in (1) were taken from the work
of Masroor et al. (2019), giving rise to the following to-be-
identified parameter vector 6, per patient:

b2p = {kon7Kr7Vr}, P=12..8

v=1,2,3; P=1,2..8

Besides, parameters EGPy and S affecting insulin influ-
ence on EGP were also identified per patient:
O3p = {EGPy,S1}, P=12,..8

Thus, for each patient P, the complete parameter vector
to be optimized is:

Op = {G}P, 025,030, 05p, Osp }

which was identified by minimizing the aggregated root-
mean-squared error (RMSE) per visit

3

Jp=>_

v=1

LS @,y

(6)
i3

where n, is the number of data, gjzp is the simulated value,
and y; p is the real data point for visit v.

The identification was carried out in MATLAB R2018b,
using the fmincon function.

The existence of many local minima is often observed in
non-linear parameter estimation. Therefore, the identifi-
cation was performed ten times using different random
initial guesses of the parameter values within predefined
limits based on the original values identified by Wendt
et al. (2017).

5.2 Baseline comparison

In order to verify whether the use of the glucagon receptors
in the description of glucagon action provides any improve-
ments, we compared our model with the one presented by
Wendt et al. (2017). In order to make a meaningful com-
parison, parameters were identified following the above-
described procedure, giving rise to the following parameter
set:
,P = {H%Pv Q%Pv 9%})7 SE7 E’maz7 CE5O}
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Fig. 3. Simulation results for Patient 2, visit C (300 ug glucagon dose); Patient 6, visit C and Patient 8, visit A (100
ug glucagon dose). Top graph depicts the glucose concentration in mg/dl, middle graph is the plasma insulin in
mU/ml and bottom graph is the plasma glucagon in pg/ml.
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Fig. 4. J index distribution for our proposal (M1) and the
model by Wendt et al. (2017) (M2).

6. RESULTS

Table 1 shows the identified parameter values. The pa-
rameters in #; and f3 have a unique value per patient,
whereas for 0; parameters (S, Sp,Q20), the table shows
the average value and standard deviation along the three
visits for each patient. Results are reported as number or
mean (standard deviation).

Figure 3 shows selected results obtained with the proposed
model (Patients 2, 6 and 8). The results clearly show
that the model successfully fits the data with different
glucagon doses. These patients are illustrative of different
behaviours with different glucagon doses. Remarkably,
similar fits are obtained for all patients and visits.

After simulating all eight patients, we analyzed the ob-
tained results for Jp (6) with both model structures.
For our model (labelled M1), the mean Jp value is 19.65
(5.45) mg/dl, whereas for the model by Wendt et al. (2017)
(labelled M2), the mean Jp is 25.57 (5.5) mg/dl. Normality
tests were performed (Shapiro-Wilk, Kolmogorov-Smirnov

and Anderson-Darling) which prove that both data dis-
tributions were normal, so a t-test was applied to see if
there were statistically significant differences between both
approaches. The results for the paired t-test were: ¢(7) =
3.20, p = 0.015**, Cohen’s d = 1.13, proving that there
was a significant difference between them.

The difference in the Jp values per visit was also analysed.
The results show that the average error value is lower in
every visit for the approach presented in this work (M1,
Figure 4), especially in visit C (300 pg glucagon dose),
where there is the greatest difference between both models.
Note that a trend to increase residuals with respect to
the glucagon dose is observed in the original model M2,
contrary to our proposal. Table 2 details the average value
of Jp per visit, as well as the t-test result, p-value and
Cohen’s d.

7. DISCUSSION AND CONCLUSION

This work validates a model which includes the dynamics
of glucagon receptors using a set of clinical data with
different glucagon doses. Our goal was to develop accu-
rate models which can be used in the artificial pancreas
environment, for both control and in silico validations.
Therefore, it is necessary to find low-complexity models
that properly describe the physiology.

The experimental conditions from the clinical trial by
Ranjan et al. (2016) allowed us to assess the ability of the
glucagon receptors dynamics proposed by Masroor et al.
(2019) to describe the EGP variations due to different
glucagon doses. The obtained results show the model
proposed here successfully describes this effect.

Notice that the model from Wendt et al. (2017), as well as
others (Resalat et al., 2019), include the influence of insulin
on the glucagon effect. Moreover, the work by El Youssef
et al. (2014) shows that high levels of plasma insulin
inhibit glucagon effect. However, that clinical trial was
performed under conditions of clamped plasma insulin. In
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Table 1. Glucagon receptors and insulin PK identified parameters. For parameters with different
values for each visit (S7, Sp, @20), the mean and the standard deviation (SD) are shown.
Patient kon - 1074 K, 1074 Vi Sr-1074 EGPy St -10~4 Sp -10~4 Q20

[(pg/min) 1] [-] [umol/kg/min]  [(mU/1)~!]  [umol/kg/min] [min~'/(mU/D)] [min~!/(mU/1)] [rmol /kg]

1 0.37 184 63.9 170 7 33.9 (3.5) 5.1 (1.6) 2219 (318)

2 1.16 1778 120.4 100 10 27.0 (10.5) 3.8 (2.5) 1413 (389)

3 0.51 813 137.6 277 10 42.3 (9.9) 3.1 (2.2) 1891 (532)

4 0.19 152 85.3 100 6 18.7 (3.6) 1.3 (0.5) 1311 (1052)

5 0.10 108 70.0 100 6 32.3 (6.1) 1.2 (0.2) 1821 (620)

6 0.23 191 85.3 300 10 34.2 (14.9) 4.0 (1.8) 2077 (733)

7 0.57 2706 200.0 484 10 30.1 (17.5) 2.6 (0.8) 1687 (877)

8 0.23 146 64.7 500 2 42.9 (12.3) 2.7 (2.9) 1683 (578)

Mean (SD)  0.42 (0.34) 760 (975)  103.4 (47.2) 254 (167) 7.6 (2.8) 32.7 (11.8) 3.0 (2.0) 1763 (637)
Table 2. Means and standard deviations for Schaller, H.C., Schaupp, L., Vering, T., and Wilin-
J index of M1 and M2, t-test analysis, and ska, M.E. (2004). Nonlinear model predictive control
Cohen’s d. of glucose concentration in subjects with type 1 dia-
Visit M1 M2 . » Cohen's d ll)gtf;.sSPSggz;lgg;iaIQJg/lifsgfgment, 25(4), 905-920. doi:

A 554 (1.46) 648 (1.44) -2.17 0.066 -0.77 : / ) /25/4/010. .

B 8.55 (3.28)  9.47 (3.00) -1.57 0.161 L0.55 Masroor, S., van Dongen, M.G., Alvarez-Jimenez, R.,
C 5.56 (2_32) 9.61 (3.85) -3.10 0.017%* -1.10 Burggraaf, I{.7 Peletier, LxA7 and Peletier, M.A. (2019)

contrast, the glucagon receptors model does not include
information about insulin plasma levels in the glucagon
action description. Despite of this, the model fits the data
well. This suggests that further investigation into this
effect is necessary. As well, a better understanding of the
role of glucagon receptors and their internalization process
is needed. Other phenomena such as lose of effectiveness
of glucagon over time deem to be studied.

As a conclusion, based on the obtained results, the pro-
posed model could help to improve the design of dual-
hormone artificial pancreas systems.
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ARTICLE INFO ABSTRACT

Keywords: This paper validates a glucoregulatory model including glucagon receptors dynamics in the description
Type 1 diabetes of endogenous glucose production (EGP). A set of models from literature are selected for a head-to-head
Modeling

Endogenous glucose production
Glucagon receptors

comparison in order to evaluate the role of glucagon receptors. Each EGP model is incorporated into an
existing glucoregulatory model and validated using a set of clinical data, where both insulin and glucagon are
administered. The parameters of each EGP model are identified in the same optimization problem, minimizing

the root mean square error (RMSE) between the simulation and the clinical data. The results show that the
RMSE for the proposed receptors-based EGP model was lower when compared to each of the considered models
(Receptors approach: 7.13 + 1.71 mg/dl vs. 7.76 + 1.45 mg/dl (p = 0.066), 8.45 + 1.38 mg/dl (p = 0.011) and
8.99 + 1.62 mg/dl (p = 0.007)). This raises the possibility of considering glucagon receptors dynamics in type 1

diabetes simulators.

1. Introduction

People with type 1 diabetes (T1D) suffer from an impairment in
their blood glucose (BG) regulation. Due to the auto-immune destruc-
tion of the f cells in the pancreas, insulin is not produced, which is
the hormone responsible of promoting glucose uptake by the cells. As
a result, the body is unable to restore glucose concentration to normal
values. People with T1D rely on external insulin administration with
insulin pens or infusion pumps in order to regulate their BG levels.
However, high doses of insulin could lead to low BG concentration if
overdosed. Both a maintained high BG concentration (hyperglycaemia),
and a low BG concentration (hypoglycaemia) are undesirable situa-
tions. The former, because it can cause several long-term vascular
complications, such as retinopathy, foot amputations, heart attack and
strokes, nephropathy, neuropathy, among others. Meanwhile, hypogly-
caemia could induce dizziness, nausea, coma or even death in the most

severe cases [1]. This means people with T1D live with the colossal task
of self-managing their diabetes on a daily basis.

In order to ease this duty, automated insulin delivery systems (also
known as artificial pancreases (APs)) have recently appeared on the
market. This term refers to the combination of (at least) three different
elements: an insulin pump, a continuous glucose monitor (CGM) and a
control algorithm (incorporated in the pump or in an external device
such as a smartphone). The algorithm receives the glucose values
provided by the CGM and provides an insulin infusion value to the
pump every few minutes, according to a given control logic. Despite au-
tomation, hypoglycaemia prevention is challenging for single-hormone
(insulin-only) systems, especially in situations like exercise or when
overdosed. Thus, additional counterregulatory actions are needed, such
as, intake of rescue carbohydrates or administration of glucagon.
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46022, Spain.
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Glucagon is a hormone produced in the pancreas by the a cells
with an antagonist effect to insulin (it increases glucose concentra-
tion), promoting endogenous glucose production (EGP). The glucagon
secretion is also impaired in people with T1D mainly due to the lack
of signaling between p and a cells [2]. Glucagon is often used as
stand-alone injections to rapidly rise glucose levels in case of severe hy-
poglycaemia. Soluble formulations of glucagon [3] have paved the way
to dual-hormone AP systems infusing glucagon through dual-chamber
pumps or an additional pump, in order to prevent hypoglycaemia.
Dual-hormone APs have proven useful in glucose regulation in contrast
to single-hormone APs, especially under exercise [4,5]. Integrating
glucagon in APs allows to regulate glucose as the pancreas would,
without needing any patient intervention, as it would be the case with
the intake of rescue carbohydrates.

A fundamental step in the development of AP systems is the use of
simulation tools to validate the algorithms. Clinical trials are expensive
and may entail risks for the patients. Therefore, a lot of effort has been
put towards developing mathematical models that reproduce physiol-
ogy as accurately as possible. The use of these simulators allows to test
algorithms in a quick and inexpensive way. The most commonly used
models in the validation of AP algorithms are Dalla Man’s model [6]
(the UVA/Padova simulator) and Hovorka’s model [7] (the Cambridge
simulator and with some variations, OHSU and McGill simulators, for
instance).

Whereas pharmacokinetics of insulin and glucagon are described in
a similar fashion, other aspects can differ greatly among authors, such
as EGP. This quantity is influenced by both insulin and glucagon and
represents glucose production as a response to either hypoglycaemia
or hyperglycemia. However, contrary to insulin, whose dynamics have
been widely studied and there is a consensus in literature about de-
scribing its effect [6,8], glucagon effect description is more diverse.
Although both insulin and glucagon are involved in EGP, their rela-
tionship has been described very differently in literature, and not many
clinical trials study the relationship between both hormones. Their in-
fluence on EGP has been described as additive [9], multiplicative [10],
or with a Michaelis-Menten function [11].

El Youssef et al. [12] reported a loss of glucagon effectiveness for
high insulinemia under constant insulin infusion. A vanishing effect
of glucagon effectiveness has also been reported. Whereas it has been
proved that insulin and glucagon have a collaborative relationship, its
physiological extent and mathematical description is still debated. One
element that is sometimes overlooked in AP simulators development is
glucagon receptors. The work by Masroor et al. [13] gave some insight
into their dynamics.

The purpose of this work is to test an unconventional method for
describing glucagon behavior. A physiology-based structure may prove
useful in describing glucose dynamics more accurately. The glucagon
receptors-based EGP model is compared to three other EGP models
from literature. A set of clinical data is used to fit the models and to
identify their parameters. In previous work, the authors carried out the
validation of the receptors approach against just one other description
of EGP [14]. This work adds two extra models to the comparison and
changes the identification process so that the parameters in the baseline
model used are common for all EGP definitions (the previous approach
identified the models independently). The process will show how the
receptors approach provides a good fit to the data, reducing the average
error compared to the other models.

The paper is organized as follows: Section 2 describes the base
model and the different EGP descriptions used for validation. Section 3
presents the identification procedure, divided into the description of the
clinical data and the parameter identification method. Section 4 shows
the main results and Section 5 discusses the implications of the results.
Section 6 summarizes the conclusions.

Computers in Biology and Medicine 154 (2023) 106605

2. Models

The evaluation of the EGP models was carried out using a base-
line model that included descriptions of glucose regulation, insulin
pharmacokinetics and glucagon pharmacokinetics. The submodel corre-
sponding to EGP and glucagon effect was instantiated with the different
EGP models to be evaluated.

Wendt et al. [11] presented the model used as reference, which is
based on the widely used model by Hovorka et al. [8]. However, the
former also incorporates glucagon pharmacokinetics and its effect on
glucose. This model also fitted the purpose of the paper since it was
identified using the same clinical dataset that is used to validate this
work. Experimental data was obtained by Ranjan et al. [15] and it is
described in more detail in Section 3.1.

The other EGP structures selected for comparison were chosen be-
cause their underlying structures were also based on Hovorka’s model
of glucose regulation. A total of four different definitions of EGP and
glucagon effect are tested in this work:

1. The definition by Wendt et al. [11], which accompanies the
baseline model. It will be labeled as DTU (Technical Univer-
sity of Denmark) which was Wendt’s affiliation at the time of
publication.

2. The EGP model proposed by Emami et al. [10]. This paper
evaluates several definitions of EGP and presents a solution that
is the one used in this work. It will be labeled as McGill, for
McGill University in Montreal.

3. The proposal by Resalat et al. [9], which was first presented
in [16]. It will be referred to as OHSU model, for the Oregon
Health and Science University.

4. EGP based on receptors dynamics, this paper’s new proposal,
following the work by Masroor et al. [13]. It will be labeled as
Receptors model.

The next sections will describe the baseline model and each one of
the EGP definitions.

2.1. Baseline model

The baseline model can be divided into four different blocks: in-
sulin pharmacokinetics, glucagon pharmacokinetics, EGP, and glucose
regulation.

Fig. 1 provides an overview of the model compartments and their
relationships. The block corresponding to EGP is left empty since its
content will depend on the model being evaluated. Next, the equations
and states of each subsystem are presented. Also, the model states are
described in Table 1 and the parameters and their description can be
found in Table 2.

2.1.1. Insulin pharmacokinetics

The insulin pharmacokinetics subsystem (blue block, Fig. 1) consists
of two compartments (X,(r) and X,(r)), the input being the insulin
infusion (u;(r)), expressed as a deviation with respect to basal insulin
infusion, and the output, plasma insulin concentration (/(¢)). The factor
10° in (1c) acts as unit conversion from U/ml to mU/1 [11].

ax,( X,
a0 (2
dX,(n X X0
dt B tmax B tmax (1b)
0= LEUNST N I, 1c)

tmax W Clp g
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Fig. 1. Baseline model overview. Glucose regulation (red box), insulin pharmacokinetics (blue box) and glucagon pharmacokinetics (green box), corresponding to the model
definition by Wendt et al. [11]. The EGP definition varies between the four definitions studied in this work (see Sections 2.2 to 2.5).

Table 1
Baseline model states units and description.
Magnitude Units Description
u; (1) U/min Insulin infusion (as a deviation from basal)
X, (0 U Insulin mass due to exogenous dosing in subcutaneous tissue
X5 (1) U Insulin mass due to exogenous dosing in plasma
1(n) mU/1 Insulin plasma concentration
ue() pg/min Glucagon infusion (as a deviation from basal)
Z(n pg Glucagon mass due to exogenous dosing in subcutaneous tissue
Z, (1) pg Glucagon mass due to exogenous dosing in plasma
C(r) pg/ml Glucagon concentration in plasma
x, (1) mU/1 Effect of insulin on glucose distribution
X, (1) mu/1 Effect of insulin on glucose disposal
x3(1) mu/1 Effect of insulin on endogenous glucose production
EGP(t) pmol/kg/min Endogenous glucose production
0, pmol/kg Glucose mass in the accessible compartment
0,(1) pmol/kg Glucose mass in the non-accessible compartment
G(t) mmol/1 Blood glucose
Table 2
Baseline model parameters units and description.
Parameter Units Description
ax min Time from dose to maximum plasma concentration
w kg Weight
Clp,y ml/kg/min Apparent insulin clearance
I, mu/1 Basal insulin concentration
ki ky min~! Absorption elimination rate constants
Clpc ml/kg/min Apparent glucagon clearance
C, pg/ml Basal glucagon concentration
koy kg kys min~! Deactivation rate constants
Fy pmol/kg/min Insulin-independent glucose flux
Fp pmol/kg/min Renal glucose clearance
Sr min~!/(mU/1) Insulin sensitivity to glucose transport
Sp min~!/(mU/1) Insulin sensitivity to glucose disposal
kpy min~! Transfer rate constant from the nonaccessible to the accessible compartment
14 ml/kg Glucose distribution volume

2.1.2. Glucagon pharmacokinetics

The glucagon pharmacokinetics (green block, Fig. 1) is also repre-
sented as a two-compartment subsystem (Z,(¢) and Z, (1)), analogously
to the insulin one, with input the glucagon infusion (u(t)), expressed as
a deviation with respect to basal glucagon infusion (which is expected
to be zero), and output plasma glucagon concentration (C(r)).

—— =uc(t) =k - Z(1) (2a)

dz,(n
dr

dz,(
d—zr() =k, - Z,(t) = ky - Zy(1) (2b)
k2
=3~ — Cloe G 20

2.1.3. Glucose regulation

The glucose regulation subsystem (red block, Fig. 1) follows the
Hovorka model [8]. It is composed by three states representing the
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Table 3
EGP models parameters and states description. Parameters marked with (x) are the ones to be identified.
Magnitude Units Description
Kor s min~! Dissociation rate
Kyee min~! Recycling rate
in min~! Internalization rate of the glucagon-bonded receptor
Koy * (pg/min)~! Association rate of glucagon to the receptor
Vi ml Volume of the hepatic interstitial space
K, x unitless Apparent dissociation constant
V, % pmol/kg/min Maximal glucagon-dependent hepatic glucose production rate
EGPy * pmol/kg/min EGP extrapolated to zero insulin concentration
S, * (muU/D~! Hepatic insulin sensitivity
(1), re(t) unitless Normalized amount of free and bonded receptors
Fiygp () pmol/kg/min Hepatic glucose production
Sp * (mU/D™! Hepatic insulin sensitivity
E o * pmol/kg/min Maximum EGP at basal insulin concentration
Cpsy * pg/ml Glucagon concentration yielding half of maximum EGP
Gong * pmol/kg/min Glucose production by glyconeogenesys
Gyy(D) pmol/kg/min Glucose production due to glycogenolysis
S * (muU/Dt Hepatic insulin sensitivity
T * (pg/ml)~! Glucagon sensitivity
G, * pmol/kg/min Effect due to gluconeogenesis
Kgy * (pmol/kg)™! Fractional deactivation rate constant
Ta * pmol/kg Glucagon rate of change sensitivity
EGP;(1) pmol/kg/min Contribution to EGP from the rate of change of glucagon
EGPy x pmol/kg/min Basal endogenous glucose production at zero insulin concentration
Sy (mU/D)! Hepatic insulin sensitivity
kg3 * min Glucagon rate of change sensitivity
k. * (ng/1)~!/min Glucagon sensitivity
kg * min~! Clearance rate of glucagon from the remote compartment
Y() unitless Effect of glucagon on EGP

effects of insulin on glucose transport, glucose disposal, and EGP.

? = kg (I0) = x;(0) .
dxdzt(t) = ko (1) = x,0) -
dx(;t(t) = kg3 (I(1) = x3(1)) -

Finally, the glucose dynamics for the accessible, Q,(¢), and non-
accessible, O, (1), compartments, are described as follows:

d
let(t)- = —Fy (1) = Fr(t) = Sp - x, () - Q1 (1) + k15 - Q2 (1) + EGP(t)  (3d)
dO,(t
det( ) _ Sy x1(1) - Q1) = Q1) (kjp + Sp - %,(1)) (3¢)
G = _QI‘/(’) 0

where the definition of EG P(r) will vary depending on the model used.
Note that, as compared to Hovorka et al. [8], Egs. (3a)—(3c) have unit
static gain, being insulin sensitivities (gains) for glucose transport and
uptake described by parameters S; and .S, respectively, in Egs. (3d)-
(3e). Hepatic insulin sensitivity will be defined by the corresponding
model describing EGP(t).

The following sections describe the different EGP models tested in
this study. In the presentation of the subsequent models, the notation
of parameters and states has been kept as similar as possible to the
original respective works for the sake of clarity, as listed in Table 3.

2.2. DTU EGP model

The original Wendt model [11] described EGP as:
EGP(1) = Gy (1) + Ggne (4a)

where the signal G, (t) determines the effect of glucagon and insulin on
hepatic glucose production. This relationship is given by a Michaelis—
Menten expression with maximum rate inhibited by insulin effect (x;(1))
above basal insulin concentration I,, with hepatic insulin sensitivity Sz

(see Fig. 2):
o ) (4b)

1-8p-x30) ((
Crso + C)

G ()=
= T"g,7,

Epax = GGNG)

Gy(1) EGP(t)

Sk
C(t) :1:3(1‘[)A

Fig. 2. DTU EGP model.

Fig. 3. McGill EGP model.

2.3. McGill EGP model

Emami et al. [10] perform a comparison of 8 different descriptions
of EGP and validate them with a set of clinical data. The model
concluded as the best description for EGP was defined as (see Fig. 3):

EGP(t)=H (1-S-x3(1)) - H (EGP(t) + T - C(t)) + G, (5a)

where H(-) is the unit step function, included to keep the expression
positive. They consider that not only the level of plasma glucagon
contributes to hepatic glucose production, but also its rate of change,
defining the derivative of EG P4(t) as:

dEGP;(1) _

dC(r)
G = ke EGPG(1) = ke - Tou (T) (5b)
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Fig. 4. OHSU EGP model.

Fig. 5. Receptors EGP model.

Hepatic insulin sensitivity is given by parameter S. Similarly to
Wendt et al. [11], insulin effect x5(¢) inhibits glucagon effect on EGP
as a multiplicative factor.

2.4. OHSU EGP model
Jacobs et al. [16] proposed a model based on Hovorka’s model [8],

incorporating glucagon dynamics. However, contrary to Wendt et al.
[11], EGP is defined as (see Fig. 4):

EGP() = EGP, (1 — SO+ YO + ks - d)c'h(’)) (62)
where Y (7) represents glucagon effect with dynamics given by:
? =k, -CU)—ky - Y (1) (6b)

Note that the parameter S, was added to the original formulation of
the model, in order to match our definition of the unit-gain x5(7), as
compared to Jacobs et al. [16]. Also, units of k, are different with
respect to the original definition, in order to match the units of the
plasma glucagon signal.

Remark that, contrary to Wendt et al. [11] and Emami et al. [10],
insulin and glucagon effects on EGP in this model are considered to
be additive, instead of multiplicative. This means that contribution
of glucagon to EGP is independent of insulin, and that the balance
between glucagon and insulin antagonic effects will determine EGP.

2.5. Receptors-based EGP model

More recently, the work from [13] proposed a three compartment
system to describe glucagon receptors dynamics. Receptors are lo-
cated on the surface membrane of the liver and they bond to plasma
glucagon. This pairing triggers a chain of protein signaling that re-
sults in promoting glycogenolysis and glyconeogenesis [17]. After this,
glucagon-bond receptors dissociate and internalize at different rates,
becoming temporarily unavailable in this latter case. The authors repre-
sent this process with a three compartment model, one state variable for
each state of the receptors: available (r(1)), bonded to glucagon (r.(1))
and internalized (r;(¢)) (see Fig. 5). Assuming that the total number of
receptors, although unknown, remains constant, this relationship can
be simplified considering the constraint r,(1) = 1 — r(r) — r.(t), where
the state variables are expressed as relative to the total number of
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receptors. As a result, a two-compartment model is obtained describing
unbound and bonded (active) receptors, which is given by:

dr(t
(ri(t) =—kop Vi - CO - 1) + kopp - re) + ke (1= r(0) —r.(®)  (72)

dr.()
_'dt = kg Vi €O - O = Ky - 1ot = gy - 1) 7b)

Then, glucagon effect on hepatic glucose production (Fy,,(t)) is
made dependent on active glucagon receptors, as opposed to previous
models which consider plasma glucagon concentration. This relation is
modeled by means of a Michaelis-Menten relationship, as follows:
K, +r.()

When incorporating this effect into our model, the EGP expression
was complemented by adding an additive effect of insulin on glucose
production by the liver, which was not considered in the work by Mas-
roor et al. [13]. With this, the expression of EGP is finally constituted
as:

Figp(0) = (7¢)

EGP(t) = Fyg,(t) + EGPy (1= S; - x3(1)) (7d)

where S, is the hepatic insulin sensitivity.

The original work by Masroor et al. [13] validated the model with
glucagon-challenge test data on eight healthy subjects, and used a
minimal glucoregulatory model, based on the [18] model. In this work,
it is incorporated into a more detailed model and it is validated using
data from people with T1D receiving subcutaneous glucagon injec-
tion of various doses, better describing the expected use of glucagon,
as explained in the next section. This model proposal has already
been proven useful in describing glucagon dynamics, as shown in the
authors’ previous work [14].

3. Identification procedure
3.1. Clinical data

The data used for the models evaluation was obtained in a clinical
trial performed by Ranjan et al. [15]. The purpose of the trial was to
test the efficacy of different glucagon doses in recovering from mild
hypoglycaemia. Eight subjects with T1D took part in the study, who
underwent four different arms in the trial.

The protocol for the study was the following: patients received an
insulin bolus to reach mild hypoglycemic conditions (BG concentration
lower than 70 mg/dl). At that point they received either saline or a
glucagon bolus (100 pg, 200 pg or 300 pg) depending on the trial arm.
The study finised four hours after the glucagon injection. A summary
of the protocol is shown in Fig. 6. Plasma glucose, plasma glucagon,
plasma insulin, plasma growth hormone, cortisol, free fatty acids,
triglycerides, blood pressure, and heart rate were measured throughout
the study. In the development of this work, only the information about
plasma glucose, glucagon and insulin was used. Also, since the main
interest was the modeling of glucagon effect on EGP, only the visits
were glucagon was administered (100 pg, 200 pg or 300 pg) have been
considered, which will be labeled as visit A, B and C henceforth.

Saline
Insulin Glucagon 100 g
bolus bolus 200 pg
/3 /& 300 g

=- X min t=0min t =240 min
Fig. 6. Protocol in the clinical trial by Ranjan et al. [15]. After admission, patients
were administered insulin in order to lower their glycemic values to 70 mg/dl. When
glucose reached hypoglycaemia conditions (r = 0 min) a glucagon or saline bolus was
injected.
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3.2. Parameter identification

The main goal of this work is to test the receptors structure capa-
bility of describing observed glucose behavior against other proposals.
This required identifying the model-specific parameters for each one of
the aforementioned EGP models.

In a previous work, where a preliminary validation of the EGP
model based on glucagon receptors was carried out, the identifica-
tion was performed independently for each of the two models being
tested [14]. However, since there are multiple EGP definitions, but the
baseline model is common to all of them, the identification was revised
taking into account that:

1. The parameters in the baseline model should be the same for
each one of the complete models.

2. Instead of carrying out separate optimizations for each one of
the models, the required set of parameters should be found for
all of the models in the same optimization problem. This way,
the parameters of the base model will be common to all EGP
definitions.

3. The aim is to test each model structure, not finding a global
model for all the patients. Hence, a different set of parameters
will be identified for each patient.

With these premises in mind, the proposed identification method
tries to find the best fit to the data for all the models while being equally
fair. Note that most of the parameters for the baseline model (Table 2)
are taken from [11], since they used the same set of clinical data as the
present work.

In solving the optimization problem, each model runs three times,
one for each visit to the clinic. Then, for each model, an index was
calculated as the aggregated sum of the root mean square error (RMSE)
per visit:

3
Ju=

v=1

®)

ny
1 0 )
- Z(yibP_y:P)z
miS ’

where m refers to the models, v refers to the visits, n, is the number
of data points in a specific visit, P refers to the patient, 9p is the
simulated data point and y:L p s the measured data.

The total index to be optimized was the average value of J,, for the
four models.

4
1
J_Z.mz:]Jm )

Regarding the parameters to be identified, insulin sensitivities (Sp
and .S, (3d)—(3e)) were identified not only per patient but also per visit
(i.e., each patient gets a different insulin sensitivity in each visit to the
clinic). The reason behind this is that insulin sensitivity can present a
wide variability, and change along time for a myriad of reasons [19].
Along with these parameters, the initial condition for the state Q,(r)
(an) was also identified for each visit. This allows to have a better fit
to the data of each visit especially in the first part of the trial, where
only insulin effect is present. In this way, simulated glucose and real
glucose will be the closest possible at time ¢ = 0 min, since from that
point onwards is where our main area of interest will be.

The total vector of parameters can be divided into different sections.
The first subset of parameters to identify will contain the constants from
the base model.

0p = {S%S,”;,Q;“}, v=1,23 P=12,..,8

For each of the EGP models, a subset of parameters is selected
to be identified. These sets are identified per patient, but they are
common across Vvisits (the same EGP model should be able to explain
the response of different glucagon doses). First, the subset for the DTU
model will be:

020 = {GnG Sg+ Emaxs Ceso o P=12.....8
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For the McGill model:

03p = {G,. S.T.K4.Tgq}» P=12,....8
For the OHSU model:
04p = {EGPy, Sy ks kgk, ). P=12,..8

And finally the Receptors model:

Osp = {EGP), Sy, ko K.V}, P=12,...8

The Receptors model included many parameters describing rates
between the receptors compartments. In the original work by Masroor
et al. [13], some of the parameters were identified whereas others were
fixed according to previous works found in literature, based on the
modeling of insulin receptors (k,,. based on [20]) or previous studies
on glucagon receptors (k,, and k, IS based on [21]). However, it was
deemed appropriate to identify the activation rate (k,,, (7a)-(7b)) as
a way of tailoring the process to each patient. Furthermore, to avoid
identifiability issues, the value of k;, was fixed to the identified value
in [13]. The components of the Michaelis—-Menten expression (K, and
V,, (7¢)), were also included in the identification.

The complete parameter vector to be optimized will include all
parameter subsets.

0p = {911;» 912,» 0?[” 02p.03p.04p. 95P}

This leaves an optimization problem with a total of 28 parameters
per patient. The identification was carried out using the fmincon func-
tion in Matlab R2018b. This function makes use of the interior point
algorithm to find the minimum of the specified cost index (9) [22].
This algorithm is the default solver in the fmincon function, and it
is widely used for solving optimization problems. The interior point
algorithm tries to iteratively approach the optimal solution from the
interior of a feasible set. Since this is a local optimization solver, the
optimization was repeated five times with different random starting
points within the parameter bounds. These bounds are predefined based
on the provided parameter values in each model’s original work.

To solve the system of differential equations, Matlab provides the
function ode4b, that makes use of a Runga-Kutta method to solve
the system over a specific time step. Specifically, the Dormand-Prince
method [23]. In this work, the ode45 function runs over 5 min
intervals, with the solver applying a variable simulation step size within
each interval.

4. Results

Fig. 7 shows the average fit of the models to the data. Each row
corresponds to one model (DTU, McGill, OHSU and Receptors'), and
each column shows the different visits (A, B and C). All models present
a reasonable fit to the data, however the Receptors model presents a
better fit consistently across visits.

Fig. 8 shows the average fit to plasma insulin and plasma glucagon
data. Since both these signals belong to the baseline pharmacokinetics
models, they are common for all the studied models. Plasma insulin
graph for visit B presents some unusual shape in the standard deviation
graph. This is because only one patient’s data was measured at some
of the depicted timestamps. Hence, the standard deviation is zero for
those points.

The parameter values obtained in the identification process are
described in Tables 5-7. Table 5 shows the values of the parameters
that were identified per visit (Sy, .Sp and the initial value of Q,).
Tables 6 and 7 show the parameters values of each EGP model for the
eight patients.

RMSE results for each model and period are summarized in Fig. 9.
The RMSE values were analyzed at three different periods:

1 From this point on, we refer to the models by name but they comprise
the combination of the baseline model plus the corresponding EGP model.
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Table 4
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Means and standard deviations for the J,, index of each of the models against the receptors proposal, r-test analysis, and
Cohen’s d, separated by time period.

First period

Receptors t P Cohen’s d
DTU 7.22 + 2.15 0.02 0.985 0.01
McGill 8.84 + 3.01 7.21 + 2.36 1.78 0.118 0.63
OHSU 8.64 + 2.82 1.58 0.159 0.56
Second period
Receptors t P Cohen’s d
DTU 6.64 + 1.58 2.43 0.86
McGill 7.18 + 1.32 5.90 + 1.75 3.85 1.36
OHSU 7.81 + 1.75 3.06 1.08
Overall
Receptors t P Cohen’s d
DTU 7.76 + 1.45 2.18 0.066 0.77
McGill 8.45 + 1.38 7.13 + 1.71 3.44 0.011** 1.22
OHSU 8.99 + 1.62 3.74 0.007** 1.32
Table 5
Identified values for the parameters S, ), and Q, . Bottom row shows the mean values and their standard deviation of each parameter.
Patient  Visit A Visit B Visit C
Sq S [N Sy S 02 Sy S [N
1 1811074 1131073 860 545-1074 2821073 2061 3.08-1074 4921073 2999
2 152-1074 1891073 1038 3.16-1074 3051073 1508 2781073 3591073 2178
3 208-1074 5.62-1073 2990 532-107% 3831073 1939 597-107% 890-1073 2992
4 116-1075 1.60- 10+ 218 274-1074 743-1074 802 3.55-107! L12-1074 121
5 1.03-1075 246-1073 1822 9.64-1075 219-1073 1126 152-1074 485-1073 1979
6 2791074 5.50-1073 3000 202-1072 6201074 3000 469-104 477-1073 3000
7 146104 465-1073 2190 1541074 4.12-1073 3000 123-1074 4281073 2042
8 6331075 5531073 2503 2601074 432-1073 2177 9711074 9.01-1073 2999
1311074 + 9.60-1075 3.37.1073 & 221.1073 1828 + 1033 280-1073 + 7.03.1073 271.1073 + 144.1073 1952 + 798 4471072 + 125-10"1 505.1073 + 2871073 2280 + 991
Table 6
Identified values for the DTU and McGill EGP models parameters. Bottom row shows the mean values and their standard deviation of each parameter.
Patient DTU McGill
S, Epax Crso Gene B T Kea T6a Gy
1 1.33-1072 100 900 5 0.01 0.05 0.26 1.93- 107! 7
2 1.03-1073 75 999 6 0.01 0.05 0.01 4.66-1073 6
3 1.02-1073 100 447 8 0.03 0.20 6.88 4.32-107! 9
4 1.17-1073 79 735 8 0.01 0.07 0.81 3.65-107! 9
5 2.98-1073 96 987 5 0.01 0.03 6.69 5.54-107" 7
6 1.00- 1073 100 642 9 0.04 0.17 0.09 4.16- 107! 10
7 2.14-1072 89 1000 3 0.01 0.05 6.65 2.17-1073 3
8 8.86- 1073 100 631 1 0.01 0.06 0.07 5.56- 107" 5
6.34-107 + 7.58-1073 92 + 10 793 + 209 6 3 0.02 + 001 0.09 + 006 268 + 337 3.15-107" + 2.24.107! 7+2
Table 7
Identified values for the OHSU and Receptors EGP models parameters. Bottom row shows the mean values and their standard deviation of each parameter.
Patient OHSU Receptors
Sy kg3 ke kg EGPRy  Sp kon K, A EGP,
1 8.16- 1070 8251070 1621073 0.26 7 1331072 2251076 8571073 135 8
2 9191076 9.81-1070 7.46- 1073 1.00 6 1.03-1073 5301075 2191071 200 9
3 6891075 9.93-1070 3591073 0.34 10 102-1073 135-107° 3481072 195 10
4 1051075 107-1075 163-1073 0.27 9 117-1073 9.70-1070 165-1072 80 10
5 9.40-1070 9.45-1070 114-1073 0.20 7 298-1073 1.04-1070 2.86-1073 101 6
6 9.98-1075 123-1073 1691073 0.32 12 1.00- 1073 4791070 790-1073 109 10
7 9411073 1061073 143-1072 1.00 3 2.14-1072 1721073 1.04- 1071 200 5
8 1351073 1331075 1461073 0.13 5 8.86- 1073 1.00- 1076 1621073 103 4
3921075 & 411-1075 106-1075 & 1.62-1070 4111073 + 4.62-1073 044 + 035 7 £ 3 6341073 & 758-1073 1281075 & 173-1075 4941072 & 7.64-1072 140 + 50 8 + 2

. Considering the first

part only (First period), from start time

of the clinical trial until the glucagon bolus was administered

(t = -Xto ¢ =0 min,

see Fig. 6). This interval was analyzed to

ensure that the behavior of the baseline model was consistent

independent of the EGP model.

(Second period), from

. From the moment the glucagon was administered, onward

t = 0 to t = 240 min. This would be the

main area of interest in this study, where the glucagon effect
comes into play.
3. Along all the time of the experiment (Overall).

Table 4 details the mean RMSE (8) and its standard deviation for
each of the models in each of the studied time periods. Several paired
statistical analysis were performed, comparing each of the selected EGP
models against the Receptors model. This comparison provided the
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Visit C
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Glucose (mg/di)
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-~ = =Data ata
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Fig. 7. Glucose simulation results. Figures show each of the studied models against the clinical data. Dashed/gray lines correspond to the data and continuous/colored lines show
the simulation results. The central line for both data series represents the average of the eight patients, whereas the shaded area encloses standard deviation. Results show the

response from 7 =0 min to 240 min.

result of the t-test, its p-value and Cohen’s d size effect. Results in the
First period show that there is no statistically significant differences
between any of the studied models and the Receptors model. However
in the Second period, the difference is statistically significant for every
pair of models. In the overall analysis, the pairs McGill-Receptors and
OHSU-Receptors also present statistically significant differences. Across
all the analysis it is also shown that the average error for the Receptors
model is lower in every comparison.

5. Discussion

This work’s results show how the EGP model including glucagon re-
ceptors dynamics provides an improvement in describing the glucagon
effect when compared with other models from literature. Table 4
reflects this result, showing a lower average error value for the Re-
ceptors model, and a statistically significant difference for each of the
comparisons in the Second period of the data, which is the main focus
of our analysis. Also, Cohen’s d values (larger than 0.8), confirm that
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Fig. 8. Plasma insulin (top) and plasma glucagon (bottom) simulation results. Dashed/gray lines correspond to the data and continuous/colored lines show the simulation results.
The central line for both data series represents the average of the eight patients, whereas the shaded area encloses standard deviation. Results show the response from 7 =0 min
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to 240 min. Irregularities in insulin standard deviation graph are due to just one patient’s data being measured in certain timestamps, making zero the standard deviation.
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Fig. 9. Boxplots of RMSE values obtained per model for the First period of data (left), the Second period (middle) and Overall the time of the trial (right). White crosses mark

mean values and black horizontal lines, median values.

there is a noticeable difference in the behavior between the analyzed
pairs. In fact, for the Overall analysis, there is a statistically significant
difference for all the comparisons but DTU-Receptors. However, the p-
value is close to being lower than 0.05 and Cohen’s d is also close to
0.8, meaning that the difference is not negligible.

Having no statistically significant difference in the First period
agrees with what we expected, since in that interval, the EGP model
only contributes as a constant (basal value) to the general model. Our
hypothesis was that no matter the EGP model used, the behavior in the
First period should be similar across models in order to provide a fair
comparison. The First period also shows the greatest standard deviation
in the error values. This is due to the scarce data available in the first
part of the experiment, which caused the fits to have greater RMSEs,
and also the great variability in the initial conditions (i.e., there is no
information about the patients’ state prior to arriving to the clinic).

The results obtained in this study will allow to incorporate EGP
models including glucagon receptor dynamics into other T1D simu-
lators. To our knowledge, they are not present in any widely-used
simulator, but it could improve the accuracy of the in silico experiments
providing a more physiology-based definition.

One question remains unanswered and that is, how decisive the
influence of plasma insulin levels is on the glucagon effect. As shown in
Fig. 8, plasma insulin levels were stable during the Second period, when
glucagon was acting, with an average value of 15 mU/] approximately.
According to the results reported by El Youssef et al. [12], maintained
high plasma insulin may impair glucagon effect. Their results report a
high plasma insulin concentration around 40 mU/1, which is not close
to the conditions of the clinical data used in this work.

Limitations of this work include: (1) The reduced number of partic-
ipants (n = 8) in the clinical dataset. This is a general limitation found
in metabolic studies addressing glucagon modeling where cohorts are
typically between 10 and 20 (see for instance [12,24,25]), due to the
specific nature of the data to be collected in ad-hoc experiments (time
series with frequent enough measurements of plasma glucose, insulin
and glucagon are needed), as opposed to the use of tests part of the
clinical routine such as the Oral Glucose Tolerance Test (OGTT), where
larger cohorts are feasible (e.g. Contreras et al. [26]). Hence, given
the reduced number of datasets available, this only allows to draw
preliminary conclusions. Further research will be needed introducing
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a larger dataset or several clinical trials as validation data in order to
be able to guarantee the accuracy of the proposed model; (2) A slight
inaccuracy in the first part of the data fit. As seen in Fig. 7, some models
did not exactly reach the point of interest at + = 0, which might also
indicate a limitation in the insulin pharmacokinetics models; (3) The
large number of parameters to be identified. A long time was needed to
solve the optimization problem, which makes it infeasible to be solved
online within an AP algorithm; (4) Further validation should include
different datasets in a variety of conditions, such as larger glucagon
doses, higher plasma insulin concentrations or close in time repeated
glucagon doses.

6. Conclusions

This work presents a glucagon receptors based EGP model, and
performs a head to head comparison with three other models from
literature. The evaluation consists in identifying parameters from the
selected EGP models to fit data from a clinical trial. The results show
an improvement in the data fitting with the proposed model. These
outcomes will be useful in the study of T1ID and AP development,
allowing for more accurate in silico validations.
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‘We present and critically discuss five commonly used mathematical models of the meal glucose rate of
appearance in humans. Such models are key to simulation of the metabolism in healthy people, people
with diabetes, and obese people, and they are central to developing effective treatments and prevention
strategies. Furthermore, we discuss important aspects of systematic mathematical modeling of human
metabolism, including meal consumption modeling, stoichiometry and reaction kinetics, and general-
purpose model components.

1. Introduction

Mathematical modeling and simulation of the human
metabolism are central to treating and preventing two of
the major pandemics of the 21 century; diabetes and obe-
sity (Pattaranit and van den Berg, 2008). Model-based simu-
lation can both support scientific developments within phys-
iology, help to improve drug development processes (Huang
et al., 2009), and be used directly in support tools, e.g.,
in automated insulin delivery systems for people with di-
abetes (Lal et al., 2019). Specifically, modeling is a key
component of virtual clinical trials (Reenberg et al., 2022;
Ritschel et al., 2022), rigorous mathematical analysis (Cohen
and Li, 2021), and of model-based algorithms for, e.g.,
monitoring, prediction, control, and optimization (Boiroux
et al., 2018).

The human metabolism is a complex set of chemical
reactions that are responsible for sustaining life. Their pur-
poses are to 1) digest food, 2) convert the energy in the
food into a form that can be used in cellular processes,
3) convert food into building blocks for nucleic acids, pro-
teins, carbohydrates, and lipids, 4) transport substances into
and between cells, and 5) eliminate waste from metabolic
processes. Food digestion and absorption are particularly
important to mathematical modeling in diabetes and obe-
sity (Gouseti et al., 2019; Le Feunteun et al., 2020). Many
models describe the dynamics of glucose and insulin and dis-
regard other macronutrients (fat and protein) and hormones
(e.g., glucagon, ghrelin, and incretins). Furthermore, it is
common to describe meal glucose absorption using simple
algebraic relations (Silber et al., 2010) or to only consider
intravenous glucose injection (Silber et al., 2007). However,
models that include the dynamics of glucagon (Adams and
Lasseigne, 2018), ghrelin (Barnabei et al., 2022), and in-
cretins (Jauslin et al., 2007), as well as the absorption of
other macronutrients (Sicard et al., 2018), have also been

*Corresponding author
B jbjoedtu.dk (J.B. Jprgensen)
ORCID(S): 0000-0002-5843-240x (T.K.S. Ritschel);
0000-0003-0015-7107 (A.T. Reenberg); 0000-0001-7511-2910 (J.B.
Jgrgensen)

proposed. Recently, Pompa et al. (2021) compared three
models commonly used in diabetes using a simulation study.
However, they conclude that it is not possible to determine
which of the models that is more physiologically accurate
based on simulations alone. Noguchi et al. (2014) propose
a model which accounts for the digestion and absorption of
carbohydrates based on the glycemic index and carbohydrate
bioavailability. Moxon et al. (2016) propose three models
which include transport along the small intestine. Later, both
Noguchi et al. (2016) and Moxon et al. (2017) extended their
respective models with an upper bound on the glucose rate
of appearance in the blood stream. We refer to the reviews
by Smith et al. (2009), Palumbo et al. (2013), and Huard
and Kirkham (2022) for further information on models in
the literature.

Apart from the physiological phenomena included in the
models, there are several differences between the underlying
mathematical formulations. Some models are purely com-
partmental (De Gaetano et al., 2013) and described only by
ordinary differential equations (ODEs). Others also use par-
tial differential equations (PDEs), e.g., to describe the trans-
port through the small intestine (Moxon et al., 2016). Simi-
larly, there are models that represent delays exactly (Contr-
eras et al., 2020; Cohen and Li, 2021) using delay differential
equations (DDEs), and, in other cases, they are approxi-
mated (Alskir et al., 2016). Furthermore, meal consumption
can either be represented as a finite flow rate of nutri-
ents (Hovorka et al., 2004) or as instantaneous (Dalla Man
et al., 2014). Finally, while most models are deterministic,
some also include stochasticity (uncertainty), e.g., to model
variations in the meal size and consumption time (Chudtong
and De Gaetano, 2021). These different mathematical for-
mulations are also discussed in the review by Makroglou
et al. (2006).

In this work, we present a critical discussion of five
commonly used mathematical models of meal glucose ab-
sorption: 1) the model proposed by Hovorka et al. (2004),
2) the UVA/Padova model presented by Dalla Man et al.
(2006, 2007), 3) the SIMO model described by De Gaetano
et al. (2013) and used in the revised Sorensen model by Pa-
nunzi et al. (2020), 4) the model by Alskir et al. (2016), and
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5) a model which represents the stomach as a continuous
stirred-tank reactor (CSTR) and the small intestine as a plug-
flow reactor (PFR) (Moxon et al., 2016, 2017). In the last
model, we compare different models of the opening and
closing of the pylorus valve, which connects the stomach
to the duodenum in the small intestine. Furthermore, we
discuss general aspects of mathematical modeling relevant
to the human metabolism (representation of meals, delays,
and general modeling components).

The remainder of the paper is structured as follows. In
Section 2, we discuss the simulation of mathematical meal
models, and in Section 3, we present modeling components
that are relevant to modeling of the human metabolism in
general. In Section 4, we present the five models of meal
glucose absorption mentioned above, and in Section 5, we
discuss and compare them based on simulations. Finally, we
present conclusions in Section 6.

2. Mathematical models and simulation

We consider mathematical models of the meal nutrient
absorption in the gastrointestinal tract, which are in the form
of initial value problems involving ODEs:

x(0) = f(x(0),d®), py), x(19) = xp. ey

Here, ¢ is time, x are the states, d are the meal inputs, and
py are the parameters in the model, f. x, are the states
at time #,. The states constitute the minimal amount of
information necessary for simulating the future evolution of
the system (1).

The outputs, y, are described by the function

y(@) = g(x(1), py), 2

where p, is a parameter vector. The purpose of the model
is to describe the relation between the outputs, y, and 1) the
meal inputs, d, and 2) the parameters, p ’ and Pgs which are
specific to each person (and possibly also to each meal).

Remark 1. Models that contain PDEs or DDEs can be
approximated by models that only contain ODEs by means
of spatial discretizations and delay approximations, respec-
tively.

2.1. Typical structure of nonlinear models

Nonlinear models of meal nutrient absorption are often
more structured than the system (1). Specifically, many
nonlinear models are affine in the meal inputs:

x(1) = f(x(0),d®), ps)

3
= [0,y ) + f4(x(0), py (D), @

X(ZO) = Xp-

The first term describes the internal dynamics of the meal
absorption and the second term describes the direct effect
of the meal inputs on the states, e.g., the relation between
the amount of glucose in the meal and in the stomach. The
parameter vectors p, and p, contain the same parameters
as pf

2.2. Linear models
Several meal models are linear in the states, x, and the
meal inputs, d:
x(0) = A(py )x() + B,(py )d(0),
¥(@) = Co(pg)x(d).

x(tg) = x¢, (4a)
(4b)
The subscript ¢ on the system matrices, A., B,, and C,,

indicate that it is a continuous-time linear state space model
(as opposed to a discrete-time state space model).

Remark 2. The linear state space model (4) is a special
case of the nonlinear model (1)—(2) where

Fx@),d@®),pp) = Ac(ps )x(0) + B.(ps,)d (@),
g(x(1), pg) = Co(pg)x (D).

(5a)
(5b)
The dynamical equation in the linear state space model (4a)

is also a special case of the meal input-affine model (3)
where

(6a)
(6b)

L0, py ) = Alpy )x(0),
Fax(0.p7) = B(py,).

2.3. Meal inputs

Some models of meal nutrient absorption represent the
meal inputs as flow rates, i.e., as step functions, and others
represent them as instantaneous, i.e., as impulses.

2.3.1. Step inputs
When the meal inputs are represented using step func-
tions, they are described by

d(t)=d, = Dy /AL, t <t <t,, 0

where D, is the total meal size ingested in the interval
[t» tyy1[ and At = t, | — t,. The response to a sequence
of piecewise constant meal inputs of sizes { D, }kM: 61 may be
simulated by setting x(t,) = x, and solving the M initial
value problems

x(ty) = X, (8a)
x@t) = f(x(0),dy, ps), fe 1<ty (8b)
X = X(gp1)s (80

fork =0,1,..., M — 1. The result is the sequence of states
{ xk}kM: o that may be used to compute the corresponding

sequence of outputs {y; }]Ic"i o from (2).

2.3.2. Impulse inputs

For this type of meal input model, we only consider the
input-affine model (3). A single meal of size D, which is
consumed instantaneously at time ?(, can be represented as
an impulse,

d(t) = D(t — ty), ©)

using the Dirac delta function, 6(r). We denote by 7 the
time 7, before the impulse and by Z(J)r the time ¢, immediately
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after the impulse. The impulse function has three relevant
properties:

d(ty) = (10a)
d(6)=0 t <1, (10b)
1+
/° d@)dt = (10¢)
g

0

Consequently, the states immediately before and after the
impulse are

x(t )=x

x5 = X0, (11a)
x(t+)_ (J)r

xo + faCxg.ps)D. (11b)

Therefore, the initial value problem (3) with the meal input
function (9) can be simulated by solving the initial value
problem

x(t*) = x

XM = f(x(0,0,p5) = f(x(®), Py ), , (12)

fort > tar, The corresponding output, y(¢), computed by (2)
is called the impulse response of the system (3) and (2) to the
meal impulse, D, provided that x(¢y) = x, = x,, is a steady
state, i.e., that x satisfies f(x,0, pf) = fx(xss,pfx) =0

Multiple instantaneous meals (i.e., impulses) of sizes

{Dk} I at times {tk} 1 can be represented by the input
functlon
M-1
d@t) = Z D, 5(t—1). 13)
k=0
This input function has the three properties
d(t;) = (14a)
dit) =0 t <t <ty (14b)
i
/ d(r)dr = (14¢)
-

k

The definitions of 7,” and t: are analogous to those of #; and
tg, respectively. Because of these properties, the system (3)
with the multiple meal impulse input function (13) may be
simulated by using that x; = x and solving the M initial
value problems

xX(th) = x¢ + f4(x7.py,) Dy (152)
x(t) = fx(x(t),pfx), tJr <t<tg,, (15b)
X1 = Xty s (15¢)
fork =0,..., M — 1. As mentioned previously,
Fex(0), py) = f(x(0),0, py). (16)

which means that the simulation can be carried out with the
general dynamic model (1) using d(¢) = Ofort, <t <t; .

3. Model components

As the human metabolism is a set of chemical reactions,
the gastrointestinal tract can be modeled mathematically
using modeling techniques from chemical reaction engineer-
ing. In this section, we briefly outline a systematic mod-
eling approach using stoichiometry and reaction kinetics
in combination with ideal CSTRs and PFRs. Furthermore,
delays play an important role in metabolic modeling (Voit,
2017), and we describe several mathematical models and
approximations of delayed signals.

3.1. Stoichiometry and reaction Kinetics
Consider a set of molecules C which are involved in a set
of reactions R in the human metabolism. Let § € R"-*"
be the matrix of stoichiometric coefficients for this set of
reactions and molecules. n, is the number of molecules
and n, is the number of reactions. Let ¢ be the vector of
concentrations such that we can express the rate vector, r,
for this set of reactions as the function
r=r(c). (17)
Consequently, the production rate vector for the molecules
can be expressed as
R=S'r (18)
This general way of expressing the production rate, R, is use-
ful because it only requires the specification of the chemical
reaction stoichiometry (and the corresponding stoichiomet-
ric matrix, .S) as well as the corresponding expression for
the reaction rates, r = r(c).

3.2. CSTR
Any part of the gastrointestinal tract where transport
phenomena (i.e., advection and diffusion) are negligible can
be represented as a CSTR. The mass balance for a CSTR is
Vé=(c,—c)F+RV, (19)
where V' is volume, ¢ is concentration, c;, is the inflow
concentration, F is the volumetric in- and outflow rate, and
R is the production rate. The volume is assumed to be
constant, and the model can be reformulated as an ODE:
¢=(¢,—c)F/V +R. (20)
3.3. PFR
The parts of the gastrointestinal tract where advective
and diffusive transport phenomena are significant can be de-
scribed as PFRs. A PFR is cylindrical and the concentration,
¢ = c(t,z,r,0) = c(t,z), only changes along the transport
direction, z, i.e., it is constant along the radial and angular
coordinates, r and 6.
The spatiotemporal evolution of the concentration is
described by the PDE

dc=-0,N+R+0, 1)
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where N is flux, R is the production rate, and Q is a source
term. The flux is the sum of an advection term, N,, and a
diffusion term, N ;:

N=N,+ N,. 22)
These terms are

N, =vc, (23a)

N, =-D,o.c, (23b)

where v is velocity and D, is the diffusion coefficient. The
expression (23b) is called Fick’s law.

3.4. Delays

Here, we describe different formulations and approxi-
mations of a model, where y is equal to the input signal u
delayed by 7, i.e.,

y(@) = u(t — 7). (24
The Laplace transform of (24) is

Y(s) = G()U (), (25a)

G(s) = e "5, (25b)

Alternatively, the system (24) can be formulated as a
series of M systems with smaller time delays:

yi®) =y (t — 74/ M), i=1,....,M, (26)
where
Yo(t) = u(®), (27a)
@) = yp (). (27b)
The Laplace transform of this series of systems are
Y;(s) = Gi()Y;_;(s), i=1,....,M, (28a)
Gy(s) = e~/ M3, (28b)
where
Yo(s) = U(s), (29a)
Y (s) = Yy, (s). (29b)

Approximating G; in (28) will typically result in a lower
error than approximating G in (25) because the delay is
smaller. However, the increased accuracy comes at the ex-
pense of higher computational cost. Below, we show differ-

3.4.1. Lag approximation
The transfer function in (25b) can be approximated by
the transfer function of a lag process, i.e.,

1 Vg P
Ts+1 s+1/t;  Q(s)

G(s) =G(s). (3D
The system matrices in the corresponding linear state space
realization, in observable canonical form (Hendricks et al.,

2008, Chap. 3.9), are

A, =-1/7,,
C, =1,

B, =1/1,,
D, =0.

(32a)
(32b)

We apply the same approximation to the system (28):

N 1 _ M/
G~ s+ 1 s+ M/,

= G,(s).

_ P(s)
- Qi(s)

(33)

Again, we consider the corresponding state space realization
in observable canonical form. In this case, the system matri-
ces are

-M /v, i=],
Aij=M/7y, i=j-1, (34a)
0, otherwise,
Mz, i=1,
B, ={ M =1 (34b)
’ 0, otherwise,
1, i=M,
C., = 34c¢
o {0, otherwise, (34c)
D, =0, (34d)

fori=1,...,Mandj=1,..., M.

3.4.2. Padé approximation
The Padé approximation (Wei et al., 2016) is another
classical way used to approximate time delays. The first-

order Padé approximation of G(s) = e™%" is
—(rg/Ds+1 _ —s+2/7,

GO~ s

_ P(s)

s¥2/5, C ok o

(35)

The first-order Padé approximation (35) may be used to ap-
proximately realize (25) as the linear state space model (30),
in observable canonical form, with the system matrices

ent approximations based on a dynamical system in the form A, =2/t B, =4/1,, (36a)
C, =1, D, =-1. (36b)
x(1) = A x(1) + B.u(r), (302) The Padé approximation of G, in (28) is
y(t) = C.x(t) + D u(?). 30b
Yo X0+ Deutt) (300) G.(s) —(z;/CM)s+1 —s+2M/z,
(s) ~ =
! (rg/2M))s + 1 s+2M /7,
5O 6 37
0;(s) o
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and the system matrices in the corresponding state space
realization (in observer canonical form) are

-2M /z,, i=j,
Acj =D AM [y, 0>, (38a)
0, otherwise,
B, = (-1)*"4M /z,, (38b)
C.;= (=DM, (38¢)
D, =(-DM, (38d)

fori=1,...,.Mandj=1,..., M.

3.4.3. Physical transport delay model
Delays can also be represented using transport processes.
The input signal, u, constitutes the boundary condition,

Cin(t) = u(t), (39)
and the initial boundary value problem

c(t,0) = ¢;,, (1),
0,c = —vd,c,

(40a)

120, 0<z<L,  (40b)

has the analytical solution y(t) = c(t,L) = ¢;,(t — 74) =
u(t — ;) with the delay 7; = L/v.

Remark 3. A left-sided first-order finite difference dis-
cretization of the PDE (40), based on an equidistant grid
with M + 1 nodes, is equivalent to the linear state space
model (30) with the system matrices (34) obtained using a
series of M lag approximations.

3.4.4. Algebraic delay approximation

For completeness, we also describe an algebraic delay
approximation which is used in the literature, e.g., by Alskir
et al. (2016). However, unlike the previous approximations,
it is an algebraic expression rather than a linear state space
model in the form (30). Furthermore, it specifically approx-
imates a step in the input function, u, whereas the other
approximations can be used for arbitrary input functions.

Let ¢, denote the time at which the step in u occurs, i.e.,
u(t) = 1fort > t; and u(t) = 0 otherwise. Then, the

approximation is

1

X N A (ot = Tag)

=3, (4D
where t5, = 1, +1, is the time at which J is halfway between
the value of u before and after the step.

4. Meal models

In this section, we present five commonly used models
of glucose absorption in the gastrointestinal tract: The model
by Hovorka et al. (2004), the model by Dalla Man et al.
(2006, 2007), the SIMO model by De Gaetano et al. (2013),
the model by Alskir et al. (2016), and a CSTR-PFR model
based on the ones proposed by Moxon et al. (2016, 2017).

1

T
e Trute solution

/—
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s ) ) | | | 1
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0 4
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Figure 1: True, y, and approximate, j, delays of the input, u.
Top: Lag approximation. Second from the top: Padé approxi-
mation. Third from the top: Finite difference discretization of
physical transport delay model. Fourth from the top: Algebraic
delay approximation. Bottom: Input, u.

For the CSTR-PFR model, we consider different descrip-
tions of the pylorus sphincter (or valve) which connects the
stomach to the small intestine.

Several of the models are linear. Specifically, they are in
the form

(42a)
(42b)

x(1) = A,x(t) + B.d(t),
() = C.x(1),

where d is the meal input and y is the glucose rate of ap-
pearance in the blood plasma. Furthermore, in Appendix B,
we show that, for some of the models, y is a linear function
of the total meal carbohydrate content, D. For brevity of
notation, we omit the time dependency in the remainder of
this section.

4.1. Hovorka’s model

The model by Hovorka et al. (2004) contains two com-
partments, as illustrated in Fig. 2. The first compartment,
D,, describes the amount of glucose in the stomach, and the
second compartment, D,, describes the amount of glucose
in the small intestine:

JB Jgrgensen et al.: Preprint submitted to Elsevier
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Figure 2: Sketch of the meal model presented by Hovorka et al.
(2004).

d erol R12 eraZ R”O'gm qur Rgm‘pm
I i

Figure 3: Sketch of the meal model presented by Dalla Man
et al. (2006).

Here, A describes the bioavailability of the carbohydrates
in the meal, and R, = R;,(D;) is the glucose flow rate
between the stomach and the small intestine. Furthermore,
R, = R,(D,) describes the glucose absorption, and the
glucose rate of appearance, R, = R,(D,), is a fraction, f,
of Ry:

Ry, =D, /p, (44a)
R, = Dy/7p, (44b)
R, = fR,. (44¢)

The parameter 7, is a time constant, and the model is a
linear state space model in the form (42), where the system
matrices are

N S
(45)

4.2. Dalla Man’s model

The model by Dalla Man et al. (2006, 2007) is sketched
in Fig. 3, and it contains three compartments: The glucose in
the solid and liquid phases of the stomach content, Q,, ; and
QOy102» Tespectively, and the amount of glucose in the small

intestine, Q,,,. The compartments are described by

Qsto,l =d - R]Z’

Qsm,Z = R12 - Rsx‘m,gut7

(46a)
(46b)
(46¢)

qut = Rsro,gut - Rgut,pla’

where R, = Ry5(Qy,,) is the glucose flow rate be-
tween the liquid and solid phase in the stomach, Ry, o,, =
Rit0,0ut(Qst0,15 Ost0.2> D) 1s the flow rate between the stom-
ach and the small intestine, and D is the total carbohydrate
content of the meal. Furthermore, Ry ,1q = Rgur p1a(Qgur)
is the glucose absorption rate, and the glucose rate of appear-
ance in the blood plasma, R4, = R A(qu,), is a fraction, f,
of the glucose absorption rate:

Figure 4: Sketch of the SIMO meal model presented by De
Gaetano et al. (2013).

Here, k,,; and k,, are the inverses of time constants, and
the gastric emptying rate, K, = Keppi(Q 10, D), 18

k —k,;
kempt = kmin + M( tanh (a(ero - bD))

— tanh (A(Qy, — ¢D)) + 2>, (48a)
-5
*=3D0-b) (48b)
5
b= pe (48¢)

where Oy, = Qg (Q01-Oy02) 18 the total amount of
glucose in the stomach:

ero = Qsto,l + Qsto,Z' (49)
Furthermore, the parameters k,,;, and k,,, are the minimum

and maximum gastric emptying rates, and b and c are the

percentages of D where the magnitude of the derivative of
1 .

Kempr 18 5 (Kpax = Kpin)s 1€, at Oy, = bD and O, = cD.

Finally, as k,,,,, in (48a) is nonlinear in Q,, the model is

not in the linear form (42).

4.3. The SIMO model

The SIMO model by De Gaetano et al. (2013) contains
four compartments, and it is sketched in Fig. 4. The compart-
ments represent the amounts of glucose in 1) the stomach, .S,
2) the jejunum, J, 3) an artificial delay compartment, R, and
4) the ileum, L:

S =d- Ry, (50a)
J=Rg;~Rjp—Ryy. (50b)
R= R,z — Ry, (50c)
L=Rg;—Ryp. (50d)

Here, the glucose flow rates between the stomach and the
jejunum, Rg; = Rg;(S), between the jejunum and the
delay compartment, R;r = R;r(J), and between the delay

Ry = kgiQyio,15 (472)  compartment and the ileum, Rg; = Rg; (R), as well as the
Riogut = KempiQst02- (47b) gh;c?hse .zilbsorpzon rate; in t(hLe) jejunu.m, }T) a7 = Ry (),
and the ileum, = , are given by
Rgut,pla = kabngut’ (47C) AL AL
RA = ngut,pIa' (47d) RSJ = kjSSs (513-)
JB Jgrgensen et al.: Preprint submitted to Elsevier Page 6 of 16
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Figure 5: Sketch of the meal model presented by Alskar et al.
(2016).

Ryg=kyJ, (51b)
Rp =k, R, Gle)
Ry = kg, (51d)
Rap = kgL Gle)

The coefficients, kjs, k,j, ki, kgj, and kg, are the inverses
of time constants, and the glucose rate of appearance, R, =

R,(J, L), is a fraction, f, of the total glucose absorption:
Ry=f(Ry;+Ryyp). (52)

This model is in the linear form (42), and the system matrices
are given by

[—k ;s 0 0 0
ks —(kgi+k,y) 0 0
= Js 8J rJ
A=} , K, o | ©3®
L 0 0 ki, _kg/
1
B. = 8 . (53b)
0
C.=[0 fhky O fhky. (53c¢)

4.4. Alskir’s model

The model by Alskir et al. (2016) contains four compart-
ments representing the amounts of glucose in the stomach,
G g, the duodenum, G p, the jejunum, G, and the ileum, G,
as illustrated in Fig. 5. They are described by

Gszd—RSD, (54a)
GD = RSD - RDJ - RA,D! (54b)
G;=Rp;— Ry =Ry, (54¢)
G'I=R”—RAJ, (54d)

where the glucose flow rates between the stomach and duo-
denum, Rgp = Rgp(Gg), between the duodenum and
jejunum, Rp; = Rp;(Gp), and between the jejunum and
ileum, R;; = R;;(Gy), are

The inverses of the time constants, kgp = kgp(Gp), kpy,
and k, are

GY
kgp=ky|1-—2— ), (56a)
e ( IGi)so +G )
1
kp; = ——, 56b
IS T (56b)
1
k= ——. 56
=TT (56¢)

Here, kg, represents the pylorus sphincter, and it is a func-
tion of the amount of glucose in the duodenum described
using the Hill expression. For G, = 0, kgp is equal to its
nominal value, k,,, and, as G, increases, kgp approaches
zero. For large values of the Hill coefficient, y, kgp has
a steep decrease around I G pso. Furthermore, L and L;
are the relative lengths of the duodenum and jejunum (i.e.,
fractions of the total length of the small intestine), and
T is the transit time through the small intestine. The lag
coefficient (used to approximate a time delay) is given by

1

= 1 +exp(—o(t — tso))’ 7

as described in Section 3.4.4. The parameter o determines
the steepness, and 5 is the time at which 7 is 0.5. The glu-
cose absorption rates in the duodenum, R, , = R4 p(Gp),
jejunum, R, ; = R, ;(G), and ileum, R, ; = R, ;(G)),
are described using Michaelis-Menten expressions, i.e.,

RD, GD
Ryp=—2 2, (58a)
K,c+Gp
RJ GJ
Rus=g% g (58b)
mG J
RI, 9 GI
Ry = K"‘— (58¢)
mG + Gl

where K, is the Michaelis constant and Rp ;.¢s Ry maxs
and Ry, are the maximum glucose absorption rates in
the duodenum, jejunum, and ileum, respectively. Finally,
the glucose rate of appearance in the blood plasma, R, =
R4(Gp,Gy,Gy), is a fraction, Fp, of the total glucose
absorption:

Ry=Fp(Ryp+Ry5+Ryp). (59)
4.5. CSTR-PFR model

The CSTR-PFR model presented here consists of a
CSTR representing the stomach and a PFR representing the
small intestine, as shown in Fig. 6 (see also Section 3.2
and 3.3). Itis based on the second model presented by Moxon
et al. (2016), and we describe three ways of modeling the
opening and closing of the pylorus sphincter, which connects
the stomach to the small intestine.

The amount of glucose in the stomach, my, is given by

Rsp = ksptGy, (552)
Rpy =kpsGp. (55b) mg=F, — Fy, (60a)
Ry =kyGy. (55¢) Foy = kgmg, (60b)
JB Jgrgensen et al.: Preprint submitted to Elsevier Page 7 of 16
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Figure 6: CSTR-PFR model with the feedback mechanism
proposed by Alskar et al. (2016).

where F,, = d is the meal input, F; is the glucose
flow rate from the stomach to the duodenum, and kg, is
the inverse of a time constant. We either consider kg, to
be 1) constant (the pylorus sphincter is always completely
open), 2) a function of the glucose rate of appearance in the
blood (see Section 4.5.1), or 3) a function of the amount of
glucose in the duodenum (see Section 4.5.2). The glucose
concentration in the small intestine is described by the PDE

arcsi = _asz - Qas zZE [ZO’ Zf]a (61)
where z is the spatial coordinate along the small intestine,
and the positions z, and z, denote the beginning and end
of the small intestine. The flux N, describes the peristaltic
movement in the small intestine, and it consists of an advec-
tion term, N, , and a diffusion term, N, ap'

ap’

N, =N, + Ny, (62a)
N,y = vpcy (62b)
Ny, =—D,d,cy. (62¢)

The velocity, Ups and the diffusion coefficient, Dp, are con-
stant. The glucose absorption, Q,, is given by

2
0,= —fqa,

Fsi

Aq = UgCsis

(63a)
(63b)

where r; is the radius of the small intestine, and f is a factor
describing 1) the increase in surface area (compared to that
of a cylinder) due to villi, microvilli, and plicae circulares,
and 2) the fact that glucose is only absorbed from a fraction
of the surface. Furthermore, v, is the glucose absorption
rate. The flow rate from the stomach to the duodenum is
represented as a boundary condition, i.e., the flux at the
beginning of the small intestine times the cross-sectional
area, Ag;, must equal the glucose flow rate F;:

Asinlz:zo = Lsd- (64)
Finally, the glucose rate of appearance is the cross-sectional
area times the integral of the glucose absorption rate over the

length of the small intestine:

2
R, :AS,/ Q,dz. (65)
Zp

C
4.5.1. Moxon’s feedback mechanism
Moxon et al. (2017) propose that the glucose flow rate
between the stomach and duodenum is equal to 1) zero if the
glucose rate of appearance, R, is above a certain threshold,
R4 jnax> and 2) k777 otherwise. This is approximated by

k d = kmax 1
§ sd 1+ exp(c(R, — R max)

(66)

where the parameter o determines the accuracy of the ap-
proximation, i.e., the steepness of kg; around R4 ;-

4.5.2. Alskiir’s feedback mechanism

Alskir et al. (2016) propose that the glucose flow rate
can be described using a Hill expression with a high Hill
coefficient, y, i.e., it approximates an on/off mechanism
where the glucose flow rate is equal to zero if the amount
of glucose in the duodenum, my, is above a threshold value,
my 5o, and k7' otherwise. In addition to the original model
of the feedback mechanism, we introduce a minimum value,
L

Y
k., = kmin 4 (kmax — Jmin 1— mny
sd — Mgd sd sd m’ .
d,50 d
(67)

Finally, the duodenum constitutes the first part of the small
intestine (from z, to z,). Consequently, the amount of glu-
cose in the duodenum is given by

Zq
my = AS,-/ ¢, dz.
Z0

Remark 4. If kz_"d"" = 0 in (67), the glucose flow rate
may become close to zero even though the duodenum is
almost entirely empty. The reasons are that the velocity of
the peristaltic movement, v, is relatively low and that it is
independent of the glucose concentration. Consequently, a
very short plug of chyme with a high glucose concentration
will move through the duodenum, and once it enters into
the jejunum, the duodenum again becomes empty, and the
process repeats itself.

(68)

5. Discussion

Table 1 shows the main characteristics of the models
described in Section 4: 1) the types of equations in the
model, 2) the number of states, 3) whether it is a linear state
space model or not, and 4) whether or not the glucose rate of
appearance is linear in the total meal carbohydrate content,
D. It is more straightforward to simulate models that only
contain ODEs. The reason is that PDEs are typically approx-
imated by a set of ODEs using spatial discretization (this

JB Jgrgensen et al.: Preprint submitted to Elsevier
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is called the method of lines). However, this approximation
is derived analytically, and it is problem-specific. In con-
trast, there exists general-purpose software for simulating
models that only contain ODEs. In Appendix C and D, we
describe two spatial discretization schemes that are relevant
to meal models containing PDEs. The approximation often
results in a large number of ODEs. Consequently, it is more
computationally intensive to simulate models that contain
PDEs because the computation time depends strongly on the
number of states. Next, linear state space models are simpler
to analyze than nonlinear models, and, in important special
cases, explicit expressions for their solutions can be derived.
Similarly, it can be exploited in both analysis and simulation
if a model is linear in the total meal carbohydrate content,
D. Specifically, if RE:) is the glucose rate of appearance
over time for D = 1, the rate of appearance for any meal
carbohydrate content is RS) D if the model is linear in D.

Only the CSTR-PFR model contains a PDE (describing
the glucose transport in the small intestine). Consequently,
when discretized, it will contain more states than the other
models, and it will be more computationally intensive to
simulate. All the other models contain a small number of
states. Furthermore, Hovorka’s model and the SIMO model
are linear. The CSTR-PFR model is also linear if the py-
lorus sphincter is modeled as always being open, i.e., if
there is no feedback mechanism. The remaining models are
nonlinear. Finally, Hovorka’s and Dalla Man’s models, the
SIMO model, and the CSTR-PFR model without feedback
are linear in the total meal carbohydrate content, D, (see
Appendix B).

Fig. 7 shows the response to meals with different car-
bohydrate contents. The meal consumption is modeled as
instantaneous (as described in Section 2.3). The parameter
values used in the various models (see Appendix A) do not
represent the same individual. Therefore, we show the glu-
cose rate of appearance in the blood normalized with body
weight. The meal responses predicted by the linear models,
i.e., Hovorka’s model, the SIMO model, and the CSTR-PFR
model without feedback, are qualitatively similar. After an
initial rise, the glucose rate of appearance slowly decays to
zero. In contrast, Dalla Man’s model predicts two peaks.
After the initial rise, the rate of appearance decreases and
then increases again before decaying to zero. The second
peak represents the delayed carbohydrate absorption caused
by, e.g., fat and protein in the meal. None of the other models
predict more than one peak. In Alskér’s model, there is a
pronounced saturation effect, and the larger meals do not
lead to significantly higher glucose absorption rates. Instead,
the absorption is prolonged for larger meals. For the largest
meal, the CSTR-PFR model using Moxon’s feedback mech-
anism shows a similar saturation effect. However, for the two
smaller meals, the saturation threshold is not reached and the
simulations are almost identical to those obtained without a
feedback mechanism. When Alskir’s feedback mechanism is
used in the CSTR-PFR model, the glucose rate of appearance
does not saturate. Instead, after a fast but short rise where
the duodenum is filled, it increases slowly. For larger meals,

10 T T
Hovorka's model

0 1 2 3 4 5 6 7 8

T T
Dalla Man's model

5 ]
NY e ‘ : ‘ ‘
0 1 2 3 4 5 6 7 8
10 T T
The SIMO model
5 | : : 4
0 L L " .
0 1 2 3 4 5 6 7 8
10 T T
Alskér's model
5L ]
{
ol . . . . .
0 1 2 3 4 5 6 7 8

CSTR-PFR model (no feedback)

ok‘ ‘
0 1 2 3 4 5 6 7 8

10 T T T T
CSTR-PFR model (Moxon's feedback)

0 1 2 3 4 5 6 7 8

T T T T
CSTR-PFR model (Alskar's feedback)
51 = 30 g carbohydrates
== 60 g carbohydrates
90 g carbohydrates

0 1 2 3 4 5 6 7 8
Time [h]

Figure 7: Glucose rate of appearance per body weight for
different meal carbohydrate contents.

it increases for a longer time. Finally, the simulations clearly
demonstrate that the glucose rate of appearance is linear in
D for Hovorka’s and Dalla Man’s models, the SIMO model,
and the CSTR-PFR model without feedback.

In Fig. 8, we compare the two meal input models dis-
cussed in Section 2.3, i.e., 1) the instantaneous model using
an impulse function and 2) the constant flow rate model
using a step function. The two representations are almost
identical if the meal is consumed over 5 min. However,
there is a pronounced lag for almost all of the models if
the meal is consumed over 30 min. The exceptions are
Alskidr’s model and the CSTR-PFR model using Alskir’s
feedback mechanism. The reason is that the feedback limits
the amount of glucose that can enter into the duodenum.
Consequently, the rate at which the stomach is filled has a
smaller impact than in the other models.

JB Jgrgensen et al.: Preprint submitted to Elsevier
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Table 1

Main characteristics of the meal models described in Section 4. For the CSTR-PFR model, the number of states depends on
the discretization of the PDE (resulting in M ODEs). The models are considered linear if they are in the form of a linear state
space model (42). The CSTR-PFR model is linear if k , in (60b) is constant and nonlinear if it is described by (66) or (67). In
Appendix B, we show that the glucose rate of appearance is linear in the total meal carbohydrate content, D, for some of the

models.
Model Types of equations  Number of states  Linear  Linear in D
Hovorka et al. (2004) ODEs 2 Yes Yes
Dalla Man et al. (2006, 2007) ODEs 3 No Yes
De Gaetano et al. (2013) ODEs 4 Yes Yes
Alskar et al. (2016) ODEs 4 No No
CSTR-PFR (Moxon et al., 2016)  ODEs and PDEs 1+ M Yes/no Yes/no

6. Conclusions

We present a critical discussion of five commonly used
mathematical models of gastrointestinal meal glucose ab-
sorption. We compare their predictions of the glucose rate
of appearance in the blood plasma, and we provide an
overview of key aspects of the models, including linearity
and the types of equations in the models. The models are
relevant to accurate simulation of the metabolism in healthy,
diabetic, and obese people, and they can be used to test and
develop treatment and prevention strategies. Furthermore,
we discuss general modeling aspects relevant to system-
atic modeling of meal glucose absorption. Specifically, we
discuss model structures, meal input representations, delay
approximations, general formulations of stoichiometry and
reaction kinetics, and general CSTR and PFR models which
can represent different parts and processes in the human
metabolism.

A. Parameter values

Table A.1 shows the parameter values used in the sim-
ulations presented in Section 5. Apart from the following
exceptions, the parameter values are available in the papers
referenced in the table. We use a value of o in Alskar’s
model from an unpublished source, and we choose the value
of ky; in the CSTR-PFR model without feedback based
on the interval considered by Moxon et al. (2016). In the
CSTR-PFR model, D, and kg ,,;, were not present in the
original model. Therefore, we have chosen the values based
on simulations. We have also chosen the value of ¢ in the
CSTR-PFR model with Moxon’s feedback mechanism. For
models where the body weight, BW, is not provided, we use
a value of 82 kg. Similarly, when f is not provided, we use
a value of 1.

B. Linearity of the glucose rate of appearance

Here, we show that the glucose rate of appearance in
the blood, as a function of time, is linear in the total meal
carbohydrate content, D, for linear state space models and
the model developed by Dalla Man et al. (2006, 2007),
provided that the meal input, d, is linear in D. That is the
case when d is an impulse or step function as described
in Section 2.3. Consequently, the meal response can be

computed for D = 1 and scaled in order to obtain the
response for any other value of D. For brevity of notation, we
do not explicitly indicate the time-dependence of the states.

Remark 5. There exist meal input functions, d, that are not
linear in D. For instance, if d is a step function, the meal
duration may increase linearly in D while the glucose flow
rate remains constant.

B.1. Linear models
The linear meal models are in the form

x=A.x+ B.d,
y=C.x.

(B.1a)
(B.1b)

We introduce the normalized states, inputs, and outputs

%=x/D, d=d/D, j=1y/D. (B.2a)

Note that, by assumption, d is independent of D. Then,

¥=x/D=Ax/D+B,d/D =A%+ B.d,
j=y/D=C.x/D=C.%,

(B.3)
(B.4)
and, given a simulation of this normalized system, the glu-

cose rate of appearance can be obtained for any meal by
scaling the normalized response, i.e., y = yD.

B.2. Dalla Man model
As for the linear state space models, we introduce the
normalized state variables

(B.5a)
(B.5b)

qsta,] = Qsta,l/D’
gt = ng/D7

qsro,Z = Qsto,2/Ds
510 = Qsi0/ D,

and the normalized meal input d = d/D. Note that q,,, =
st0,1 tds10,2- The flow rates Ry, and R, 1, and the glucose
rate of appearance, R,, are linear in their arguments, and
they do not depend directly on D, i.e.,

R15(Qy10,1) = R12(d510,1)D: (B.6)
Rgut,pla(quz‘) = Rguz‘,pla(qguz‘)D’ (B7)
R4(Qgut) = Ry(4gu)D. (B.8)

In contrast, R
k

sto.que depends on the gastric emptying rate,
K omp(Qs10» D), which 1) depends directly on D and

empt =

JB Jgrgensen et al.: Preprint submitted to Elsevier
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Figure 8: Responses to meals that are consumed instanta-
neously (i.e., modeled as an impulse function), over 5 min,
and over 30 min (i.e., modeled as step functions). The meals
contain 90 g carbohydrates.

2) is nonlinear in both its arguments. However, the argu-
ments are not independent, and we show that k,,,,, is inde-

pendent of D when Q, = ¢, D, i.e., thatk,,,,(qy,D, D) =
K empi(Gg10)- First, we note that
5 5
TS D=2 B

Next, using these expressions and substituting Q;, = ¢, D,

a(Qy;, — bD) = a(qy,D — bD) = aD(q, — b)

5450 — b
e B.]
15 (B.10a)
B(Qy — ¢D) = (gD — ¢D) = pD(qy, — )
=307 C (B.10b)
2 ¢

Finally, we insert into the expression for the gastric emptying
rate:

Kmax = ki
kempt = kmin + M(tanh (a(Qsto - bD))
— tanh (B(Qy;, — ¢D)) + 2)
k.. —k,; 5q, —b
=kmin 4 Zmax 5 min (tanh (E Alro_ - >

o (4275 2},
2 ¢

Clearly, k,,, is independent of D. Consequently, R
linear in D for Qg1 = Gy, 1 D and Q5 = G2 D:

(B.11)
sto,gut is

Rsta,gut(Qsto,l ’ Qsta,Z’ D)
= kempt(Qsto’ D)Qsto,z
= kempl(qst’ D)‘Ism,zD
= kempr(qsto)qsro,zD

= Rsto,gut (qsto,l ’ qsra,2)D' (BIZ)

In conclusion, the normalized variables are described by

dsion = Qs101/D = d/D = Ri5(Qy40,1)/ D
=d- R5(gg10,1)-
dst02 = era,Z/D
= R5(Qy10,1)/ D = Ry 0ue( Q10,15 Cs102- D)/ D
= R2(dss0,1) — Rsta,gut(qsto,l’ dsr02),  (B.13b)
qgut = qur/D
= Rsto,gut(tho,I’ Qst0,2’ D)/D
= Ryut p1a(Qgur)/ D
= Ryo gurlst0,1> st02) — Reur pra(@gur)- (B.13¢)

(B.13a)

Given a simulation of this system, the glucose rate of appear-
ance for any meal carbohydrate content, D, can be computed
as R 4(qg,)D.

C. Finite volume discretization

In this appendix, we present a finite volume discretiza-
tion of the PFR model (21),

d,c=—-0,N+0Q, (C.1)
with the boundary condition
AN|,_, =F. (C2)

For simplicity, we ignore the reaction term, R, which is
treated in the same way as the source term, Q. We discretize
the cylindrical domain, 2, as shown in Fig. C.1. That is,
we split it into M smaller non-overlapping volumes (also

JB Jgrgensen et al.: Preprint submitted to Elsevier
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cylinders) such that Q = U,A;l(; ! Q;, where Q; = {5 =
(z,r,0)|z € [z;,z;11],7r €[0,r.],6 € [0,27[} and r, is the
radius of the cylinder. First, we integrate over each volume,

ie.,
/ o,cds = —/ aszs+/ Qds,
Q; Q; Q;
Zit+1 Zit+1
= —A/ 0,Ndz+ A Qdz,

z; z;
(C3)
fori =0,..., M — 1. We have interchanged integration and

differentiation on the left-hand side, and exploited that the
concentration is identical in the plane perpendicular to the
motion through the cylinder. Next, we 1) use the definition
of concentration to define the glucose mass m; = [, cds,
2) apply Gauss’ divergence theorem to the first term on the
right-hand side, and 3) approximate Q as constant in each
volume:

m; = —A(N;; — N) + F, oM -1
(C4

Here, N, is an approximation of the flux on the left boundary
of the i’th volume, and

F; = AAz;Q;, i=0,....,.M -1, (C5)
where Az; = z;,; — z; and Q; = Q(c;). Next, we 1) use
the boundary condition (C.2), 2) use an upwind scheme to
approximate the advection term, 3) use a first-order finite
difference approximation of the spatial derivative in the
diffusion term, and 4) assume that there’s no diffusion at the

end of the cylinder:

Ny =F/A, (C.6a)
N;=N,;+ Ny, i=1,...,M, (C.6b)
N, = vy, i=1,....M, (C.6¢)
Ny =-D, 2571 j_1 . M—1 (C6d)
’ Az
Nyy =0. (C.6¢e)
The center of the i’th volume is
Z.; =2; + lAzi =2z;+ l(zi+1 -z;)
; 2 2
=% i=0,.. M—1, €7

and the distance between the i’th and i + 1’th cell center is

Az, ;= 2Zeip) = Zepo i=0,....,M-2. (C.8)

For completeness, we also describe the discretization of

Zq
my = A/ cdz,
20

which is used in the CSTR-PFR model with Alskér’s feed-
back mechanism (68). Let K be the number of volumes for

(C9

€ € -2 Cum-i

Zp Z Z ZmM—2 Zm-1 Zm
N, N, N, Ny, Nyt Ny

Figure C.1: Sketch of the spatially discrete grid used in the
finite volume discretization of (C.1).

which zg < z; < zg, . Then, assuming that the glucose is
evenly distributed in each volume,

z K=l ez
my=A / cdz+2/ cdz
ZK i=l Zi
i — 2 K-1
d ~ 2K
N ———mg + m;. (C.10)
ZK+1 T 2K Z; '

First, we have split up the integral, and then, we have used
the definition of concentration and the assumption of even
distribution of the glucose.

D. Spectral Galerkin discretization

In this appendix, we describe a spectral Galerkin dis-
cretization (Kopriva, 2009) of the PFR model (21). As with
the finite volume discretization, we disregard the reaction
term, R, because it is discretized in the same way as the
source term, Q. That is, we discretize the system

dc=—0,N +0,
AN|,_, =F.

(D.1a)
(D.1b)

In this appendix, we assume that z € [—1, 1] (referred to
as the computational domain). That is typically not the case.
However, the actual physical domain can be mapped onto the
computational domain and the system can be transformed
accordingly, as described in Appendix D.3.

We approximate the solution, ¢, as a sum of products be-
tween time-dependent functions and space-dependent poly-
nomials:

M

ct.2) Rt =Y byl

m=0

(D.2)

Here, ¢,, = ¢,(t) = é(,z,) is the m’th time-dependent
coefficient, {z,, }mj"l=0 is a set of collocation points, and £, =
¢ ,,(2) is the m’th Lagrange polynomial (see Appendix D.2).
An important property of such polynomials is that 7, (z;) =
;> 1.€., 1t is equal to one when evaluated in the m’th colloca-
tion point and zero when evaluated in any other collocation
point. For brevity of notation, we often omit the dependency
on time and space when functions are evaluated at ¢ and z.
Furthermore, for clarity, we explicitly indicate the arguments
of the flux, N, and the source term, Q.

We require that the approximate solution, ¢, satisfies the
PDE weakly. Specifically,

/ N (9,6 +9.N(@) — 0(&)) pdz =0 (D.3)

0
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must be satisfied for any test function ¢ that belongs to the
same function space as the approximate solution, i.e., for any
polynomial. As for the solution, we write the test function as
a Lagrange polynomial:

M
B2 = Y Gulne
n=0

Here, ¢, = ¢,(t) = ¢,(t,z,) is the n’th time-dependent
coefficient. We substitute the expression for the test function
in (D.3):

(D.4)

Z b, / (0,6 +0,N (&) —0(6))¢,dz=0. (D.5)

This equality must be satisfied for any polynomial ¢, which
means that it must be satisfied for any combination of values
of {¢,}_, atany point in time. Therefore, the integral must
equal zero, i.e.,
s
/ (0,6 +9,N(¢) — 0(¢))¢,dz =0 (D.6)
Z,

forn =0, ..., M. Next, we use integration by parts to rewrite
the integral of the flux term. The result is

Zf 2
/ 9,N(&)¢,dz = [N(@)f,,]zg

0

D.7)

forn =0,..., M. We insert this expression and the expres-
sion for the approximate concentration (D.2) into (D.6) in
order to obtain

M

dé s
Ltm / Entydz+[N@F,)7
= 20

(
2f dz Zf
—/ N(@—2 / Q©)¢,dz=0, (D.8)
) dz Z0

for n = 0,..., M. We approximate the integrals using
quadrature (see Appendix D.1). Consequently,

M

dé .
26 5;" Zt’m(z,)f @, + [N@e, ]2

1=0

- 2 O&(t, z)) (zw; = 0,

1=0

D.9)

forn = 0,...,
6(1, Z[) = é[(t)

M. We exploit that £,(z;) = 6,, and that

dé,
—w, + [N@¢7,]

” Z N(c,)—(z,)w,

- 0@, w, =0, n=0,....M. (D.10)

Finally, we rearrange terms in order to obtain the ODEs for
each of the coefficients,

dén 1 n z
T o [N(c)f,,(z)]zg
+ — Z N(c,)—(z,)w, +0(,), (D.11)
Wn 12
forn=0,...,M.

Remark 6. When using Gauss-Lobatto quadrature, the bound-
ary contribution in (D.11) (i.e., the first term on the right-
hand side) is only nonzero for the boundary coefficient (i.e.,
for n = 0) because zy and z; are collocation points. For
Gauss quadrature, the boundary contribution is nonzero for
all of the differential equations because z, and z; are not
collocation points.

D.1. Jacobi polynomials and quadrature

We denote by P]Ea’ﬁ ) a general k’th order Jacobi poly-
nomial (Kopriva, 2009), and we describe two special cases:
1) Legendre polynomials and 2) Chebyshev polynomials.
Both polynomials can be used in a Gauss or Gauss-Lobatto
quadrature rule:

z M
/ FRw(z)dz ~ Z fzpw,. (D.12)
20 1=0

The weight function w and the weights {w;} 1]\;[0 are specific
to each Jacobi polynomial. Gauss quadrature rules are exact
for polynomials of up to order 2M + 1, but do not include
the endpoints, z, and z;. The endpoints are included in
Gauss-Lobatto quadrature rules, which are only exact for
polynomials of up to order 2M — 1.

Remark 7. The Sturm-Liouville problem consists of the fol-
lowing differential equation combined with boundary condi-
tions on u (not shown).

a<z<b.
(D.13)

2 (r22) + g = Ao,

Jacobi polynomials, P,ia’ﬂ )(z), are eigenfunctions of the spe-
cific Sturm-Liouville problem

d o e 14+p du
3z (-2t s E)

= A1 = 2)°( + 2)’u, (D.14)
where a,p > —1 and -1 < z < 1.
D.1.1. Legendre polynomials
The k’th order Legendre polynomial, L, = POO g

obtained with « = f = 0, and it is defined recursively
starting with Ly(z) = 1 and L;(z) = z. Subsequently,

2k+1

Len(@) = 57 2Le(@) = 1= L (@, (D.19)
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and the weight function is

w(z) = 1. (D.16)
The Legendre polynomials also satisfy
dr dL,_
@k + DL, (z) = —2L(z) - ==L (o). (D.17)
dz dz
The Legendre Gauss collocation points, {z,}ll‘;lo, are the
zeros of L, , and the weights are
w; = 2 , 1=0,....,M.
2y ( 4Lm1 2
(1= 2 () )
(D.18)

The Legendre Gauss-Lobatto collocation points, {z; } ,’Z o are

-1, 1, and the zeros of dj—ZM, and the weights are
2 1

= s [=0,...,M.
Wi MM +1) (LM(ZI))2

(D.19)

D.1.2. Chebyshev polynomials
For Chebyshev polynomials, « = f = —1/2 and the
k’th order polynomial is denoted by 7T}, = P;_l/z’_l/z).
Chebyshev polynomials are given by the explicit expression
Ti(z) = cos (kcos™'(2)), (D.20)

but they also satisty a recursion. It starts with Tj;(z) = 1 and
T,(z) = z and is followed by

Tpy1(2) = 22T (2) = T}, (2). (D.21)
They also satisty
AT}y 1 dTy,
2T, = - , (D.22
K= a @ s e @ O
and the weight function is
w(z) = — (D.23)

\/1—12.

The Chebyshev Gauss collocation points and weights are
given by

2 +1
_ . 1=0,...M, (D24
2= o8 <2M+2”> (D-242)
T
- [=0,....M, (D24b
Y= (D.24b)

and the Chebyshev Gauss-Lobatto collocation points and
weights are

z; = cos (ﬁﬂ) (D.25a)
T
w; = {Z”M ! f (0. M), (D.25b)
7 I=1,....M -1,
forl =0,..., M.

D.2. Lagrange polynomials

Here, we describe the Lagrange polynomials which we
use several times in the derivation of the spectral Galerkin
method presented in this section. For arbitrary z, the m’th
Lagrange polynomial of order M + 1 and its derivatives
are (Berrut and Trefethen, 2004)

M -
z—z 1w,
4 = =— s D.26
m(@) 111 Zy—2 s(z)z-—1z, ( 2)
I1#m
( )= ( L ) = ))
— — z)—(z
s \(z-z )
(D.26b)
d?¢ 2 dz
™ (z) = L<—w’” _p&m 95
dz? s(2)\(z — z,,)3 dz dz
2
- fm(z)g(z)) (D.26¢)
dz?
where the corresponding weight is
.
@, = (D.27)
1=0 z
I#m

and the auxiliary function, s, and its derivatives are given by

M ~
w
= , D.28a)
5(2) g‘) P (D.28a
L
95 0y = ! D.28b
(2) ;) o (D.28b)
d Mo op
_ I
2@ = g‘) ez (D.28¢)

The above expressions for the derivative of Z,, cannot be
evaluated in the collocation points, {z, M iy because it
would result in division by zero. In the collocation points,

the Lagrange polynomials and their derivatives are

Cn(2)) =6y (D.29a)
"I}m
dz, Wy(2=2,)° I+ m,
" = de;
iz ~(z) =4 _ > %), 1=m (D.29b)
Jj=0
J#l
—“—mm(— ). 1#m
dzfm( -
2 E) = Zdzz(z) I=m.
J#l
(D.29¢)

Remark 8. There is a sign error in the last term in the
parenthesis on the right-hand side of (9.4) in the paper
by Berrut and Trefethen (2004).
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D.3. Domain transformation

If the physical spatial domain is not [z, z f] =[-1,1],
we transform the system by introducing the spatial coordi-
nate & = &(z) = 2= Z"O 1 € [-1,1]. We use the inverse

transformation, z = z(¢) = %(f + D(zy = zp) + zp, tO
express the PDE and the boundary condition in terms of &.
For simplicity, in this appendix, we assume that the velocity,
v, and the diffusion coefficient, D, are independent of space,
z, and concentration, c. First, we use the chain rule to derive
the partial derivatives of the concentration with respect to &:

dz

Osc = 0Zc£, (D.30a)
2
dz d?z dz
Ogsc = 0;,¢ <d§) +0, Cd_§2 =0,.c <d_§>
(D.30b)
We have exploited that z is linear in &, i.e., 322 =0

Consequently,

dz -! dz -
dc_05c<d§> s azzc=a§§c<£> . (D.31)

Next, we use the chain rule to express the partial derivatives
of the flux:

dz

dz
0N =0.N 3, = (00, +0.J) @ = U0+ 0,
(D.32a)
-1
dz dz
0:J =0, Jd5 -D, aucd5 ~D,0;:c (dg) .
(D.32b)
Consequently,
dz\ '
0,c=—-0,N+Q=-0:N +0, D.33
Q ¢ <d§> o (D.33)

and

(D.34a)
dz\™' dz\ 7

0:J (&> =-D, <&> OgsC. (D.34b)

Therefore, the transformed system
dc=—-0:N+0, (D.35)

where
N =idc+J, (D.36a)
J =-D_osc, (D.36b)
-1

vi=v <j—§> s (D.36¢)

dz\ >
D, =D, <d_§) , (D.36d)
is in the form (D.1), and ¢ € [—1,1]. The two main
differences between the original and the transformed system
are the velocity and the diffusion coefficient. Note that we
have exploited that j—; is independent of £ (i.e., it is constant).
The boundary condition in the transformed system is

AN|Z=ZO =F, (D.37)
where

N=ve+J, (D.38a)
~ dz -1 ~
J=-D,0,c=-D, 056<d€) = —D,0c,

(D.38b)

~ dz\~

D,=D, <d_§) (D.38¢)

Finally, we reformulate the integral in (68) in the CSTR-
PFR model with Alskir’s feedback mechanism. We use that
dz = g—; dé:

Z4 Sa
mdzA/ cdz=A/ cd—zdé,
20 o d¢

where &y = —1 and &; = &(z,).

(D.39)

Remark 9. As

can also be formulated in terms of the transformed flux N,
ie.,

ls constant, the boundary condition (D.37)

AN|,_,, =F, (D.40)
where
d -1
F=F(—Z> . (D.41)
i<
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Table A.1
Parameter values used in Section 5 to simulate the glucose rate of appearance for each of the models described in Section 4.
Symbol Value Unit Description
Hovorka's model (Hovorka et al., 2004)
Ag 08 - Carbohydrate bioavailability
Tp 40  min Time constant
f 1 - Percentage of absorbed glucose that appears in the blood
BW 82 kg Body weight
Dalla Man’s model (Dalla Man et al., 2006, 2007)
K pax 0.0465 1/min Maximum inverse of gastric emptying time constant
Kopin 0.0076  1/min Minimum inverse of gastric emptying time constant
Kaps 0.023  1/min Inverse of intestinal glucose absorption time constant
kg 0.0465 1/min Inverse of grinding (solid-to-liquid in the stomach) time constant
b 069 - Percentage of total meal glucose content corresponding to left inflection point
c 017 - Percentage of total meal glucose content corresponding to right inflection point
f 090 - Percentage of absorbed glucose that appears in the blood
BW 91 kg Body weight
The SIMO model (Panunzi et al., 2020, Table 4)
ki 0.026 1/min Inverse of stomach-to-jejunum time constant
k,; 0.033  1/min Inverse of jejunum-to-delay compartment time constant
k,, 0.030  1/min Inverse of delay compartment-to-ileum time constant
kg 0.036 1/min Inverse of time constant of glucose absorption in the jejunum
kg 0.027 1/min Inverse of time constant of glucose absorption in the ileum
f 1 - Percentage of absorbed glucose that appears in the blood
BW 82 kg Body weight
Alskar's model (Alskar et al., 2016)

ky, 0.14  1/min Emptying rate for a noncaloric liquid (e.g., water)
1G5 7420  mg Amount of glucose corresponding to a 50% reduction of the gastric emptying rate
y 14 - Hill factor
Ly, 008 - Length of duodenum relative to the length of the small intestine
L, 037 - Length of jejunum relative to the length of the small intestine
T 240 min The time it takes the chyme to pass through the small intestine
c 10  1/min Parameter in the lag of the gastric emptying rate
tso 5  min Delay of the gastric emptying rate
K,: 6320 mg Amount of glucose corresponding to a 50% reduction of the absorption rate
Rp max 580 mg/min  Maximum rate of glucose absorption in the duodenum
R 2060 mg/min  Maximum rate of glucose absorption in the jejunum
Ry ax 1330 mg/min  Maximum rate of glucose absorption in the ileum
Fp 1 - Fraction of glucose absorption that appears in the blood
BW 82 kg Body weight

CSTR-PFR model (Alskar et al., 2016; Moxon et al., 2016, 2017)
Z 0 m Position of left end of small intestine
z, 285 m Position of right end of small intestine
v, 0.0102  m/min Advection velocity of the chyme due to peristaltic movement
D, 0.0001 m?/min  Coefficient of glucose diffusion in the chyme
ro 0.018 m Radius of small intestine
f 12 - Factor accounting for villi, microvilli, plicae circulares, and effective absorption area
v, 6.4392-10° m/min  Glucose absorption mass transfer coefficient
kyy 0.06 1/min Inverse of stomach-to-duodenum time constant (no feedback mechanism)
K max 0.0554  1/min Maximum inverse of stomach-to-duodenum time constant (Moxon's feedback)
K max 0.14  1/min Maximum inverse of stomach-to-duodenum time constant (Alskar's feedback)
Ky min 0.0116  1/min Minimum inverse of stomach-to-duodenum time constant
Ry 0x 420 mg/min  Maximum glucose rate of appearance
c 0.1 - Parameter in approximation of Moxon's feedback mechanism
my s 7420 mg Amount of glucose corresponding to a 50% reduction of the gastric emptying rate
y 14 - Hill factor
BW 82 kg Body weight

JB Jgrgensen et al.: Preprint submitted to Elsevier
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A High-Performance Monte Carlo Simulation Toolbox for
Uncertainty Quantification of Closed-loop Systems

Morten Ryberg Wahlgreen, Asbjgrn Thode Reenberg, Marcus Krogh Nielsen,
Anton Rydahl, Tobias K. S. Ritschel, Bernd Dammann, John Bagterp Jgrgensen

Abstract— We apply Monte Carlo simulation for perfor-
mance quantification and tuning of controllers in nonlinear
closed-loop systems. Computational feasibility of large-scale
Monte Carlo simulation is achieved by implementation of a
parallelized high-performance Monte Carlo simulation toolbox
for closed-loop systems in C for shared memory architectures.
The toolbox shows almost linear scale-up on 16 CPU cores on a
single NUMA node, and a scale-up of 27.3 on two NUMA nodes
with a total of 32 CPU cores. We demonstrate performance
quantification and tuning of a PID controller for a bioreactor in
fed-batch operation. We perform 30,000 closed-loop simulations
of the fed-batch reactor within 1 second. This is approximately
a 2300 times computational performance increase compared
to a serial reference implementation in Matlab. Additionally,
we apply Monte Carlo simulation to perform automatic tuning
of the PID controller based on maximizing average produced
biomass within 8 seconds.

I. INTRODUCTION

In closed-loop systems, we encounter unknown quantities
that need to be estimated, e.g., model parameters. Addition-
ally, it can be beneficial to quantify controller performance.
Currently, there exist well-defined methods for parameters
estimation [1], [2] and tuning of controllers in linear systems
[3]-[5]. However, for nonlinear systems, quantification of
controller performance and tuning is not as well developed.
We propose a Monte Carlo simulation brute-force tech-
nique for automatic performance quantification and tuning
of controllers in linear and nonlinear systems. With the
Monte Carlo approach, we can tune controllers with any
performance measure, e.g., maximizing economic yield or
minimizing the risk of low production, such as in modern
control applications [6], [7]. The Monte Carlo simulation
technique is made computationally feasible by implementa-
tion of a high-performance Monte Carlo simulation toolbox
parallelized for shared memory architectures in C.

Monte Carlo simulation is a widely used technique for
quantification of uncertainties. It is applied in various ar-
eas, e.g., portfolio management and epidemiology [8]-[10].
Monte Carlo simulation uses random sampling to obtain
numerical results about deterministic quantities. However,
the method requires many samples to be effective, and
thus computational efficiency becomes a bottleneck. The
development in central processing unit (CPU) technology
increases the number of possible applications for Monte

M. R Wahlgreen, A. T. Reenberg, M. K. Nielsen, A. Rydahl, T. K.
S. Ritschel, B. Dammann, and J. B. Jgrgensen are with the Department
of Applied Mathematics and Computer Science, Technical University of
Denmark, DK-2800 Kgs. Lyngby, Denmark.

Corresponding author: J. B. Jgrgensen (E-mail: jbjo@dtu.dk).

Carlo simulation. However, trends in CPU development show
that the clock frequency of new CPUs is no longer increasing
due to power consumption and heat issues [11]. Instead,
new CPUs have increased performance by increasing the
number of cores. Consequently, the full potential of modern
CPUs is only achieved with parallelized software executed
on multi-core processors. Not all problems are paralleliz-
able, but Monte Carlo simulation is a prime example of a
parallelizable problem, as each simulation is independent of
all other simulations. To achieve the full potential of Monte
Carlo simulation on modern CPUs, we require state-of-the-
art parallelized software in high-performance languages.

In this paper, we present closed-loop systems based on a
stochastic continuous-discrete model, a stochastic differen-
tial equation (SDE) solver, and a controller. We introduce
our implementation of a high-performance Monte Carlo
simulation toolbox for closed-loop systems. Additionally,
we introduce the SDE solvers and controllers contained in
the toolbox. Furthermore, we demonstrate applications of
the toolbox on a bioreactor in fed-batch operation [12].
In particular, we demonstrate that Monte Carlo simulation
can be used for performance quantification and tuning of a
proportional—integral-derivative (PID) controller.

The remaining part of the paper is organized as follows.
Section II introduces the stochastic continuous-discrete sys-
tem, two SDE solvers, and four controllers of increasing
complexity. Section III presents the Monte Carlo simulation
scheme for closed-loop systems and introduces our toolbox
for Monte Carlo simulation. Section IV presents an example
application of the toolbox. Section V presents our conclusion.

II. CLOSED-LOOP SIMULATIONS

This section presents our representation of closed-
loop systems for simulation. Our simulations consist of
1) an SDE model with discrete measurements, represented
as a stochastic continuous-discrete model, 2) an SDE solver,
and 3) a controller.

A. Stochastic continuous-discrete system

We consider stochastic continuous-discrete systems in the
form

x(to) = o, (1a)

du(t) = F(t,2(t), u(t), dit), py)dt )
+ o (t, z(t), u(t), d(t), ps)dw(t),

y(tk) = gltr, 2(tr), pg) + v(tr, po), (Io)

2(t) = h(t, z(t), pn), (1d)

978-1-6654-3659-5/21/$31.00 ©2021 IEEE 6755

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 10,2022 at 13:21:01 UTC from IEEE Xplore. Restrictions apply.



142

E Conference Paper - CDC 2021

where z(t) are the states, u(t) are inputs, d(t) are dis-
turbances, and py¢, ps, Py, Pu, and pp are parameters.
Additionally, z( is a normally distributed initial condition,
w(t) is a standard Wiener process, and v (¢, p,) is normally
distributed measurement noise at discrete time, i.e.,

xTo ~ N(fm ]‘_’0)7 (2a)
dw(t) ~ Niia(0, Idt), (2b)
V(tr, Pv) ~ Niia(0, R(tx, py))- (20)

Measurements are sampled with sampling time At¢, such that,
tr41 = ti + At. We use zero-order-hold parameterization of
the inputs and disturbances:

u(t) = Ug, tr <t< tk+1, (33.)
d(t) = dk, te <t <tpyr. (3b)

B. Stochastic differential equation solvers
SDE solvers are required to simulate stochastic

continuous-discrete systems in the form (1). We consider

an explicit-explicit (Euler-Maruyama) solver and an
implicit-explicit solver [13], [14].
1) Explicit-explicit (Euler-Maruyama):
tk,n+1 = tkm + At, (43)
Tkn+1 = Thkyn + f(tlc,n-, Tkn, Uk, dkpf)At (4b)
+ U(tk,nv Tkn, Uk, dk7pJ)Awk,n7
2) Implicit-explicit:
tk:,n+1 = tk‘,n + At7 (53)
Tkn+l = Tkn + f(tk,n+l » Thyn+1, Uk, dkapf)At

(5b)
+ 0(thoons Tk s Uk Aky Por ) AW s
where tk,O =1, Tk,0 = Tk, and Awk,n ~ iid(O,IAt).
Let Ny denote the number of steps of size At in the
interval [ty, t;41]. Then

(62)
(6b)

th+1 = Tk, Ny

Thkt1 = Tk, N, -

The explicit-explicit solver is suitable for non-stiff systems,
whereas the implicit-explicit solver is suitable for stiff sys-
tems.

We let ® represent the discretization of the state equation,
(1b), with either the explicit-explicit solver or the implicit-
explicit solver. To compactly describe simulation of closed-
loop systems, we introduce the notation for a discretized
version of (1),

C. Controller

The digital discrete-time controller in typical model-based
control applications is represented as the dynamic system

Ti = H’(tkf*hx2—17ykvuktfl,pn)a (8a)
u = A(ty, Th, Pr)s (8b)
Zz = M(tk?xiwp,u% (SC)

where xf, are estimated states, zj, are predictions of the
outputs and manipulated inputs, x(+) is a state estimator, A(+)
is a regulator, and p(-) is a predictor.

‘We consider four controllers of increasing complexity.

1) Open-loop controller (no feedback): The open-loop
controller does not include feedback and outputs a target
value for the inputs

U = /\() = U. )

The functions (-) and p(-) are not necessary for the open-
loop controller.

2) Proportional—integral—derivative controller: The con-
tinuous PID controller is given by
T

de(t)

e(r)dr + K, R
, )+ Ka=gg
where K, K;, and K, are gain constants. The error,
e(t), is the difference between the set point, g(t), and the
measurement, y(¢), i.e.,

e(t) = g(t) —y(t).
Notice, for the PID controller the output is assumed to be
measured, i.e., §(¢) = z(¢). It can be advantageous to let the

derivative term act on the measurements, y(t), rather than
the error, e(t) [15], [16]. We get,

u(t) = a(t) + Kpe(t) + K; (10)

(11a)

t dy(t
u(t) =a(t) + Kpe(t) + K; [ e(r)dr — Kd%. (12)
to
We discretize the PID controller (12) as
er =Tk — Yk , (13a)
Py = erka (13b)
Iy = Ix—1 + Ts Kieg, (13¢)
Ky
Dy = == (U — Yi-1), (13d)
up = U + Pr + I, + Dy, (13e)

where T is the sampling time and filtered measurements,
y,f , are computed from the discrete-time low-pass filter

yb = (1— a)yf_, + oy, (14)

with « € [0, 1].

For the PID controller, () is given by (13e), x(-) is given
by (14), and p(-) is not necessary.

3) PID controller with clipping: We incorporate input

Tpt1 = Dy, Th, uk, di, W, Pf, Do), (72)  bounds with clipping. The PID controller with clipping is,
Yie = 9{t, 2, Py) + 0k, (70) g = G + Py + It + Dy, (15)
2k = h(te, T, pr); (7¢) U = Max(Umin, MIN(Umax, Uk ))- (15b)
where vy, = v(tg, Py)-
6756
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4) Nonlinear model predictive control: The nonlinear
model predictive controller (NMPC) includes a continuous-
discrete extended Kalman filter (CD-EKF) based on (1) for
state estimation and prediction [17], [18]. Given the filtered
state-covariance pair, £ _j|x—1 and Py_;x_1, the CD-EKF
obtains a one-step prediction

-1 = Tr—1(tr), (16a)
Pyjp—1 = Pe-1(tr), (16b)
as the solution to
d . A
E-Tk—l(t) = f(t, Tp—1(t), up—1,dr—1,py), (17a)
d
— P = A;_ P_ P Aj_ !
g De1(8) = Ap-1 (O Po-r () + P (1) Ar-1 (2) (17b)
+op_1()or_1(t),
for t_1 <t <t} with initial condition
Bp-1(tr-1) = Tp_1jp-1, (18a)
Pi_1(th—1) = Pr_1jk—1, (18b)
and
0 .
A1 (t) = %f(tawk—l(t),Uk:—lvdk—hpf)’ (19a)
or—1(t) = o(t, Ex—1(t), ur—1, dx—1,Pc)- (19b)

The CD-EKF obtains a filtered state estimate, 2y, and its
covariance, Py i, from the one-step prediction, &,_; and
Pyr—1, and the measurement, yx. The CD-EKF computes
the predicted measurement and derivative,

Tkik—1 = 9(tks Thjk—1,Pg), (20a)

0 N
Cy = %g(tkwkwa,pg)? (20b)

the innovation and its covariance,
er = Yk — Jrjk—1, (21a)
Rer = CpPyj—1Cy, + Ry, (21b)

and the Kalman gain,

Kfok = Pup-1CiR 3 (22)

We obtain the estimated state-covariance pair from (20)-
(22) as

(23a)
(23b)

Trpk = Trph—1 + Kfo ke,
Prjie = Prjp—1 — Ko o Re 1 K 5y -

The CD-EKF is the state estimator, x(-), that computes
filtered state estimates, xf, = Iy, from measurements yy,
and one-step state prediction, Zx_1-

The NMPC uses a regulator based on a weighted least-
squares objective and regularization of the input rate-of-
movement. This regulator can be expressed in terms of the
optimal control problem (OCP)

Uaf}llfl Pk = P2k T PAuk: (24a)
st x(ty) = ik (24b)
i(t) = f(t,z,u,d,py), t <t <ty +T,  (240)
#(t) = h(t,z, pn), (24d)
w(t) = upyj, JEN, thrj <t <tppjr1, (24e)
d(t) =dryj, JEN, thy; <t <tprjp1, (240
w < Uppj < Uy, JjeN, (249)
Awy < Augyj < Auy, jEN, (24h)

with f(t,z,u,d,ps) =
objective terms

f@t,z(t), u(t),d(t),ps) and the

1 fueT )
o=y [ W G-l @5
tr
1N—l B )
pauk =5 D [Waudurll;, (25b)
=0

where Wa,, = Way/Ts. The term ¢, 5 is output target
tracking and @, is input rate of movement penalty.
We use the prediction and control horizon, 7', defined as
T = NTs, where T is the sampling time and N is the
discrete prediction and control horizon. Additionally, we
define A" = {0,1,..., N — 1} such that ¢4 ; = t), + jT for
j € N. We solve the OCP with a simultaneous approach,
where we discretize each control interval with M time steps
using Euler’s implicit method.

We denote the optimal solution {£k+‘7+1|k, gy j| k?}j N
The input corresponding to the first control interval, uy =
g, = A(+), is part of the solution of this optimal control
problem. Only wuy is implemented in the system. Further-
more, {2k+j+1‘k,1]k,+j|k,}§v:_ol = z{ = p(-) is the predicted
output and the predicted manipulated inputs from the con-
troller that can be used for visualization.

D. Simulation of closed-loop systems

‘We compactly write a closed-loop simulation as

Uk = 9(te, Th, Dg) + Vk, (26a)
2 = h(ty, T, pr); (26b)
= K(th—1,T5_1, Yk Uk—1,Dk)s (26¢)
ugp = Mg, 5, pr), (26d)
z, = ll(tlmﬂ?i,pu)? (26¢)
Ty = P(tr, Tk, Uk, di, Wk, D, Do), (26f)

for k=0,1,...,Ns — 1.

III. MONTE CARLO SIMULATION

Our Monte Carlo simulations are based on the closed-
loop simulation (26). We perform N,,. distinct closed-loop
simulations for different, e.g., process noise realizations.
Algorithm 1 presents an overview of the Monte Carlo simula-
tion scheme. For sufficiently large V,,., the computed Monte
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Algorithm 1: Monte Carlo simulation
Result: Statistics and output data

// Monte Carlo loop

for i =1,2,..., Ny, do

// Closed loop simulation
for k=0,1,...,N;—1do

// Measurement
u = gltr. 2l pi) + o

// Output

o) = o, )

// State estimation

:L,Z,(i)
// Regulator

= K/(tk—lv -LZ’EL]% y](:) u](:llvpfi

(@)

)

TABLE 1
PARAMETERS FOR FED-BATCH REACTOR.

Variable  Value Unit
Hmax 0.37 1/h
Ks 0.021 kg/m3
K; 0.38 kg/m3
s 1.777 kg substrate/kg biomass
cs,in 10.0 kg/m3
TABLE II

INITIAL CONDITION AND OPERATIONAL BOUNDS.

o) <0 220, 19)

// Output prediction

220 _ (e, 25, pli)

// Simulator

e\ =tz u, d), w,(;),p(fl),p((f))

end

// Final measurement and output
y%}z =9g(tn,, 1'53_;7175_)) + o)

o, = hitn,. zy) . py))

end

Carlo data can quantify uncertainties in the closed-loop sys-
tem. Possible applications are; estimation of unknown model
parameters, tuning controllers, and testing performance of
controllers on different noise realizations.

A. Toolbox

We implement a Monte Carlo simulation toolbox for
closed-loop systems in C. The toolbox provides an inter-
face for closed-loop Monte Carlo simulations that currently
includes implementations of

« an explicit-explicit Euler-Maruyama SDE solver,

« an implicit-explicit SDE solver,

« an open-loop controller,

« a single-input single-output (SISO) PID controller with
clipping, and

o an NMPC based on the CD-EKF and a simultaneous
approach combined with IPOPT [19].

The toolbox includes three test examples, and the user can
provide a set of model functions for a system and perform
Monte Carlo simulations with the toolbox. Additionally, the
toolbox allows for user-provided controllers and SDE solvers
with specific interfaces. This allows the user to test and
benchmark controllers and SDE solvers using Monte Carlo
simulations. The toolbox supports perturbations of model
parameters, controller parameters, noise realizations, initial
conditions, and disturbances.

We include a parallelized version with OpenMP for shared
memory architectures. Each worker is assigned distinct
closed-loop simulations. Such parallelization requires that

Variable Value Unit
Vo 1.00 m3
ex.0 2.00  kg/m3
cs.0 0.0893  kg/m3
Vinax 1239 m3
cxXmax 200  ke/m?
cSmax  3.00  ke/md
Fsmax  10.00 m3
Fwmax 1000 m3

each worker has access to a local workspace for the SDE
solver and the controller to avoid data races. Additionally,
some controllers utilize information from previous steps, e.g.,
the integral term of a PID controller or the CD-EKF for an
NMPC. Each worker also requires a local version of such
information. The Monte Carlo simulation toolbox distributes
memory blocks to each local worker, such that workers
do not have overlapping cache lines. This consideration is
essential for achieving optimal parallel performance.

We demonstrate some applications of the toolbox in sec-
tion IV.

IV. BIOREACTOR IN FED-BATCH OPERATION
A. Model

We consider the SDE model for a bioreactor in fed-batch
operation [12],

dV = (Fs + Fw)dt + o1dw (1), (27a)
de = (va)dt + O'gdwz(t), (27b)
dmg = (Fscg,in + RsV)dt + o3dws(t), (27¢)
where mx = cxV, mg = csV, and
Rx =, r = p(es)ex, (28a)
c
Rg = —vr, p(cs) = fimax 5 (28b)

Ks+Cs+C§/K[.

We represent the system as a stochastic continuous-discrete
model in the form (1), where z(t) = [V (t); mx (t); ms(¢)],
y(tr) = cs(tr) +v(tx), and z(t) = cg(t).

Table I presents the parameters of the system and Table 11
presents the initial conditions and operational bounds of the
system.

B. Control strategy

We operate the bioreactor with an open-loop input tra-
jectory, 4 = [Fy; Fis]. Additionally, we use a SISO PID
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TABLE III
SYSTEM INFORMATION.

Architecture: x86_64
CPU op-mode(s): 32-bit, 64-bit
CPU(s): 32

Thread(s) per core: 1
Core(s) per socket: | 16

Socket(s): 2

NUMA node(s): 2

Model name: Intel(R) Xeon(R) Gold 6226R CPU @ 2.90GHz
CPU MHz: 2900.000

L1d cache: 32 kB

L1i cache: 32 kB

L2 cache: 1024 kB

L3 cache: 22528 kB

RAM: 384 GB

controller with clipping, (15), that manipulate the substrate
inlet, Fg, to achieve optimal substrate concentration, cg,
achieved at the maximum of u(cg),

ng \/K[Ks.

Thus, Z(t) = c5. We use the bang-bang open-loop trajectory
[12]. In the deterministic case, the bang-bang trajectory
was one among infinitely many optimal solutions. However,
it was the least sensitive to uncertainties. The inputs are
computed as,

29

= F max 0 S t S th’wi chy

Fyy = Woma tet (30a)
07 tswitch <t< tf7

_ Byt 4Bt
Fg = Ewes +7.87(1), (30b)
CSin — Cg
where
B*(t) = u(cs)ex max Vo exp(u(cs)t). 3D

C. Simulation of the true system

We simulate the fed-batch reactor in closed-loop with an
Euler-Maruyama solver. The reactor runs for 10 hours from
time ¢y = 0 to ty = 10 h. The sampling time is T = 36
seconds resulting in N, = 1000 steps. At each step, we solve
the SDE with N}, = 10 Euler-Maruyama steps.

D. Monte Carlo simulations of fed-batch reactor

Here, we demonstrate an application of the Monte Carlo
simulation toolbox. The simulations are conducted on a
dual-socket Intel(R) Xeon(R) Gold 6226R CPU @ 2.90GHz
system (see Table III for CPU details).

1) Scaling: Fig. 1 shows the wall time and the scale-up for
10,000 Monte Carlo simulations. We observe close to linear
scaling within one non-uniform memory access (NUMA)
node, and slightly decreasing scale-up when exceeding one
socket. We point out that the toolbox is not optimized to
utilize multiple NUMA nodes, so a decrease in performance
on more than one socket is expected.

2) Open-loop controller: We perform Monte Carlo sim-
ulations for the fed-batch reactor in open-loop. Fig. 3(a)
shows a probability density function (PDF) plot for 30,000
realizations of process noise. The mean produced biomass is
mx (ty) = 20.69 kg.

8
! 30 !
M ! ! .
1 25 1
6 1 1
= °
o ' 520 '
=i 1 I 1
24 1 )
= ° < 15 ¢S
= ! A !
= 1 10 1
2 ° 1 1
° R [} 5 1
o | 1
0 P e 0 1
0 10 20 30 0 10 20 30
Number of threads Number of threads
Fig. 1. Wall time and scale-up plots for 10,000 Monte Carlo simulations.

The red dashed line is the number of cores on a single NUMA node. We
get a scale-up of 27.3 on 32 cores.

25 25 25
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o0
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Fig. 2. Tuning of PID gains. Left: locate K, = 85 as the optimum. Middle:
locate K; = 3 as the optimum. Right: locate K; = 0 as the optimum.
Total Monte Carlo simulations: 3-101, 000 = 303, 000. Computation time:
~ 7.50 seconds.

3) Quantification of PID controller performance: Con-
sider a PID controller with K, = 1.0, K; = 0.0, and
K; = 0.0. We perform a Monte Carlo simulation with
30,000 process noise realizations. Fig. 3(b) presents a PDF
plot of the produced biomass. The PDF follows a long-tailed
distribution towards the lower values of produced biomass
with mean produced biomass mx(t;) = 24.04 kg, ie.,
a 16.19% increase in biomass production compared to the
open-loop controller. However, low produced biomass, for
some realizations of process noise, indicates poor controller
performance. The computation time of the Monte Carlo
simulation is 0.77s. That is approximately a 2300 times
speed-up compared to a reference serial implementation in
Matlab.

4) Tuning: We apply Monte Carlo simulation to tune the
value of K,, K;, and K in the PID controller. The tuning
is based on maximizing the average produced biomass,
mx (tf), for 1000 realizations of process noise. We point out
that the tuning could have been based on other factors, e.g.,
maximizing the 10% quantile. We investigate 101 equidistant
values in [0,100] of K, K;, and Kg4. Thus, the tuning of
each gain requires 101,000 closed loop simulations. Fig. 2
shows the tuning results of the PID controller. The optimal
parameters for the PID gains are K),, = 85, K; = 3, and
Kq=0.

Fig. 3(c) shows a PDF plot for 30,000 noise realizations

6759

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 10,2022 at 13:21:01 UTC from IEEE Xplore. Restrictions apply.



146

E Conference Paper - CDC 2021

Probability
o o o
w N [§,]

o
IN)
)

o
=
:

o
=)

10 15 20 25 30
Produced biomass [kg]

(a) Open-loop controller. Computation time: 0.78s.
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(b) Sub-optimal PID controller. Computation time: 0.77s.
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(c) Optimal PID controller. Computation time: 0.76s.

Fig. 3. Probability density function of biomass production computed from
30,000 closed-loop simulations with different process noise realizations.
The closed-loop consists of the fed-batch model, the Euler-Maruyama SDE
solver, and a controller specified in the subplot. The red dashed line is the
produced biomass in a simulation without process noise and the orange
dashed line is the 10% quantile.

with the tuned PID controller. The PDF is almost normally
distributed with mean produced biomass, mx (t) = 24.76.
Compared to the non-optimal PID controller, the tuned
controller results in an 2.98% increased average biomass
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Fig. 4.  Probability density function of biomass production computed
from 1000 NMPC closed-loop simulations with different process noise
realizations. The red dashed line is the produced biomass in a simulation
without process noise and the orange dashed line is the 10% quantile. The
computation time is ~ 30 min.

production and reduced risk of low biomass production. It
is evident that the tuning improved the performance of the
PID controller.

5) NMPC: Initial investigation of an NMPC based on the
open source optimization software, IPOPT, does not show the
same scaling as the PID controller. We observe a significant
stall time in the memory allocation with malloc(), when
increasing the number of threads. These calls to malloc()
are located in IPOPT and give reason to believe that IPOPT
has internal memory allocation. Each memory allocation has
a lock that interrupts all activity, i.e., stalling all threads. In
future work, we will expand the toolbox to include an NMPC
based on optimization software that does not have internal
memory allocation. We believe that scaling similar to the PID
case can be achieved with such an NMPC. Fig. 4 presents
a PDF plot for 1000 process noise realizations. The NMPC
and the tuned PID controller show similar performance. The
experiment is conducted on 6 cores as performance decreases
above 6 cores due to the problem mentioned above. The
computation time is ~ 30 min.

V. CONCLUSION

The paper presents a Monte Carlo simulation approach
for performance quantification and tuning of controllers in
linear and nonlinear systems. The approach is computation-
ally feasible due to the implementation of a parallel high-
performance Monte Carlo simulation toolbox in C for closed-
loop systems. In particular, we demonstrate performance
quantification and tuning of a PID controller for a bioreactor
in fed-batch operation. Our results show that large-scale
Monte Carlo simulations can be performed within seconds.
The computational performance of the toolbox show approx-
imately a 2300 times speed-up compared to a serial reference
implementation in Matlab.

High-performance closed-loop Monte-Carlo simulations,
as illustrated in this paper, has countless applications in
systems and control. Drug dosing, as in treatment of diabetes,

6760

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 10,2022 at 13:21:01 UTC from IEEE Xplore. Restrictions apply.



E Conference Paper - CDC 2021

147

is a very prominent example of this where several dosing
strategies must be compared by their probability density
functions [20], [21].
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Clinical Trials of Closed-loop Diabetes Treatment
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Abstract— In this paper, we propose a virtual clinical trial for
assessing the performance and identifying risks in closed-loop
diabetes treatments. Virtual clinical trials enable fast and risk-
free tests of many treatment variations for large populations
of fictive patients (represented by mathematical models). We
use closed-loop Monte Carlo simulation, implemented in high-
performance software and hardware, to quantify the uncer-
tainty in treatment performance as well as to compare the
performance in different scenarios or of different closed-loop
treatments. Our software can be used for testing a wide variety
of control strategies ranging from heuristical approaches to
nonlinear model predictive control. We present an example of a
virtual clinical trial with one million patients over 52 weeks, and
we use high-performance software and hardware to conduct the
virtual trial in 1 h and 22 min.

I. INTRODUCTION

Clinical trials of medical treatments are crucial to en-
suring a high level of safety and efficacy. However, they
are also very expensive and time-consuming. Therefore, it
is important to assess the treatment performance, identify
potential risks, and rigorously compare with state-of-the-
art prior to the trials. Virtual clinical trials are used for
exactly this purpose. In a virtual clinical trial, each patient
is represented by a mathematical model and the clinical trial
is simulated using high-performance software and hardware.
The simulation is carried out for a large population of virtual
patients, many different scenarios, and several variations of
the treatment. This allows for thorough and fast testing of a
large variety of different treatment designs.

In this paper, we specifically consider the treatment of
type 1 diabetes (T1D). One in eleven adults suffer from
diabetes (both types), and in 2019, 10% of the global health
expenditure (USD 760 billion) was spent on diabetes [1]. Due
to autoimmune destruction of S-cells, people with TID are
unable to produce insulin. Consequently, life-long treatment
involving daily injections of insulin is necessary to avoid ele-
vated blood glucose (BG) levels (hyperglycemia), which can
lead to several complications and chronic conditions [2]. The
BG concentration must be measured in order to determine
an appropriate insulin dose. While too little insulin results
in hyperglycemia, too much insulin results in hypoglycemia
(low BG levels), which can be fatal in very severe cases.

As monitoring the BG and determining the appropriate
insulin dose is laborious, there is significant interest in auto-
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2800 Kgs. Lyngby, Denmark. Corresponding author: J. B. Jgrgensen (E-
mail: jbjo@dtu.dk).

978-1-6654-5196-3/$31.00 ©2022 AACC

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 10,2022 at 13:29:06 UTC from IEEE Xplore. Restrictions apply.

mated closed-loop diabetes treatment systems. Such systems
are referred to as artificial pancreases (APs), and they consist
of 1) a continuous glucose monitor (CGM), 2) a control
algorithm that determines the insulin dose, and 3) a pump
which delivers the insulin to the patient (it is possible to
use other hormones, e.g., glucagon or amylin, in addition
to insulin). Many AP algorithms have been proposed and
the majority is based on heuristics [3], proportional-integral-
derivative (PID) control [4], fuzzy logic [5], linear model
predictive control (MPC) [6]—[8], or nonlinear MPC [9], [10].

All AP algorithms contain hyperparameters, e.g., the gains
in a PID controller, and performance assessment is essential
to choosing suitable values for these. There exist both
process-independent performance measures for this purpose,
e.g., setpoint deviation and variance, and process-specific
measures [11]-[13]. For diabetes treatment, including closed-
loop systems, time-in-range (TIR), HblAc values, and the
probability of severe hypoglycemia [14]-[18] are commonly
used (process-specific) performance measures. The perfor-
mance of an AP can vary significantly between T1D patients
due to differences in physiology (e.g., in pharmacodynamics
and pharmacokinetics). Therefore, it is necessary to evaluate
the performance measures for a large population of patients
in order to accurately estimate the uncertainty. However,
due to computational limitations of standard software, it is
common to evaluate the performance using only a small
number of patients and over a short time span (days or a
few weeks).

In this work, we describe an approach for high-
performance uncertainty quantification of the performance
of AP algorithms in large-scale long-term virtual clinical
trials. The approach involves mathematical models based on
stochastic differential equations (SDEs), and we use closed-
loop Monte Carlo simulation to quantify the performance
uncertainty. Furthermore, we propose multiple ways of 1) vi-
sualizing the uncertainty in the performance measures and
2) comparing the performance for different scenarios or
AP algorithms. We implement the Monte Carlo simulation
and the AP in parallelized high-performance C code, and
the computations are carried out on a high-performance
computing (HPC) cluster. Finally, we present a numerical
example of a virtual clinical trial with one million patients
over 52 weeks which can be carried out in 1 h and 22 min.

The remaining part of this paper is organized as follows.
In Section II, we describe the virtual clinical trial, and in
Section III, we present the approach for uncertainty quantifi-
cation of AP algorithms. Section IV contains the numerical
examples, and conclusions are presented in Section V.
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II. VIRTUAL CLINICAL TRIAL

The virtual clinical trial consists of 1) a population of
patients, 2) a protocol containing the trial activities (size
and duration of meals, intensity and duration of exercise,
etc.), 3) one or more mathematical models of the patients,
4) values of the model parameters, and 5) one or more
APs (i.e., control algorithms). Furthermore, it is possible to
include both incorrectly announced and unannounced meals
and exercise which are some of the key challenges that an
AP should be able to address. Finally, the virtual clinical trial
allows for stochastic mathematical models which can repre-
sent unmodeled physiological phenomena, uncertain model
parameters, and uncertainty related to meals and exercise, as
well as noisy sensor measurements.

A. Patients

The virtual clinical trial contains one million fictive pa-
tients. Each patient is represented by the same information
that would be available for a real patient. Specifically, each
fictive patient is associated with a unique ID and a set of
attributes including first and last name, date and place of
birth, sex, height, body weight, and resting heart rate. The
height, the body weight and the resting heart rate are sampled
from normal distributions, and the date of birth is sampled
from a uniform distribution.

B. Protocols

A protocol consists of a sequence of model disturbances,
i.e., uncontrolled inputs to the patient model. Common
disturbances are meals and exercise. Each protocol has an
ID and for each disturbance, it contains the disturbance type
and size as well as time stamps indicating the beginning and
end of the disturbance.

Next, to illustrate the concept, we describe a protocol
designed to mimic a Northern European lifestyle in terms
of meal times, seasons, work weeks, and the number of va-
cation weeks and public holidays. Furthermore, the protocol
involves a high-carb diet (in particular during winter and
autumn), which is challenging for APs. We divide the year
into 4 seasons each consisting of 13 weeks, and we assume
6 weeks of vacation and 10 public holidays, represented as
an additional 2 weeks of vacation. Each season is a different
combination of three basis weeks; a standard week, an active
week, and a vacation week. Furthermore, each basis week is
a different combination of four basis days; a standard day,
an active day, a day with a movie night, and a day with a
late night. Table I shows the compositions of the seasons
and the weeks.

The patients are less active and eat more during vacation
weeks, they also eat more during winter and autumn, and
active weeks contain more active days. Compared to the
standard day, 1) the active day has an exercise session, 2) the
movie night has an additional snack in the evening, and 3) the
late night has two additional snacks in the evening. Fig. 1
shows schematics of the basis days, and Table II shows the
meal sizes which depend on the body weight.

TABLE 1
COMPOSITIONS OF THE SEASONS AND THE WEEKS

Compositions of the seasons

Season Standard week  Active week  Vacation week
Winter 6 4 3
Spring 6 6 1
Summer 7 3 3
Autumn 9 3 1
Compositions of the weeks
Week type | Standard day  Active day  Movie night  Late night
Standard 4 1 1 1
Active 3 3 1 0
Vacation 5 0 0 2
m *“"‘l Large meal
Medi | *“
Small meal T -
1 1 »
' r. .
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Fig. 1. Overview of the basis days in winter and autumn. From the top,
we show 1) the standard day, 2) the active day, 3) the movie night, and 4)
the late night. During the summer and spring, the dinner is a medium meal
and the snack is before lunch.

C. Database

A key component of the virtual clinical trial is a database
containing the fictive patients, protocols, model parameters,
and simulation results. We use the open-source database sys-
tem PostgreSQL. Using a database makes it straightforward
to share the virtual clinical trial and compare performance
results for the exact same patients and protocols. It also
allows the user to carry out the clinical trial for a specific
demographic, e.g., people with a certain body weight or sex.
Furthermore, the database includes several basis days and
weeks which the user can combine to form new protocols.
Finally, the database can be extended with a graphical user
interface in order to 1) visualize the AP performance and
characteristics of the patients and protocols and 2) add

TABLE II
WEIGHT-DEPENDENT MEAL SIZES

Meal size Amount of carbohydrates  For a 70 kg patient
Large meal 1.29 g CHO/kg 90 g CHO
Medium meal 0.86 g CHO/kg 60 g CHO
Small meal 0.57 g CHO/kg 40 g CHO
Snack 0.29 g CHO/kg 20 g CHO
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new elements such as patients, protocols, and mathematical
models to the database.

III. CLOSED-LOOP MONTE CARLO SIMULATION

In Monte Carlo simulation, the uncertainty of a quantity
of interest (e.g., the TIR for a T1D patient) is estimated
by simulating the system (i.e., the clinical trial) with dif-
ferent values of the uncertain quantities (e.g., the model
parameters). In this work, we extend the high-performance
toolbox for closed-loop Monte Carlo simulation developed
by Wahlgreen et al. [19] with a low-memory implementation
which circumvents the high storage requirements associated
with large numbers of long-term simulations.

A. Mathematical model

The virtual clinical trial can be used for mathematical
models of patient physiology in the general stochastic form

z(to) = o, (1a)
dx(t) = f(t,x(t),u(t),d(t), p)dt

+ o(t,z(t),u(t),d(t), p)dw(t), (1b)

#(t) = h(t,z(t),p) (L)

y(te) = gtk 2(te), p) + v(te)- (1d)

Here, ¢ is time, and the virtual clinical trial starts at time .
The states, x, represent the physiological state of the patient,
e.g., the BG concentration and amount of insulin in the body,
and z( are the initial states. The manipulated inputs, u, are
the quantities computed by the AP, e.g., the insulin flow
rate. The disturbance variables, d, represent the uncontrolled
inputs, e.g., meals and exercise, and p are model parameters.
The first term in (1b) is the deterministic drift term and the
second term is the stochastic diffusion term.

The AP receives measurements of the observed variables,
y, obtained from the measurement function, g, at discrete
points in time, ty, and the outputs, z, obtained from the
output function, h, are the quantities relevant to the control
objective of the AP. The standard Wiener process w is used to
represent uncertainty. Its increment is distributed as dw(t) ~
N;;a(0, Idt), and the measurement noise is assumed to be
normally distributed: v(¢x) ~ N;;ia(0, R(tx)). Furthermore,
the inputs are assumed to be piecewise constant between
sampling times:

(2a)
(2b)

U(t) = Uk, te [tk7tk+1[7
d(t) = dy, te [tk7tk+1[.

Finally, we stress that the form (1b) also includes determin-
istic dynamical systems, i.e., ordinary differential equations
(ODEs), where o is zero.

B. Control algorithm

At time tg, 1) the control state, 7, is updated, and 2) the
AP (i.e., the closed-loop feedback control strategy) computes
values of the manipulated inputs based on the previous
control state and the measurements, yj, = y(tx):

Here, ) and g, are setpoints, and dy, are estimates of the
disturbances. This form can represent many types of closed-
loop control strategies including heuristic strategies based
on physiological insight, PID-based strategies, and MPC
(including state estimation). Many different values of the
hyperparameters p,, and p, can be tested using the virtual
clinical trial.

C. Software and hardware

The closed-loop Monte Carlo simulation, the mathematical
models, and the AP are implemented using high-performance
C code which we parallelize for shared-memory architectures
using OpenMP. Whenever a simulation is completed, we im-
mediately compute its contribution to performance indicators
such as TIR as well as mean, minimum, and maximum BG
concentration as functions of time. Subsequently, the simu-
lation is only stored if it is worse than previous simulations
according to some criterion (e.g., lowest BG concentration
reached).

We use two AMD EPYC 7542 32-core processors with
a clock speed of 2.9 GHz [20]. As the Monte Carlo simu-
lation is highly parallelizable, the speedup in computational
performance increases almost linearly with the number of
cores. Consequently, the parallel implementation runs almost
64 times faster than a corresponding sequential implementa-
tion. Furthermore, it would be computationally infeasible to
carry out large-scale long-term virtual clinical trials using a
sequential Matlab implementation [19] or similar.

IV. EXAMPLE OF A VIRTUAL CLINICAL TRIAL

In this section, we present an example of a virtual clinical
trial involving a million virtual patients following the exam-
ple protocol described in Section II-B. We briefly describe
the mathematical model of the patients’ physiology and the
AP used in the trial, and we demonstrate how to visualize
the uncertainty in the AP performance. Furthermore, we also
show how to compare the performance of the AP in two
different scenarios; one where the basal rate is correct (trial
A) and another where it is underestimated by 50% (trial B).
Finally, the computation time is 1 h and 22 min (with a time
step size of 30 s in the simulations). Consequently, several
virtual clinical trials can be carried out in a single day.

A. Performance measures

We divide the BG concentration into 5 ranges [14] given
in mmol/L. Red: severe hypoglycemia (below 3). Light
red: hypoglycemia (3-3.9). Green: normoglycemia (3.9-10).
Yellow: hyperglycemia (10-13.9). Orange: severe hyper-
glycemia (above 13.9). Furthermore, we also consider the
distributions of the total daily basal and bolus insulin as well
as bolus glucagon.

B. Patient model

We use an extension of the model presented by Hovorka
et al. [9] to represent the pharmacokinetic and pharmacody-

Ty = k(@5 Yoo Uks Tk dis D) (3a) ; : )
kL ( 1; Y - Zi . ) namical responses of the virtual patients to carbohydrate ab-
k= M (T, Yk W, Uk dis Pp)- (3b) sorption and subcutaneous infusion of insulin and glucagon.
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The model is extended with 1) a one-state model of the
measured BG concentration, 2) a two-state pharmacokinetic
model of subcutaneous glucagon injection [21], and 3) a
three-state model of the effect of exercise on the plasma BG
concentration [22].

The model parameters related to the measured BG concen-
tration, glucagon infusion, and exercise have the same values
for all virtual patients. We sample the remaining model
parameters from the distributions presented by Hovorka et
al. [23]. We only use parameter sets where the parameter
values are nonnegative, the normally distributed parameters
are within one standard deviation from the mean, and the
insulin basal rate is at least 0.4 U/h.

C. Artificial pancreas

We demonstrate the capabilities of the virtual clinical trial
using a dual-hormone AP which switches between an insulin
mode and a glucagon mode. Glucagon is used to mitigate hy-
poglycemia. The insulin mode involves 1) microadjustments
of the basal rate, 2) a meal bolus calculator, 3) superboli, and
4) an insulin-to-carb ratio estimator. In the glucagon mode,
only microboli are administered. In both modes, a 100 pug
glucagon bolus is administered at the beginning of exercise
if the blood glucose concentration is below 7 mmol/L.
No insulin is administered in the glucagon mode, and no
glucagon, apart from the exercise bolus, is administered in
the insulin mode. The AP uses filtered estimates of the
glucose concentration obtained with a low-pass filter, and
several hyperparameters have different values depending on
whether the patient is exercising or not.

Fig. 2 shows week 14 of a simulation for a single patient.
The AP administers insulin boli at meal times, the basal
rate is turned off for a period after the meals, and a small
glucagon bolus is administered during exercise, i.e., it is not
the 100 pg bolus at the beginning of exercise. As is evident,
the TIR is high for the shown period.

D. Performance of the artificial pancreas

Fig. 3 shows the amount of time spent below different BG
concentrations. It allows us to inspect the worst-case patient
(lowest BG concentration reached), the population average,
and the values reached by at least one patient (the span).
The worst-case patient is useful for identifying weaknesses
in the AP. Here, it seems unlikely that the basal rate is too
high because the patient suffers from severe hyperglycemia
almost 40% of the time. This can also be seen from the
stacked bar chart in the middle of Fig. 4. The population
mean can reveal systemic issues. On average, the patients
spend almost all of their time above the target of 6 mmol/L.
Perhaps too little insulin is administered. Finally, the shaded
area can be used to conclude that, e.g., 1) no patient spends
more than 6% of their time below 3.9 mmol/L and 2) nobody
is above 13.9 mmol/L more than 40% of the time.

Whereas the two stacked bar charts in the left of Fig. 4
provide an intuitive overview, the box plot on the right gives
a comprehensive picture of the TIR for the entire population.
The red markers show that only a few patients experience

BGC
—
=)

o)
[mmol/L]

o o

0
Apr 01 Apr02 Apr03 Apr04 Apr05 Apr06 Apr07 Apr08

2021

Fig. 2.
1) The BG concentration (BGC), 2) the meal carbohydrate content (shown
as a rate dependent on the body weight), 3) the resting heart rate reserve
(HRR), 4) the administered insulin basal rate, 5) the insulin boli, and 6) the
glucagon boli.

Week 14 of a simulation for 1 patient. From the top we show:

100
80
60
40

20

Cumulative percentage

0 .
0 5 10 15 20 25
Glucose concentration [mmol/L]

Fig. 3. Cumulative distribution of the BG concentration in a virtual clinical
trial with 1 million patients over 52 weeks. Blue solid line: The mean BG
concentration. Red solid line: The worst-case patient. Red dashed line: The
setpoint. Grey shaded area: The span of all the patients.

hypoglycemia. On average, the patients spend 77% of their
time in range, and for most patients, this value is at least
55%. However, a significant part spends between 5% and
40% above 13.9 mmol/L. Finally, Fig. 5 shows distributions
of the total insulin and glucagon administered per day. These
distributions can be compared with dosage guidelines to
see if extreme amounts are administered. For instance, it
is positive that for the most part, only small amounts of
glucagon are administered here.

E. Comparison of scenarios

When comparing different scenarios or APs, the plots in
Fig. 3-5 can be overlaid or combined as shown in Fig. 6—
8. It is clear from Fig. 6 that the basal rate is too low in
trial B. However, the worst-case patients reach equally low
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Fig. 4. Distribution of the TIRs for a virtual clinical trial with 1 million patients over 52 weeks. Left: Mean TIRs for all patients. Middle: TIRs for the

worst-case patient. Right: Box plot of the TIRs for all patients.
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Fig. 5. Distributions of the total daily basal and bolus insulin and bolus
glucagon for a virtual clinical trial with 1 million patients over 52 weeks.
Top: Basal insulin. Middle: Bolus insulin. Bottom: Bolus glucagon.

BG concentrations in both trials. Fig. 7 also clearly shows
that far better TIRs are reached with the correct basal rate
although the worst-case patient experiences hypoglycemia
more often with the correct basal rate. Fig. 8 allows for
direct comparison of how much insulin and glucagon that is
administered on a daily basis. Obviously, less basal insulin
is administered in trial B, and as a result, more bolus insulin
is given. Consequently, more glucagon is given in trial B.

V. CONCLUSION

In this paper, we present a virtual clinical trial for as-
sessing the uncertainty in the performance of closed-loop
diabetes treatments. We use a high-performance closed-loop
Monte Carlo method for quantifying the uncertainty, and we
evaluate the performance by examining 1) the distributions of
the TIRs for the patient population and 2) the distributions
of the total daily doses of basal and bolus insulin as well
as bolus glucagon. Furthermore, this approach can be used
to compare the performance in different scenarios and for
different closed-loop treatments. Finally, we demonstrate that
a virtual clinical trial with one million patients over 52 weeks
can be completed in 1 h and 22 min by using parallel
high-performance software and hardware. The developed
software can be used for closed-loop systems with any drug

N = 3
o =) =)

Cumulative percentage

)
=)

0 L
0 5 10 15 20 25
Glucose concentration [mmol/L]

Fig. 6. Cumulative distribution of the BG concentration in two virtual
clinical trials of 1 million patients over 52 weeks. Blue solid line: The mean
BG concentration of trial A. Blue dotted line: The mean BG concentration of
trial B. Red solid line: The patient that reaches the lowest BG concentration
in trial A. Red dotted line: The patient that reaches the lowest BG
concentration in trial B. Red dashed line: The setpoint. Grey shaded area:
The span of all patients in trial A. Light blue shaded area: The span of all
patients in trial B.

administration device (pump or pen) and measurement device
(CGM or self-monitoring of blood glucose (SMBG) device).
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Abstract: We propose a virtual clinical trial for assessing the safety and efficacy of closed-loop
diabetes treatments prior to an actual clinical trial. Such virtual trials enable rapid and risk-free
pretrial testing of algorithms, and they can be used to compare different treatment variations
for large and diverse populations. The participants are represented by multiple mathematical
models, consisting of stochastic differential equations, and we use Monte Carlo closed-loop
simulations to compute detailed statistics of the closed-loop treatments. We implement the
virtual clinical trial using high-performance software and hardware, and we present an example
trial with two mathematical models of one million participants over 52 weeks (i.e., two million
simulations), which can be completed in 2 h 9 min.

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Virtual clinical trials, Diabetes, Stochastic modeling, High-performance computing

1. INTRODUCTION

Clinical trials ensure the safety and efficacy of medical
treatments, but they are also time-consuming and ex-
pensive. Furthermore, they might result in a negative
outcome, e.g., that the proposed treatment is not safe.
Therefore, prior to the actual clinical trial, it is impor-
tant to 1) evaluate the potential treatment performance,
2) identify shortcomings and risks, and 3) assess the advan-
tages of the treatment over alternative treatments. This is
the purpose of wirtual clinical trials which involve virtual
participants that are represented by a mathematical model
(often consisting of differential equations). By using high-
performance computing (HPC) software and hardware,
such virtual trials can involve large populations and long-
term protocols, which allows for extensive and fast testing
of different treatment variations.

In this paper, we consider virtual clinical trials of closed-
loop diabetes treatment systems. These are also referred
to as artificial pancreases (APs). Worldwide, one in ten
adults suffer from diabetes, and according to the Inter-
national Diabetes Federation (2021), it accounted for 9%
of the 2021 global health expenditure (USD 966 billion).
Specifically, we consider type 1 diabetes (T1D) where, due
to autoimmune destruction of the [-cells, the pancreas
does not produce any insulin. People with T1D require
daily treatment with exogenous insulin in order to avoid
high blood glucose concentrations (hyperglycemia). Pro-
longed hyperglycemia can lead to a number of health
complications and chronic conditions, e.g., chronic kidney
disease, cardiovascular disease, and damage to the eyes and
nerves. Conversely, the insulin treatment can lead to low

* This work was partially funded by the IFD Grand Solution project
ADAPT-T2D (9068-00056B).

blood glucose concentrations (hypoglycemia), which can
result in acute complications such as loss of consciousness
and seizures.

Clearly, given the risks associated with hyper- and hypo-
glycemia, it is not straightforward for people with T1D
to manage their insulin treatment. Therefore, over the
last few decades, there have been significant developments
within AP systems which can decrease this burden (Lal
et al.,, 2019). APs typically consist of 1) a continuous
glucose monitor (CGM), 2) an insulin pump, and 3) a
control algorithm implemented on a smartphone or a ded-
icated device. The control algorithm repeatedly computes
an appropriate insulin flow rate based on measurements
from the CGM device and communicates it to the insulin
pump. There exist a variety of control algorithms for
computing the insulin flow rate, e.g., based on heuristics,
fuzzy logic, proportional-integral-derivative (PID) con-
trol (Huyett et al., 2015; Sejersen et al., 2021), and model
predictive control (MPC) (Boiroux and Jorgensen, 2018;
Chakrabarty et al., 2020). All of these algorithms contain
algorithmic parameters which must be tuned based on sim-
ulation, i.e., based on a virtual clinical trial. As the human
physiology and behavior vary significantly between people
and over time, this is a nontrivial task. In spite of this,
the tuning is typically based on short-term simulations of
one or a few virtual participants who are only represented
by a single mathematical model. In contrast, if large-scale
long-term virtual clinical trials (involving multiple mathe-
matical models) are used to identify candidate algorithms
and algorithmic parameters, the chances of a successful
real-world clinical trial increase significantly.

In this work, we develop an approach for performing large-
scale long-term virtual clinical trials of AP algorithms (i.e.,

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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Monte Carlo closed-loop simulations). The approach is
an extension of our recent work (Reenberg et al., 2022;
Wabhlgreen et al., 2021) which allows the virtual partici-
pants to be represented by multiple mathematical models.
Specifically, we use 1) the model described by Hovorka
et al. (2002) combined with a CGM model and 2) a
modification of the model described by Dalla Man et al.
(2007) and Colmegna et al. (2020). Furthermore, we ex-
tend both models to incorporate uncertainty about the
physiology and the CGM measurements, i.e., we formu-
late the models as stochastic differential equations (de-
scribing the dynamics) and stochastic algebraic equations
(describing the CGM measurements). We implement the
approach using high-performance C code, and we use an
HPC cluster (DTU Computing Center, 2021) to carry out
the computations. Finally, we demonstrate the utility of
the virtual clinical trial by comparing the performance
of an AP algorithm for the two models. Specifically, we
simulate one million participants over 52 weeks with both
models (i.e., two million in total) which takes 2 h 9 min.

The remainder of this paper is structured as follows. In
Section 2, we describe the virtual clinical trial, and in
Section 3, we describe the two models used in this work.
Next, we present the results of the virtual clinical trial in
Section 4, and finally, we present conclusions in Section 5.

2. VIRTUAL CLINICAL TRIAL

The virtual clinical trial involves a population of people
with T1D, a protocol describing, e.g., the size and duration
of meals, mathematical models, model parameter values,
and AP algorithms. Additionally, meals and other activi-
ties can be incorrectly announced to the AP algorithm (as
is often the case in reality). Furthermore, the mathematical
models can be either deterministic (no uncertainty) or
stochastic (uncertain dynamics and measurements). The
uncertainty can, for instance, represent physiological phe-
nomena that are not included in the model or unknown
model parameters.

2.1 Virtual people

The virtual clinical trial contains one million virtual peo-
ple. Each person is represented by the same pieces of
information as real people, e.g., a unique ID, given name,
family name, date of birth, place of birth, sex, height, and
body weight. Additionally, each person is associated with
a set of mathematical models and model parameter values.

2.2 Protocols

A protocol describes the participants’ activities during
the virtual trial. Typical examples include the time and
carbohydrate contents of meals as well as the duration and
intensity of physical activity. Furthermore, each protocol
has its own ID, and it contains IDs, time stamps (start
and end time), and type and size for each activity.

In Section 4, we demonstrate the virtual clinical trial using
a protocol based on a Northern European lifestyle with
respect to 1) meal times, 2) work weeks, 3) vacation weeks,
4) public holidays, and 5) seasons. The year is divided
into 4 seasons consisting of 13 weeks. In total, there are

Table 1. The seasons, weeks, and meal carbo-
hydrate contents (Reenberg et al., 2022).

Compositions of the seasons

Season Standard weeks Active weeks Vacation weeks
Winter 6 4 3
Spring 6 6 1
Summer 7 3 3
Autumn 9 3 1

Compositions of the weeks

Type Standard days Active days Movie nights Late nights
Standard 4 1 1 1
Active 3 3 1 0
Vacation 5 0 0 2

Body weight-dependent meal carbohydrate contents

Meal size Amount of carbohydrates For a 70 kg person

Large meal 1.29 g CHO/kg 90 g CHO

Medium meal 0.86 g CHO/kg 60 g CHO

Small meal 0.57 g CHO/kg 40 g CHO

Snack 0.29 g CHO/kg 20 g CHO
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Fig. 1. Schematic of the different types of days during
autumn and winter (Reenberg et al., 2022). Top:
A standard day. Second from the top: An active
day. Third from the top: A day with a movie night.
Bottom: A day with a late night. In the spring and
summer, the snack is consumed between breakfast and
lunch, and the dinner is a medium meal.

8 weeks of vacation (2 of them represent public holidays).
All weeks are either a standard week, an active week,
or a vacation week. Similarly, all days are categorized
as either a standard day, an active day, a day with a
movie night, or a day with a late night. Each type of
week contains a different combination of the days, and
each season contains a different combination of the weeks.
Table 1 gives an overview of the weeks and seasons as
well as the carbohydrate contents of the different meals in
the trial. During autumn, winter, and vacation weeks, the
participants are less active and eat more. Furthermore, in
addition to the meals consumed during a standard day,
active days have an additional exercise session, days with
a movie night have an additional snack in the evening, and
days with a late night have two additional snacks in the
evening.
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2.8 Database

The virtual participants, model parameters, protocols,
and results from the virtual clinical trial are stored in
a database. We use PostgreSQL which is an open-source
database system. The database enables direct comparison
of the performance of different AP systems on differ-
ent populations, e.g., people with high body weights or
low insulin sensitivity (provided that this sensitivity is
a model parameter). Additionally, the database contains
basic components for building protocols, e.g., the 4 types
of days used in the protocol described in Section 2.2. The
user can construct their own protocols based on these basic
components. Finally, the database can be used together
with a graphical user interface to select and visualize
the results of the virtual clinical trial, show statistics of
certain demographics and protocols, and add new elements
(for instance, virtual people, mathematical models and
parameters, or protocols).

3. MODELS

In this section, we describe the two models used in the
virtual clinical trial. In Section 3.1, we describe the model
developed by Hovorka et al. (2002) combined with a
CGM model, and in Section 3.2, we describe the model
developed by Dalla Man et al. (2007) and Colmegna
et al. (2020) where the meal model is replaced with that
proposed by Hovorka et al. (2002). In order to simplify the
demonstration of the virtual clinical trial in Section 4, we
do not include exercise in the models or in the protocol.

3.1 An extension of Hovorka’s model

The insulin subsystem is described by

S'l(t) =uy(t) — S%(:), (1a)
s = 20 20, (1p)
) = - 29 k1), (19

where S; and S; [mU] constitute a two-compartment
chain representing the absorption of insulin, I [mU/L] is
the insulin concentration in the plasma, 7¢ [min] is the
insulin absorption time constant, V7 is the volume in which
insulin is distributed, ke [1/min] is an elimination rate, and
w7 [mU/min] is the insulin infusion rate. The insulin action
subsystem is described by the three compartments

.’i’l (t) = kblj(t) — kall'l(t), (2&)
.CL'Q(t) = kbgl(t) - kagxg(t), (2b)
j}3(t) = k‘bgf(t) — kagl‘g(t), (2C)

where z; [1/min] are the insulin effect on the glucose
distribution (¢ = 1), the disposal of glucose (i = 2), and
the endogenous glucose production (i = 3). Furthermore,
kp; [(L/mU)/min?] are activation rates and kq; [1/min] are
deactivation rates (for ¢ = 1,2,3). The meal subsystem is
described by a two-compartment chain:

Da(t) = AaD(t) - 220, (3a)
™D ™D
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Here, D [mmol/min] is the meal carbohydrate content (per
minute), Dy and Dy [mmol] represent the meal absorption,
Ag [-] is the bioavailibility of the carbohydrates, and
7p [min] is a time constant. The glucose subsystem is also
described by two compartments, i.e.,

Qi) = 22— R )~ Filt) — (90 (0)
+ k12Q2(t) + EGPy(1 — x3(t))), (4a)
Qa2(t) = 21 (H)Q1 (1) — k12Qa(t) — 22Qa(t), (4b)

where @1 and Q2 [mmol] are the accessible and non-
accessible glucose compartments, kj2 [1/min] is a transfer
rate, EGPy [mmol] is the endogenous glucose production
(extrapolated to an insulin concentration of zero). Further-
more,

_ [Fn G(t) > 4.5 mmol/L,
Fore(t) = {leG(t)/4.5 otherwise, (52)
Fa(t) = {8.003(G(t) - 9)Ve OGt(Jiriigetnmol/L, (5b)
G(t) = Q‘lfiét), (5¢)

where Fp1,. and Fp; [mmol/min] are the corrected and
nominal total non-insulin dependent glucose fluxes, Fg
[mmol/min] is the renal glucose clearance, G [mmol/L]
is the glucose plasma concentration, and Vg [L] is the
volume in which the glucose is distributed. Finally, the
CGM subsystem is

Gr(t) = GilH)

G()
2L ()
TIG el

Here, G; [mmol/L] is the interstitial glucose concentration
measured by the CGM and 77¢ [1/min] is a time constant.

3.2 A modification of the UVA /Padova model

In the UVA/Padova model, the glucose subsystem is
described by

Gp(t) = EGP(t) + Ran(t) — Us(t) — E(t)

— k1 Go(t) + koG (1), (7a)
Gi(t) = —Uia(t) + k1Gp(t) — kaGi(t), (7b)
(o) = 220, (1)

where G, and G; [mg/kg] are the plasma glucose in
rapidly and slowly equilibrating tissues, respectively,
EGP [(mg/kg)/min| is the endogenous glucose produc-
tion, Ray, [(mg/kg)/min] is the glucose rate of appearance,
Ui; and Ujg [(mg/kg) /min] are the insulin-independent and
insulin-dependent glucose utilization, E [(mg/kg)/min]
represents renal excretion, k1 and ko [1/min| are rate
parameters, G [mg/dL] is the glucose concentration, and
Vg [dL/kg] is the glucose distribution volume. Next, the
insulin subsystem is represented by

['@(t) = —(mq + m3)I(t) + mal,(t), (8a)

f,,(t) = —(mg + ma)L,(t) + m1le(t) + Rarsc(t), (8b)
1,0

I(t) = v (8¢)

where I, and I, [pmol/kg] are insulin in the plasma
and liver, m; [1/min] for ¢ = 1,...,4 are rate parame-
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ters, Raysc [(pmol/kg)/min] is the insulin rate of appear-
ance, I [pmol/L] is the plasma insulin concentration, and
Vi [L/kg] is the insulin distribution volume. Furthermore,

L
g = oL (9)
5HE,V,BW
_ HEbml
"= T HE, (9b)
20L
" . BW (9c)

Here, CL [L/min] is the insulin clearance, HE; [-] is the
basal hepatic insulin extraction, and BW [kg] is the body
weight. The insulin-independent and insulin-dependent
glucose utilization are given by

U“(t) = Fcn57 (10&)
_ (VmO + Vma:X(t))Gt (t)

Uia(t) = Koo + Ci(h) R (10b)

X(t) = —pov X (t) + pav(1(t) — I), (10c)

where F,s [(mg/keg)/min] is the glucose uptake of the
erythrocytes and the brain, V,,, [mg L/(kg pmol min)] and
Ko [mg/kg] are parameters, X [pmol/L] is the insulin
concentration in the interstitial fluid, poy [1/min] is the
rate of the insulin action on the peripheral glucose utiliza-
tion, I, [pmol/L] is the basal insulin plasma concentration,
and V0 [(mg/kg)/min] is
(EGPb - Fcns)(KmO + th)

Gu 7
Fens — EGPy + k1Gpyp

ko ’

where EGP, [(mg/kg)/min], Gy, [mg/kg], and Gpp [mg/kg|
are the basal endogenous glucose production and the basal

plasma glucose masses. The model of the oral glucose
absorption is similar to that in (3):

Vino =

(11a)

G =

(11b)

. Dy (t
Di(t) = AgD(r) — 210 (12a)
D
™D ™D
Do (t)
Ran(t) = . 12
anlt) = et (120)
Again, D [mg/min] is the meal carbohydrate rate, D
and Do [mg] describe the meal absorption, Ag [] is

the carbohydrate bioavailibility, and 7p [min] is a time
constant. The endogenous glucose production is

EGP(t) = Hla)({o7 EGP, — k'pz(Gp(t) — pr)

— kps(La(t) — )}, (13a)
Ia(t) = —ki(La(t) — L (1)), (13b)
jl(t) = —k;(I(t) — I(t)), (13¢)

where kpy [1/min] and kp3 [mg L/(kg pmol min| are the
liver glucose effectiveness and the amplitude of the insulin
action of the liver, I; and I; [pmol/L] constitute a two-
compartment delayed insulin signal chain, and k; [1/min]
is a rate parameter. Next, the renal excretion is given by

B(t) = max{0, ko1 (Gy(t) — kes)}. (14)

Here, ke [1/min] and k.o [mg/kg] are the glomerular
filtration rate and the renal glucose threshold. The sub-
cutaneous insulin delivery is described by
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Far(t) = ~ha ko) L)+ 400 (150
jch(t) = kdlscl(t) - ka21562(t)7 (15b)
Ralsc(t) = k(llIscl (t) + ka2[sc2(t)7 (15C)

where I;q and Ig.o [pmol/kg] are insulin in a non-
monomeric and monomeric state, k4, kq1, and kqo [1/min]
are rate parameters accounting for subcutaneous in-
sulin kinetics, and w; [pmol/min] is the insulin infusion
rate. Finally, the subcutaneous glucose concentration, G,
[mg/dL], is

Gsc(t) = 7kschc(t) + kscG(t)v
and k. [1/min] is the inverse of a time constant.

(16)

3.8 General mathematical form and simulation

The two models described in this section are in the form

z(to) = o, (17a)
dz(t) = f(t,z(t),u(t),d(t), p)dt

+ o (t,x(t),u(t),d(t), p)dw(t), (17b)

z(t) = h(t,z(t),p), (17¢)

Y(te) = g(tr, z(tx), p) + v(ty). (17d)

Here, ¢ is time, ¢ is the initial time, = are the states (i.e.,
the physiological state), zp are the initial states, u are
manipulated inputs computed by the AP algorithm (e.g.,
the insulin infusion rate), d are disturbance variables (e.g.,
the meal carbohydrate content), and p are model param-
eters (specific to each person). The first term in (17b)
is the deterministic (drift) term, and the second term is
the stochastic (diffusion) term. At time t; (e.g., every
5 min), the AP receives a CGM measurement, y, which
is corrupted by noise, v. Furthermore, the outputs, z,
are used to evaluate the AP algorithm. The measurement
noise is normally distributed, and w is a standard Wiener
process, i.e., v(ty) ~ N(0,R) and dw(t) ~ N(0,Idt)
where I is an identity matrix. In between measurements,
the manipulated inputs and the disturbance variables are
modeled as constant:

u(t) = uy, te [tk, tk+1[, (18a)
d(t) = d, te [tk,tk+1{. (18b)
Finally, when the AP algorithm (represented by the func-
tions ki and M) receives a measurement, it updates its
internal state, xf,, and computes the manipulated inputs
based on the measurement, y, = y(t), the targets @y and

7k, an estimate of the disturbance variables, czk, and the
hyperparameters p, and p,,:

(19a)
(19b)

i1 = Kr(Th Yis Urs Yis dioy D)
Uk = Me(@5, Yks Uker The» Ay Pyt )-

In Section 3.1 and 3.2, we described the models with-
out uncertainty, i.e., with ¢ = 0. In Section 4, we use
uncertain models where we 1) add a stochastic term to
the plasma glucose compartments (4a) and (7a) with
(equivalent) diffusion coefficients of 1.5 mmol/min®/? and
270.24/BW mg/(kg min®/?), and 2) add measurement
noise with a variance of 0.1 mmol/L ~ 1.8 mg/dL.

We use the Euler-Maruyama method with a step size of
0.5 min to simulate each participant, and we only store
statistics and the worst-case simulation. We implement
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the virtual clinical trial using parallel high-performance
C code for shared-memory architectures and two 2.9 GHz
AMD EPYC 7542 32-core processors.

4. VIRTUAL CLINICAL TRIAL RESULTS

In this section, we demonstrate how the virtual clinical
trial can be used to assess the safety and efficacy of an
AP algorithm. We use the protocol described in Section 2
(without exercise), and for each model, we include one
million participants. In the analysis, we consider the first
4 weeks a titration period and disregard them. In the
following, we refer to the models presented in Section 3.1
and 3.2 as model A and B, respectively. We choose
the algorithmic hyperparameters based on deterministic
simulations with model A. The total computation time is
2 h 9 min.

We demonstrate the virtual clinical trial using a simple
algorithm based on physiological insight and concepts from
proportional-integral-derivative (PID) control. It uses two
integrators (I-controllers) to estimate the basal and bo-
lus insulin requirements, and a PD-controller to miti-
gate smaller variations in the blood glucose. It also uses
deadbands, error truncation, a hypoglycemia amplification
factor, switching logic, and a few heuristics. Fig. 2 shows
how the controller doses insulin during 4 days of the virtual
clinical trial for a single participant.

We evaluate the algorithm using the performance mea-
sures and targets described by Holt et al. (2021). The
measures are 1) average glucose, 2) glucose management
index (GMI), 3) glucose variation (GV) computed as the
coefficient of variation, 3) time above range (TAR), 4) time
in range (TIR), and 5) time below range (TBR). All of
these are based on CGM measurements. The 5 ranges
used to compute TAR, TIR, and TBR are as follows (all
values are in mmol/L, and the colors are used throughout
this section). Level 2 hypoglycemia: [0,3[ (red). Level 1
hypoglycemia: [3,3.9[ (light red). Normoglycemia: [3.9, 10]
(green). Level 1 hyperglycemia: ]10,13.9] (yellow). Level 2
hyperglycemia: ]13.9, co[ (orange).

For model A, 776 has the same value for all participants.
All other parameters are sampled from normal distribu-
tions based on the sample means and variances of the
parameter values presented by Hovorka et al. (2002). For
model B, we generate normal distributions based on the
means and variances reported by Colmegna et al. (2020).
For the remaining parameters, we use the means and
variances of the values reported by Kovatchev et al. (2010)
and Dalla Man et al. (2007). For both models, we discard
parameter sets if 1) all parameters are not within one stan-
dard deviation of the mean, 2) the basal rate is lower than
0.4 U/h (corresponding to a blood glucose concentration of
6 mmol/L), 3) any time constant or inverse rate parameter
is not within one order of magnitude of the corresponding
mean, and 4) the steady state is not physical. For model
B, we also discard parameter sets if the steady state blood
glucose concentration, in the absence of insulin, is above
43.93 mmol/L (the highest obtained with model A).

Fig. 3 shows the mean and worst-case (i.e., the participant
with the lowest CGM measurement) time in ranges (TIRs)
as well as a box plot of the distributions of the TIRs. The
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Fig. 2. CGM measurements (top), meal carbohydrate con-
tents (second from the top), basal insulin infusion rate
(third from the top), and insulin boluses (bottom) for
a single participant (represented with model B) over
a period of 4 days.

Table 2. Comparison based on the glycemic

targets described by Holt et al. (2021).

Quantity Target A B
Average glucose < 154 mg/dL 76.87% 84.19%
GMI < 7% 77.48% 84.82%
GV < 36% 91.37% 89.46%
TAR (level 2) < 5% 85.80%  88.35%
TAR (level 1 and 2) < 25% 68.92% 58.57%
TIR (normoglycemia) > 70% 78.01% 75.09%
TBR (level 1 and 2) < 4% 100.00%  100.00%
TBR (level 2) < 1% 100.00%  100.00%
All targets 68.10% 58.46%

mean TIRs are similar for the two models, and the worst-
case TIRs are better for model B. The box plot gives a
more thorough overview and illustrates that, for model B,
the distributions of TIR and TAR (level 1) are more
narrow. Fig. 4 shows the total daily doses (TDDs) of basal
and bolus insulin. Both distributions are shifted towards
higher TDDs for model B. Fig. 5 shows the cumulative
distributions of the CGM measurements. The distribution
is more narrow for model B, and the mean and worst-case
trajectories are similar for the two models. Finally, Table 2
shows that the AP performs better for model B on some
but not all glycemic targets. For both models, the target
on TAR (level 1 and 2) appears to be the most challenging.

5. CONCLUSIONS

We present an approach for conducting large-scale long-
term virtual clinical trials for evaluating APs prior to
the actual clinical trials. The participants are represented
by multiple mathematical models consisting of stochastic
differential equations. We use Monte Carlo closed-loop
simulations, implemented with HPC software and hard-
ware, to compute detailed treatment statistics. Finally, we
present results from a virtual clinical trial with one million
participants (represented by two mathematical models)
over 52 weeks, which is conducted in 2 h 9 min.
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Fig. 3. Left: Mean TIRs. Middle: TIRs for the worst-case participants. Right: Box plots of the TIRs for all participants.
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Summary

In this technical report, we describe and discuss how we design protocols and generate
virtual participants for large-scale long-term virtual clinical trials of closed-loop dia-
betes treatment. We design the protocols from a set basis days that function as building
blocks to form weeks, months and years. The virtual participants are represented by a
mathematical model with a set of parameters generated from a distribution. We use an
extended version of the Hovorka model to represent a population of 1 mio. virtual partic-
ipants and a modified version of the UVA /Padova model to represent another population
of 1 mio. virtual participants. We show how both the protocols and virtual participants
are stored in a database. The database make existing protocols and virtual participants
sortable and reusable and allows the user to add new protocols and participants.
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CHAPTER |
Infroduction

In this technical report, we describe how the protocols and virtual participants are de-
signed and generated in Reenberg et al. [1] and Ritschel et al. [2] in more detail and
we list the model parameters. Furthermore, we show how the protocols and virtual
participants are stored in a database. Virtual clinical trials make it possible to evaluate
the potential performance of, e.g., closed-loop diabetes treatment and identify potential
shortcomings prior to a real clinical trial. The virtual clinical trials involve a population
of virtual people with type 1 diabetes described by a mathematical model, a protocol to
describe, e.g., the size and duration of meals and some treatment strategy. The math-
ematical models can be either deterministic or stochastic. The uncertainty represents,
e.g., unknown model parameters or physiological phenomena that are not described by
the mathematical models. The mathematical models we consider, can be written in the
form

x(to) = o, (1.1a)
dx(t) = f(t,x(t),u(t),d(t),p)dt

+o(t,z(t), u(t), dt), p)dw(t), (1.1b)

z(t) = h(t, x(t), p), (1.1c)

y(te) = g(tr, z(te), p) + v(tr), (1.1d)

where t is time, £y is the initial time, = are the states, xg are the initial states, u are
manipulated inputs (e.g., insulin administration), d are disturbance variables (e.g., the
meals described in the protocols), and p are model parameters (unique to each virtual
participant). The first term in (1.1b) is the deterministic (drift) term, and the second
term is the stochastic (diffusion) term. y are the measurements (e.g, from a CGM) with
measurement noise, v. z, are the outputs and are used in, e.g., a control algorithm. The
measurement noise, v, is normally distributed, and w is a standard Wiener process, i.e.,
v(ty) ~ N(0, R) and dw(t) ~ N(0,Idt) where I is an identity matrix. We assume that
the manipulated inputs and the disturbance variables are piecewise constant, i.e.

u(t) = Uk, te [tk, tk_,_]{, (12&)
d(t) = d, te [tk, tk—i—l{; (12b)
and we use the Euler-Maruyama method to solve the system of SDEs. In Section 3.2.1

and 3.2.2, we describe the models without uncertainty, i.e., with ¢ = 0, but a stochastic
term can be added to the plasma glucose compartments that will be described in (3.9a)
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and (3.22a). In Reenberg et al. [1] and Ritschel et al. [2], we used diffusion coefficients of
1.5 mmol/min®? and 270.24/ BW mg/ (kg min®?) and added measurement noise with a
variance of 0.1 mmol/L ~ 1.8 mg/dL.

Protocols The protocols are represented by the disturbances, d, in (1.1). The proto-
cols describe the activities or events that happen during a clinical trial. In a real clinical
trial the inputs, u, can also be described in a protocol, but here we assume that the
inputs are controlled by a control algorithm and not decided from the protocol. The
protocols include meals and exercise, and we design a set of days that each should de-
scribe a typical day. We combine the days to form different weeks, e.g., an active week
where the participant exercises more, and use the different weeks to form months and
years. The protocols depend on the season, and we assume that the participants eat
more during winter and autumn compared to during summer and spring.

Virtual participants The virtual participants are described by a mathematical model
as described in (1.1b), where each participant is represented by a unique set of param-
eters, p. We use two mathematical models to represent two populations of each 1 mio.
virtual participants. The first model is an extended version of the Hovorka model [3]
and the second model is a modified version of the UVA /Padova model [4, 5].

Database We use a the open-source PostgreSQL database to store the protocols and
virtual participants. The database enables the user to store, reuse and combine different
protocols and use the existing virtual participants or add more participants. Further-
more, it also enables the user to sort, e.g., the participants based on certain demographics
or select specific protocols. The database also enables storage of the results from a vir-
tual clinical trial, such that two trials can be directly compared. Finally, the database
enables the use of a graphical user interface to visualize the results, protocols and par-
ticipants.

Virtual clinical trial Reenberg et al. [1] and Ritschel et al. [2] each show examples
of results from a virtual clinical trials. Reenberg et al. [1] shows an example virtual
clinical trial used to assess the difference in performance between two different treat-
ment strategies and Ritschel et al. [2] tests a closed-loop system in two different virtual
populations. We refer to these publications for example results from a virtual clinical
trial and only describe the protocols and virtual participants in this technical report.

Structure of the report In Chapter 2, we describe the protocols used in the virtual
clinical trials and how they are stored in a database and in Chapter 3, we describe the
demographics and the mathematical models used to represent the virtual participants.
In Chapter 3, we also list the model parameters and show how they are stored in a
database. Finally, we provide conclusions in Chapter 4.
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CHAPTER 2
Protocols

In this chapter, we describe how we design and generate protocols for the virtual clinical
trials. The protocols describe the activities or events (e.g. meals or exercise) that
happen during a clinical trial. We consider the protocols as disturbances, d, in (1.1),
and the protocols are translated to piecewise constant rates as described in (1.2). Each
disturbance has a start time and an end time to make it possible to include that, e.g., it
is faster to eat a snack than a large meal. Furthermore, each disturbance has a size and
an indicator for the type of disturbance. We design the protocols from a set of basis days
that we combine to form weeks, months and years. The aim is to imitate a northern
european lifestyle w.r.t. 1) meal times, 2) work weeks, 3) vacation weeks, and 4) public
holidays. Here, the size and timing of the events are deterministic to make it easy to
use and understand, but similar protocols could be made where the events are randomly
generated. Table 2 shows the disturbances that can be included in the protocols. In
the protocols created in this technical report, we do not include stress and only consider
meals and exercise.

Table 2.1: Types of disturbances that can be included in the protocols and the corre-
sponding indicator.

Type Indicator
Meal size dependent on body weight [g CHO/kg] 1
Heart rate [bpm]
Stress [-]
Meal size rate [g¢ CHO/min]
Absolute meal size [g CHO]
Heart rate reserve (%]

Oy UL = W N

2.1 Days

We design a set of days that can either be used on their own or used as building blocks
for longer protocols. We construct four basis days that change depending on the season.
Figure 2.1 shows the basis days during autumn and winter where the standard day
consists of three meals and a snack, the active day consists of three meals, a snack, and
an exercise session (of 60% heart rate reserve (HRR)), the movie night consists of three



176

H Technical Report

4 2 Protocols

meals and two snacks, and finally the late night conists of three meals (with a later
breakfast) and three snacks. Figure 2.2 shows the basis days during spring and summer
where the snack instead is before lunch and the dinner is a medium meal. Table 2.1
shows the size of the different meals. The meal sizes are dependent on the body weight,
which creates variation between the participants. The large meal is a relatively high
amount of carbohydrates, but does not represent, e.g., a pizza.

Table 2.2: Body weight-dependent meal carbohydrate contents.

Meal size Amount of carbohydrates For a 70 kg person
Large meal 1.29 g CHO/kg 90 ¢ CHO
Medium meal 0.86 g CHO/kg 60 ¢ CHO
Small meal 0.57 g CHO /kg 40 ¢ CHO
Snack 0.29 g CHO/kg 20 ¢ CHO

2.2 Weeks

We use the basis days to build three different weeks: 1) the standard week consisting
of 4 standard days, 1 active day, 1 movie night, and 1 late night, 2) the active week
cosisting of 3 standard days, 3 active days, and 1 movie night, and 3) the vacation week
consisting of 5 standard days and 2 late nights. The weeks are designed such that the
participants exercise more in the active weeks and have more late nights (more snacks)
in vacation weeks. Table 2.2 shows the composition of days in the different weeks.

Table 2.3: Compositions of the weeks.

Type Standard days Active days Movie nights Late nights
Standard 4 1 1 1
Active 3 3 1 0
Vacation 5 0 2

2.3 Months and years

We combine the weeks to form months (4 weeks), seasons (12 weeks), and years (52
weeks). Table 2.4 shows the composition of weeks in each season that together forms a
year. We assume that the participants are more active during spring and summer and
eat more during autumn and winter. We add combined Christmas and winter holidays,
easter holidays, summer holidays and autumn holidays. We include 8 vacation weeks
in total, where the vacation weeks also include public holidays. Figure 2.3 shows where
the vacation weeks are placed during the year.
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Figure 2.1: Basis days during autumn and winter. From the top: 1) the standard day,
2) the active day, 3) the movie night, and 4) the late night .

Table 2.4: Compositions of the seasons.

Season Standard weeks Active weeks Vacation weeks
Winter 6 4 3
Spring 6 6 1
Summer 7 3 3
Autumn 9 3 1

2.4 Database

We store the protocols in a PostgreSQL database to make them reusable and to make it
straightforward to add more protocols and distinguish between them. Each protocol is
stored in the database with a unique ID and a name and it is possible to combine, e.g.,
the standard week and the active week as a new protocol. Table 2.5, 2.6, 2.7, and 2.8
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Figure 2.2: Sample days during spring and summer. From the top: 1) the standard
day, 2) the active day, 3) the movie night, and 4) the late night.

show the data format and exact timestamps for the four basis days during autumn and
winter and Table 2.9, 2.10, 2.11, and 2.12 show the days during spring and summer. We
only store the start and end time, size and type of the disturbance in the database. The
protocols are automatically translated into the form (1.1) before simulations are started.
If we consider, e.g., a meal of type 1 (body weight dependent meal size), we correct for
the body weight, and then divide by the time it took the participant to eat the meal, to
convert it to a rate.
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[

Figure 2.3: A year with seasons and approximate vacations.

Table 2.5: Standard winter day.

start time

end time

size

type

0000-01-01T07:30
0000-01-01T12:00
0000-01-01T16:15
0000-01-01T18:30

0000-01-01T08:00
0000-01-01T12:30
0000-01-01T16:30
0000-01-01T19:00

0.57g CHO /kg
0.86g CHO /kg
0.29g CHO /kg
1.29¢ CHO/kg

—_ = =

Table 2.6: Active winter day.

start time

end time

size

0000-01-01T07:30
0000-01-01T12:00
0000-01-01T16:15
0000-01-01T16:45
0000-01-01T18:30

0000-01-01T'08:00
0000-01-01T12:30
0000-01-01T16:30
0000-01-01T17:30
0000-01-01T19:00

0.57g CHO /kg
0.86g CHO /kg
0.29¢ CHO /kg
60% HRR
1.29¢ CHO /kg

Table 2.7: Winter movie night.

start time

end time

size

0000-01-01T07:30
0000-01-01T12:00
0000-01-01T16:15
0000-01-01T18:30
0000-01-01T20:30

0000-01-01T08:00
0000-01-01T12:30
0000-01-01T16:30
0000-01-01T19:00
0000-01-01T20:45

0.57g CHO /kg
0.86g CHO /kg
0.29g CHO /kg
1.29¢ CHO/kg
0.29g CHO /kg
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Table 2.8: Winter late night.

start time

end time

size

0000-01-01T08:00
0000-01-01T12:00
0000-01-01T16:15
0000-01-01T18:30
0000-01-01T20:30
0000-01-01T22:30

0000-01-01T08:30
0000-01-01T12:30
0000-01-01T16:30
0000-01-01T19:00
0000-01-01T20:45
0000-01-01T22:45

0.57g CHO/kg
0.86g CHO /kg
0.29g CHO /kg
1.29¢ CHO /kg
0.29g CHO /kg
0.29¢ CHO/kg

Table 2.9: Standard Summer day.

start time

end time

size

0000-01-01T07:30
0000-01-01T10:00
0000-01-01T12:00
0000-01-01T18:30

0000-01-01T08:00
0000-01-01T10:15
0000-01-01T12:30
0000-01-01T19:00

0.57¢ CHO /kg
0.29¢ CHO /kg
0.86g CHO /kg
1.29g CHO /kg

Table 2.10: Active Summer day.

start time

end time

size

0000-01-01T07:30
0000-01-01T10:00
0000-01-01T12:00
0000-01-01T16:45
0000-01-01T18:30

0000-01-01T08:00
0000-01-01T10:15
0000-01-01T12:30
0000-01-01T'17:30
0000-01-01T19:00

0.57g CHO /kg
0.29g CHO /kg
0.86g CHO /kg
60% HRR
1.29¢ CHO /kg

—+
}—‘@Hl—‘}—‘:é
@

Table 2.11: Summer movie night.

start time

end time

size

type

0000-01-01T07:30
0000-01-01T'10:00
0000-01-01T12:00
0000-01-01T'18:30
0000-01-01T20:30

0000-01-01T08:00
0000-01-01T10:15
0000-01-01T12:30
0000-01-01T'19:00
0000-01-01T20:45

0.57g CHO /kg
0.29¢ CHO /kg
0.86g CHO /kg
1.29¢g CHO /kg
0.29g CHO /kg

—_ = =
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Table 2.12: Summer late night.

start time

end time

size

0000-01-01T07:30
0000-01-01T10:00
0000-01-01T12:00
0000-01-01T18:30
0000-01-01T20:30
0000-01-01T22:30

0000-01-01T'08:00
0000-01-01T10:15
0000-01-01T12:30
0000-01-01T19:00
0000-01-01T20:45
0000-01-01T22:45

0.57g CHO/kg
0.29¢ CHO /kg
0.86g CHO /kg
1.29¢ CHO/kg
0.29¢ CHO /kg
0.29¢ CHO /kg
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CHAPTER 3
Virtual parficipants

In this chapter, we describe how, we generate participants for the virtual clinical trials.
Each virtual person is represented by some personal information similar to a real person,
i.e., a unique ID, given name, family name, date of birth, place of birth, sex, height,
resting heart rate, and body weight. Additionally, each virtual participant is associated
with a set of parameters in a mathematical model.

3.1 Personal information

We generate the personal information with Mockaroo https://www.mockaroo.com (Ac-
cessed: January 18" 2023). Mockaroo lets users generate test data of anything from
names to I[P addresses or unique IDs. Table 3.1 shows an example of a participant gen-
erated with Mockaroo. Figure 3.1 shows the distribution of the virtual participants’ age,
body weight, and resting heart rate. We only include adult people and assume that their
age is uniformly distributed. We use approximate average values of the adult human
population to generate normal distributions for the body weight and resting heart rate.
Using normal distributions for the body weight and resting heart rate are very crude
approximations and result in, e.g., the body weights being between 35 kg and 100 kg
which is not representative of all humans. The exact distributions of the parameters
are listed in Section 3.3. The patient class value is used to distinguish between types of
participants and virtual populations where real people have class 0 and virtual people
have class 1.

3.2 Mathematical models

In this section, we describe the two mathematical models that represents the virtual
participants in the virtual clinical trials. We consider the participants represented by
each model, a virtual population. The first model is an extension of Hovorka’s model
and the second model is a modified version of the UVA /Padova model. The models are
also described in Reenberg et al. [1] and Ritschel et al. [2]. The dynamics in the models
are different and result in different outcomes of the trials. Therefore, it would also be
valuable to add more mathematical models (populations) to the framework. We list the
parameters used in both models in Section 3.3. We do not have distributions for the
parameters related to the glucagon model, the exercise model, and the CGM model and
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Table 3.1: Example of a virtual participant.

ID 321781
First name Hilly
Last name Hehir
Sex Male
Height 187.0 cm
Body weight 88.4 kg
Resting heart rate 67
Date of birth 1991-06-18
Country of birth Russia
Patient class 1

Likelihood

20 40 60 80 0 | 100 60 80 100

Age [years] Body weight [kg] Resting heart rate [BPM]

Figure 3.1: Distributions of the personal parameters that affect the simulation models.
From the left: 1) The age of the participants with a mean of 51 years,
2) the body weight of the participants with a mean of 70 kg, and 3) the
resting heart rate of the participants with a mean of 80 BPM.

use the same parameters for all participants. We translate the exercise intensity in heart
rate reserve to heart rate by

HR = HRR(HRma;L‘ - HR’I‘GSt) + HRrest; (31)

where H R [BPM] is the target heart rate, H Ry [%] is the heart rate reserve, H R4, [BPM]
is the maximum heart rate and H R,. [BPM] is the resting heart rate. We compute the
maximum heart rate based on the participants age by

HR,,0. = 220 — age. (3.2)
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3.2.1 Extended Hovorka model

The model by Hovorka et al [3, 6] consists of an insulin subsystem, a meal subsystem,
and a glucose subsystem. We extend it with a glucagon subsystem [7], an exercise
subsystem [8], and a simplified version of the CGM subsystem by Facchinetti et al. [9].
Table 3.3 in Section 3.3 describes the parameters.

Insulin subsystem The insulin subsystem describes the insulin absorption and the
insulin concentration by

50 = wr) - 2, (3.3a)
So(p) = 2 A0 (3.3)
iy = L2 . (3.3¢)

Vio1s

where S; and Sy [mU] represent the insulin absorption as a two-compartment chain,
Ts [min] is the insulin absorption time constant, I [mU/L] is the plasma insulin concen-
tration, V7 [L] is the insulin distribution volume, and k. [1/min] is the elimination rate.
Ur = Upg + Upo [MU/min] is the insulin infusion rate where up, [mU/min] is the basal
infusion rate and wup, [mU/min] is the bolus infusion rate.

Insulin action subsystem The insulin action subsystem describes the insulin action
on the glucose kinetics by

#1(t) = kI (t) — ka1 (2), (3.4a)
Z’Q(t) = k’bgl(t) — kangQ (t), (34b)
$3(t> = k‘b3[(t) — kmgl’g(t), (34C)

where z; [1/min], x5 [1/min], and z3 [1/min] describe the effects of insulin on the
glucose distribution, the glucose disposal, and the endogenous glucose production. ky;
[(L/mU)/min?| and kg [1/min] for ¢ = 1,2,3 are the activation and deactivation rate
constants.

Meal subsystem The meal subsystem describes the meal absorption by

Dy(t) = AgD(t) — D;(t), (3.5a)
Da(t) = D;(t) _ Dj“). (3.5D)

Here, D; [mmol] and Dy [mmol] represent the meal absorption as a two-compartment
chain, D [mmol/min| is the carbohydrate content of the meal as a rate, Ag [-] is the
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carbohydrate bioavailability, and 7p [min] is the meal time constant. We convert carbo-
hydrates in the meal, D(¢) [mmol/min], to d(¢) [g CHO/min| by

1000
B MwG

D(t) d(t), (3.6)

where M, = 180.1577 [g/mol] is the molecular weight of glucose.

Glucagon subsystem The glucagon subsystem describes the glucagon absorption by

QF (¢)

QY () = ug(t) — o (3.7a)
TGlu TGlu

where Q' [ug] and QY [ug] represent the glucagon absorption as a two-compartment
chain, ug [pug/min] is the glucagon infusion rate, and 74y, [min] is a time constant.

Exercise subsystem The exercise subsytem describes short-term and long-term ef-
fects of physical activity on the glucose consumption and insulin sensitivity. The effect
of high-intensity exercise is not modeled. The exercise subsystem consists of

HR(t) — HRy — E4(t)

Bu(t) = - 7 (3.8a)

TE(t) _ leEl (t) ‘f;CQ - TE(t)7 (38b)
_(Bay

For(t) = W (3.8d)

Here, E; [BPM] is the short-term effect, £y [min] is the long-term effect, T [min] is the
characteristic time for the long-term effect, HR [BPM] is the heart rate, HR, [BPM]
is the resting heart rate, 7yr [min] is a time constant, ¢; [min] and ¢y [min] define the
steady state value for Tg, T, [min] is a time constant for how fast T reaches steady state,
and a [-], n [-], and 7, [min] specify the intensity and time constant of the long-term
effect on the insulin sensitivity.
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Glucose subsystem The glucose subsystem describe the glucose kinetics modeled as
two compartments (accessible and non-accessible) and is represented by

@) = P20 Ry ) - Fult) - (00 (3.9)
+ k’mQQ(t) + EGP(t) + Qg(t> — QEgl(t),
Qa(t) = 21 (1) Q1 (t) — k12Qa(t) — 22Qa(t) (3.9b)
+ Qpa(t) — Qrn(t) — Qr(t),
where
EGP(t) = EGPy(1 — a3(t)), (3.10a)
Qa(t) = KanVaQs (1), (3.10Db)
Qp21(t) = aby(t)z (H)Q1 (1), (3.10c)
Qraa(t) = aFy(t) 2y (t)Qa(t), (3.10d)
B
Qri(t) =P R, (3.10e)
and
R G(t) > 4.5 mmol/L,
Fouelt) = {F01G(t)/4.5 otherwise, (8-11a)
Ful) = {8.003(G(t) — Vg (igriijemmol/h (3.11b)
G(t) = @ilt) (3.11c)

Va

Here, (); [mmol] and () [mmol| represent the accessible and non-accessible compart-
ments, k1o [1/min] is the transfer rate, Fy; [mmol/min] and Fy; . [mmol/min| are the
nominal and corrected total non-insulin dependent glucose flux, F [mmol/min| is the
renal glucose clearance, Vi [L] is the glucose distribution volume, EG Py [mmol] is the en-
dogenous glucose production, Kgy, [(mmol/L)/ug/min] is the glucagon gain, « [1/min?]
is the exercise-induced insulin action, § [mmol/min| is the exercise-induced insulin-
independent glucose uptake rate, and G [mmol/L] is the glucose concentration.

CGM subsystem The CGM subsystem describes the glucose concentration in the
interstitial tissue by

Git) = G _ G’(t)7 (3.12)

TIG TIG

where G; [mmol/L] is the interstitial glucose concentration and 7/ is a time constant.
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3.2.2 Modified UVA/Padova model

The second model we use to describe a virtual population of participants, is a modified
version of the UVA/Padova model [4, 5]. We use the meal model from the Hovorka
model as the original UVA /Padova model only allows simulations of a single meal. This
model does not include exercise or glucagon, but can be extended with the equations
described in Section 3.2.1. Table 3.4 in Section 3.3 lists the parameters.

Insulin subsystem The insulin subsystem describes the insulin in the plasma and
the liver by

I, = —(mg +my) L, + mi I + R, (3.13a)
I = —(my +m3) L, +mal,. (3.13b)

I, [pmol/kg] is the insulin in the plasma and I; [pmol/kg| is the insulin in the liver.
Rais. [(pmol/kg)/min] is the rate of appearance described by

Rai = kaljscl + ka2[5627 (314)

where m; is a rate parameters, and ms, mgs, and my [1 / min] are rate parameters com-
puted as

301
ok 315
"= S HEV,BW' (3.152)
HEbm1
_ i 15b
" THE, (8.15b)
201
_ _ 3.15
"= 5y BW (3.15¢)

Here, C'L [L/kg] is the insulin clearance, H E}, [-] is the basal hepatic insulin extraction,
and BW [kg] is the body weight. The plasma insulin concentration, I [pmol/L] (note
that 1 pmol/L = 3/1000 ng/mL [10].), is

I=1,/V;. (3.16)

Subcutaneous insulin subsystem The subcutaneous insulin subsystem describes
the kinetics of insulin subcutaneous insulin administration by

- U
-[.scl - (kd + kal)-[scl + BW’ (317&)

[862 - kdjscl - kaQIsc% (317b)
where I, and Iy [pmol/kg] represent the insulin in a non-monomeric and monomeric

state, k4, kq1, and kg [1/min] are rate parameters, and u; [pmol/min] is the insulin
infusion rate.
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Glucose utilization subsystem The glucose utilization subsystem describes the
insulin-independent and insulin-dependent glucose utilization by

Ui' = Fcnsa (318&)
(VmO + meX)Gt

Ui - )
d Ko+ Gy

(3.18D)

where U;; [(mg/kg)/min] is the insulin-independent glucose utilization, U;q [(mg/kg)/min]
is th insulin-dependent glucose utilization, Foyg [(mg/kg)/min] is the glucose uptake of
the erythrocytes in the brain, V;,,, [mg L/(kg pmol min)| and K,y [mg/kg| are parame-
ters, X [pmol/L] is the insulin concentration in the interstitial fluid described by

X = —pow X +po(I — 1), (3.19)

where poyy [1/min] is the rate of the insulin action on the peripheral glucose utilization,
I, [pmol/L] is the basal plasma insulin concentration, and V,,o [(mg/kg)/min] is

(EGPb - Fcns)(KmO + th)
Guw ’
Fos — EGPy 4 k1Gpp
ko ’

VmO =

(3.20a)

th =

(3.20b)

where EGP, [(mg/kg)/min] is the basal endogenous glucose production, and Gy, and
Gpy [mg/kg| are the plasma glucose masses.

Meal subsystem The meal subsystem is identical to (3.5) and describes the meal
absorption by

: D
Dy = AgD — =, (3.21a)
D
. D, D
Dy =2 - 22 (3.21D)
D TD

Here, D; [mmol| and D, [mmol] represents the meal absorption as a two-compartment
chain, D [mmol/min] is carbohydrate content of the meal as a rate, Ag [] is the carbo-
hydrate bioavailability, and 7p [min] is the meal time constant.

Glucose subsystem The glucose subsystem describes the plasma glucose in the rapidly
and slowly equilibrating tissues as

G, =EGP+ R, — Uy — E — k1G, + koG, (3.22a)
Gy = ~Uia + k1G, — koG (3.22b)

Gp and G, [mg/kg] are the plasma glucose in the rapidly and slowly equilibrating tis-
sues, respectively. EGP [(mg/kg)/min] is the endogenous glucose production, Ra,,
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[(mg/kg)/min] is the glucose rate of appearance, Uy;, and Uy is the insulin-independent
and insulin-dependent glucose utilization as described in (3.18), £ [(mg/kg)/min] is the
renal excretion, k; and ky [1/min] are rate parameters, and V, [dL/kg] is the glucose
distribution volume. The plasma glucose concentration is computed by

G=G,/Vsg, (3.23)
the glucose rate of appearance by
D,
Rom = ; 3.24
BWTD ( )

and renal excretion is described by

(3.25)

E = kd(GP - ke2)7 if Gp > keQ?
o, if G < ke

Here, k. [1/min] is the glomerular filtration rate and kep [mg/kg] is the renal glucose
threshold.

Endogenous glucose production subsystem The endogenous glucose productions
is described as

EGP = max{(), EGP[, — ka(Gp — pr) — kpg(Id — Ib)}, (326)

where k2 [1/min] is the liver glucose effectiveness and k,3 [mg L/(kg pmol min)] is the
amplitude of the insulin action on the liver. I; and I; [pmol/L] are a two-compartment
chain for the insulin effect on the EGP described by

jl = —kl(ll - I), (327&)
Iy=—ki(I; - I), (3.27b)

where k; [1/min] is a rate parameter.

Subcutaneous glucose subsystem The subcutaneous glucose subsystem describes
the glucose concentration in the subcutaneous tissue (e.g. the tissue a CGM measures
from) by

Gy = —ksGy + koG, (3.28)

where kg, [1/min] is a rate parameter.
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3.3 Parameters

This section lists the parameters of the models described in Section 3.2. Table 3.2 shows
the distribution of the personal parameters. The height is not used in any of the models,
but we generate it such that it is possible to compute, e.g., the BMI. If the sampled
body weight is below 35 kg, we set it to 70 kg and if the resting heart rate is below
35 BPM, we set it to 80 BPM. Table 3.3 shows the parameters used in the extended
Hovorka model and Table 3.4 shows the parameters used in the modified UVA /Padova
model. The data used to construct the parameter distributions is sparse and we assume
that the parameters are not correlated. Therefore, the parameters distributions are
crude approximations. We require that 1) the generated parameters are within one
standard deviation of the mean, 2) the generated time constants are within one order of
magnitude of the mean, 3) the basal rate is above 0.4 U/h, and 4) the steady state is
physical. If these criteria are not satisfied, we discard the parameters and sample a new
set. Furthermore, we also discard parameters sets that lead to a steady state glucose
concentration above 44 [mmol/L] when no insulin is administered. As also mentioned
in the introduction, we describe the models in the original form as ODEs here, i.e., with
o = 0, but a stochastic term can be added to the plasma glucose compartments, (3.9a)
and (3.22a). In Reenberg et al. [1] and Ritschel et al. [2], we used diffusion coefficients of
1.5 mmol/min®? and 270.24/BW mg/(kg min*?) and added measurement noise with a
variance of 0.1 mmol/L ~ 1.8 mg/dL.

3.3.1 Database

We store the virtual participants (i.e. the information shown in Table 3.1) and parame-
ters (i.e. the parameters generated from the distributions listed in Table 3.3 and Table
3.4) in a Postgresql database. The database allows the user to reuse the generated
parameters, but also to sort the population based on certain demographics and simu-
late a subset of the population. Each set of parameters is associated with a unique id.
The database also makes it easy to add parameters for a new population or add more
virtual people to the existing populations. Figure 3.2 shows the example virtual partic-
ipant from Table 3.1 directly in the database. In the database, we add an additional
universally unique identifier (UUID).

Table 3.2: Distributions of the personal parameters.

Symbol | Value or distribution | Unit Description
BW N(70,7%) kg Body weight
Height N(170,7%) cm Height
Age U(17,87) years Age
HRy N(80,5%) BPM | Resting heart rate
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Table 3.3: Model parameters in the extended Hovorka model.

Symbol ‘ Value or distribution ‘ Unit ‘ Description

Parameters presented by Boiroux et al. [11] (see also Wilinska and Hovorka et al. [12, 3])

EGF, N(0.0161,0.0039?) mmol,/min Liver gluc. prod. at 0 ins.
F0, N (0.0097,0.00222) mmol/min Ins. indep. gluc. cons.
Ay U(0.7,1.2) - CHO utilization
k12 N (0.0649, 0.02822) 1/min Transfer Rate
ka1 N(0.0055,0.0056%) 1/min Deactivation Rate
Ea2 N(0.0683,0.05072) 1/min Deactivation Rate
Ka3 N(0.0304,0.0235%) 1/min Deactivation Rate
SIT N(51.2,32.09?) ((L/mU)/min)-10~* Transport ins. sens.
SI1D N(8.2,7.842) ((L/mU)/min)-10~* Disposal ins. sens.
SIE N (520, 306.2%) ((L/mU)/min)-10~* EGP ins. sens.
ku1 ko - SIT (L/mU)/min? Activation Rate
Ko koo - SID (L/mU)/min? Activation Rate
k3 kas - SIE (L/mU)/min? Activation Rate
ke N(0.14,0.035%) 1/min Ins. elim. rate
Vi N(0.12,0.012?) L Ins. dist. volume

In(Ve) N(In(0.15), 0.23?%) L Gluc. dist. volume

In(1/7p) | N(—3.689,0.25?) min Carb. abs. time const.
1/7s N(0.018,0.00452) min Ins. abs. time const.
Model parameters in the model by Rashid et al. [8].

a 0.77 - Ex. param.

tur ) min Ex. param.

tin 1 min Ex. param.

n 3 - Ex. param.

tex 200 min Ex. param.

c 500 min Ex. param.

Ca 100 min Ex. param.

Jé) 0.78 mmol/min Ex-ind. ins. indep. gluc. upt.
o 1.79 - Ex-ind. in. action

Model parameters in the model by Haider et al. [7] and Facchinetti et al. [9].

TIG 6.7 min Interst. gluc. time const.
TGlu 19 min Glucagon time const.
Kau 0.075 (mmol/dL)/(ug/min) Glucagon gain

Figure 3.2: The example virtual participant as it is stored in the database.
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Table 3.4: Model parameters in the modified UVA /Padova model.

Symbol Distribution or value Unit Description
Parameter values based on data collected by Colmegna et al. [5]
Vo N (1.8700,0.10207) dL/kg Distribution volume
k1 N(0.0810, 0.0230?) 1/min Rate parameter
ko N (0.1370,0.05302) 1/min Rate parameter
Ko N (224.2810, 12.2640?) mg/kg Glucose mass (MM)
Epa N (0.0050, 0.00402) 1/min Hep. gluc. effectiveness
Vin N(0.0810,0.0330?)  mg L/(kg min pmol) Ins. sens. on gluc. util.
EGP, N (2.5040,0.3910?) mg/ (kg min) Basal endo. gluc. prod.
CL N (1.0210, 0.3080?) L/min Insulin clearance
Parameter values based on data collected by Kovatchev et al. [13]
Vi N(0.0646, 0.0175?) L/kg Distribution volume
Gh N (147.4100, 8.9390%) mg/dL Basal blood gluc. conc.
my N(0.2109,0.13622) 1/min Rate parameter
kps N(0.0106,0.0068%)  mg L/(kg min pmol) Hepatic ins. sens.
k; N (0.0069, 0.00272) 1/min Delayed ins. action rate
P2u N(0.0246,0.0120?) 1/min Ins. action rate
I N (92.7470,19.66182) pmol/L Basal plasma ins. conc.
ka1 N(0.0016, 0.0005?) 1/min Rate parameter
a2 N(0.0149,0.00522) 1/min Rate parameter
kaq N(0.0161,0.0017?) 1/min Rate parameter
Kse N(0.1033,0.0376%) 1/min Rate parameter
Parameter values presented by Dalla Man et al. [4]
Fos 1.0 mg/ (kg min) Ins.-indep. gluc. util.
ket 0.0005 1/min Glomerular filt. rate
Keo 339.0 mg/kg Renal threshold of gluc.
HE, 0.6 - Basal hep. excre. of ins.
Parameters presented by Boiroux et al. [11] (see also Wilinska and Hovorka et al. [12, 3])
log(1/1p) N(—3.689,0.25%) min Carb. abs.

A, U(0.7,1.2) - Carb. bioavailability




194 H Technical Report

22




H Technical Report 195

CHAPTER 4
Conclusions

In this technical report, we described how we design protocols and generate virtual par-
ticipants for large-scale long-term virtual clinical trials of closed-loop diabetes treatment.
We design four different season dependent days consisting of meals and exercise, and use
them as building blocks for longer protocols. We describe and list the parameters for two
mathematical models to each represent a population of 1 mio. virtual participants and
generate the personal details with Mockaroo. The protocols and virtual participants are
stored in a PostgreSQL database to make them reusable and make it straightforward to
add new protocols and participants.
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Abstract: In this work, we present a switching nonlinear model predictive control (NMPC)
algorithm for a dual-hormone artificial pancreas (AP), and we use maximum likelihood
estimation (MLE) to identify the model parameters. A dual-hormone AP consists of a continuous
glucose monitor (CGM), a control algorithm, an insulin pump, and a glucagon pump. The
AP is designed with a heuristic to switch between insulin and glucagon as well as state-
dependent constraints. We extend an existing glucoregulatory model with glucagon and exercise
for simulation, and we use a simpler model for control. We test the AP (NMPC and MLE) using
in silico numerical simulations on 50 virtual people with type 1 diabetes. The system is identified
for each virtual person based on data generated with the simulation model. The simulations
show a mean of 89.3% time in range (3.9-10 mmol/L) and no hypoglycemic events.

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Artificial Pancreas, Model Predictive Control, System Identification, Optimal

Control, Physiological modeling

1. INTRODUCTION

Type 1 diabetes (T1D) is a chronic metabolic disor-
der which prevents the pancreas from producing insulin.
People with T1D require life-long treatment with daily
injections of insulin in order to prevent hyperglycemia
(i.e., high blood glucose concentrations). Prolonged hy-
perglycemia leads to a range of health complications, e.g.,
cardiovascular disease, chronic kidney disease, and damage
to the nerves and eyes. Over 9% of the world population
suffers from diabetes, 5-10% of those have T1D, and 10%
of the 2019 global health expenditure (USD 760 billion)
was spent on diabetes (International Diabetes Federation,
2019).

The treatment of T1D is tedious and time-consuming,
and if managed poorly, it can lead to both hyper- and
hypoglycemia (low blood glucose concentrations). Hypo-
glycemia can, in severe cases, cause a variety of acute
complications including loss of consciousness, seizures,
and death. Therefore, there is a significant interest in
developing closed-loop diabetes treatment systems based
on feedback control. Such systems are referred to as
artificial pancreases (APs). They consist of 1) a con-
tinuous glucose monitor (CGM) (the sensor), 2) a con-
trol algorithm (e.g., implemented on a smartphone or
a dedicated device), and 3) an insulin pump (the ac-
tuator). Many control strategies have been proposed for

I Corresponding author: J. B. Jgrgensen (E-mail: jbjo@dtu.dk).

this purpose, including fuzzy logic (Biester et al., 2019),
proportional-integral-derivative (PID) control (Sejersen
et al., 2021; Huyett et al., 2015; Jgrgensen et al., 2019),
and model predictive control (MPC). MPC is a closed-
loop feedback strategy that uses the moving horizon op-
timization principle, i.e., it involves solving a sequence of
open-loop optimal control problems (OCPs). Both linear
MPC (LMPC) (Chakrabarty et al., 2020; Messori et al.,
2018), and nonlinear MPC (NMPC) (Hovorka et al., 2004;
Boiroux et al., 2018b; Boiroux and Jergensen, 2018) have
been considered.

Most algorithms are designed for single-hormone systems
where only insulin is administered. Consequently, they are
unable to actively counteract low blood sugar concentra-
tions which can occur in a variety of situations, e.g., in
connection with physical activity. Therefore, researchers
currently investigate dual-hormone systems that admin-
ister both insulin and glucagon (Peters and Haidar, 2018;
Infante et al., 2021). In contrast to insulin, glucagon causes
an increase in the blood glucose level. Moscardo et al.
(2019) develop a dual-hormone control algorithm based on
proportional-derivative (PD) control, and Boiroux et al.
(2018a) develop LMPC algorithms based on a variety
of different transfer function models. Other hormones
than glucagon have also been considered, e.g., pramlintide
which slows down gastric emptying (Haidar et al., 2020).

In this work, we present a dual-hormone NMPC algorithm
for administering insulin and glucagon. The algorithm is

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.

10.1016/j.ifacol.2022.07.561
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based on an extended Medtronic Virtual patient (MVP)
model (Kanderian et al., 2009), and we use maximum
likelihood estimation (MLE) to identify the model param-
eters. We use the continuous-discrete extended Kalman
filter (CD-EKF) in both the parameter estimation and
in the NMPC algorithm. Furthermore, we use a state-
dependent heuristic for switching between administering
insulin and glucagon (which cannot be administered simul-
taneously). We use an extension of the model developed by
Hovorka et al. (2002) to perform closed-loop simulations.
It is extended with 1) a model of the measurement delay
of the CGM (Facchinetti et al., 2014), 2) a pharmacoki-
netic model of subcutaneous glucagon injection (Haidar
et al.,, 2013), and 3) a model of the effect of physical
activity (Rashid et al., 2019). We present numerical results
for 50 virtual people with T1D and demonstrate that the
AP, including the parameter estimation, satisfies the time
in range (TIR) targets described by Holt et al. (2021).

The remainder of the paper is structured as follows. We
present the extension of the model by Hovorka et al. in
Section 2 and the MVP model in Section 3. In Section 4,
we describe the parameter estimation problem, and we
describe the NMPC algorithm in Section 5. We present
the state-dependent switching heuristic in Section 6, and
we discuss the numerical results in Section 7. Finally,
conclusions are given in Section 8.

2. SIMULATION MODEL

The model by Hovorka et al. (2002, 2004) consists of an
insulin subsystem, a meal subsystem, and a glucose sub-
system. We extend it with a glucagon subsystem (Haidar
et al., 2013), an exercise subsystem (Rashid et al., 2019),
and a CGM subsystem (Facchinetti et al., 2014).

2.1 Insulin subsystem

The insulin absorption and insulin concentration are de-

scribed by

&m:w@—%9, (1a)
i) = 529~ kro), (19

where S; and S; [mU] are a two compartment chain
representing the insulin absorption, 7¢ [min] is the insulin
absorption time constant, I [mU/L] is the plasma insulin
concentration, V7 [L] is the insulin distribution volume,
and k. [1/min] is the elimination rate. ur = upa + Upo
[mU/min] is the insulin infusion rate where up, [mU/min]
is the basal infusion rate and up, [mU/min| is the bolus
infusion rate.

2.2 Insulin action subsystem

The insulin action on the glucose kinetics is described by

j?l(t) = k‘bll(t) — kall'l (t), (2&,)
.Ig(t) = ]CbQI(t) — kag.TQ(t)7 (2b)
3'33(1’) = kbgf(t) — ka3l‘3(t), (2C)
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where z7 [1/min], 2o [1/min], and x5 [1/min] represent
the effects of insulin on the glucose distribution, the
glucose disposal, and the endogenous glucose production.
Furthermore, ky; [(L/mU)/min?] and kq; [1/min] for i =
1,2, 3 are the activation and deactivation rate constants.

2.3 Meal subsystem

The meal absorption subsystem is represented by

: Dy (1)

Dy (t) = AgD(t) - T (3a)
Do(r) = 220 2200, (3b)

where Dy [mmol] and D, [mmol] are a two compartment
chain representing the meal absorption, D [mmol/min] is
the meal carbohydrate content, Ag [-] is the carbohydrate
bioavailability, and 7p [min] is the meal time constant.

2.4 Glucagon subsystem

The glucagon subsystem is described by

G
Q50 = ualn - B, (40)
) G G
agn-C 0% @

where QF [ug] and QY [ug] are a two-compartment chain
representing the glucagon absorption, ug [pug/min] is the
glucagon infusion rate, and 7¢y,, [min] is a time constant.

2.5 Exercise subsystem

The exercise model describes the increased glucose con-
sumption and insulin sensitivity during and after physical
activity. The effect of high-intensity exercise is not mod-
eled. The exercise subsystem consists of

HR(t) — HRy — Ey(t)

El (t) - THR ? (5&)
Tot) = cifm(t) —: co — TE(t)7 (5b)
B = (P20 1 1 ) o + o
(5¢)
(&%)

fea(t) = (5d)

B (t n»
1+(m§%)
where Eq [BPM] is the short-term effect, Fy [min] is the
long-term effect, T [min] is the characteristic time for the
long-term effect, HR [BPM] is the heart rate, H Ry [BPM]
is the resting heart rate, 7y [min] is the time constant,
¢, [min] and ¢p [min| define the steady state value for T,
Tew |min] is the time constant for how fast Ty reaches
steady state, and a [-], n [], and 7, [min] specify the
intensity and time constant of the long-term effect on the
insulin sensitivity.

2.6 Glucose subsystem

The glucose kinetics are represented by
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Qi) = P20 — B o) Felt) - (0Q1(0)  (60)
+ klez(t) + EGP(t) + Qa(t) — Qpaa(1),
Qa(t) = 21 (1) Q1 (1) — k12Qa(t) — 22Qa(t) (6b)
+ Qp21(t) — Qea2(t) — Qei(t),
where
EGP(t) = EGPy(1 - xs(t)), (7a)
Qa(t) = KGluVGQ2 (t), (7b)
Qu21(t) = aBs (1)1 (£) Q1 (1), (7c)
Qua2(t) = aBa(t) z2(t)Qa(t), (7d)
Qei(t) = H}(Zt) (7e)
and
F G(t) > 4.5 mmol/L, )
Fore(t) {inG(t)/ZL.S otherwise, (82)
Fr(t) = {0 .003(G(t) — 9 Ve (C)thltgrvzvizefnmol/L, (8D)
Gy = 2l (8¢)

where @1 [mmol] and Q2 [mmol] represent the accessible
and non-accessible compartments, k12 [1/min] is the trans-
fer rate, Fp; [mmol/min] and Fy; . [mmol/min| are the
nominal and corrected total non-insulin dependent glucose
flux, Fr [mmol/min] is the renal glucose clearance, Vg [L]
is the glucose distribution volume, EGP, [mmol| is the
endogenous glucose production, K¢y, [(mmol/L)/pug/min]
is the glucagon gain, a [1/min?] is the exercise-induced in-
sulin action, 8 [mmol/min]| is the exercise-induced insulin-
independent glucose uptake rate, and G [mmol/L] is the
glucose concentration.

2.7 CGM subsystem

The CGM subsystem describes the glucose transfer from
the plasma to the interstitial tissue by
G](t):&—%7 (9)
TIG TIG
where G [mmol/L] is the interstitial glucose concentration
and 77¢ is a time constant.

3. CONTROL MODEL

In the AP, we use an extension of the Medtronic Virtual
patient (MVP) model (Kanderian et al., 2009) represented
as a system of coupled stochastic differential equations.
The MVP model describes the glucose-insulin dynamics
and we extend it with the meal subsystem, the glucagon
subsystem and the CGM subsystem from the simulation
model described in Section 2.

3.1 Insulin subsystem
The insulin absorption subsystem consists of
ot ot
dIsc(t) =k (%Iw;() - Isc(t)) dt

dIp(t) = ko (Isc(t) — Ip(t))dt (10b)
where Igc [mU/L] is the subcutaneous insulin concen-
tration, Ip [mU/L] is the plasma insulin concentration,

(10a)
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ko = k1 [1/min] is the inverse insulin absorption time
constant, and C; [L/min] is the insulin clearance rate.

3.2 Glucose subsystem

Here, we describe the insulin effect, the blood glucose
concentration and insulin sensitivity. The blood glucose
concentration and insulin sensitivity is modeled as stochas-
tic differential equations:
dlprpr(t) = p2 (S1(t)Ip(t) — Iprr (1)) dt, (11a)
dG(t) = [-(GEZI + Igrr(t))G(t) + EGP (11D)
+ Ra(t) + Kan QS (1)]dt + oadwe(t),
dlog(S;(t)) = os,dws, (t), (11c)
where Igpp [1/min] is the insulin effect, ps = k; [1/min] is
the inverse insulin action time constant, Sy [(L/mU)/min]
is the insulin sensitivity, GEZI [1/min] is the glucose
effectiveness, EGP [(mmol/L)/min] is the endogenous
glucose production, og and og, are the glucose and insulin
sensitivity diffusion coefficients, and wg and wg, are
standard Wiener processes. The meal rate of appearance,
R4 [(mmol/L)/min], is
kDo (t)

Ra(t) =
A(t) Vo
where k,, [1/min] is a time constant.

4. PARAMETER ESTIMATION

(12)

‘We use MLE based on the CD-EKF to estimate the param-
eters in the MVP model given N + 1 CGM measurements

of the blood glucose concentration, Yn = {y0,y1,---, Y~ }-
The MVP model is in the form

dz(t) = f(t, x(t), u(t),d(t), 0)dt + o(0)dw(t),  (13a)

Yk :g(tk,zkﬂ) +Uk, (13b)

where ¢ is the time, = are the states, u are the manipulated
inputs, d are the disturbances, 6 are the parameters, and
yr = y(tx) are the measured variables. o is the diffusion
coefficient, w is a standard Wiener process (i.e., dw(t) ~
N(0,1dt)), and vy ~ N(0, R) is the measurement noise.

The MLE of the parameters, 6, is given by

0 = arg min V(6), (14)
where V' is the negative log-likelihood function:
V(0) = —logp(Yn10). (15)

Here, p(Yn10) is the conditional probability density func-
tion of the stochastic observations in the system (13)
evaluated at the observed blood glucose concentrations for
a given set of parameters, 6. The negative log-likelihood
function is given by

V(o) = U 1og(on Zlog[det +(0)
+er(0)" [Rer(0)) " er(9), (16)
where n, =1 and e (0) is the innovation:
ex(0) = yr — Jrjr—1(0)- (17)

Given an initial estimate of the states (which is also
estimated) and their covariance, #(f) and Py, we use
the CD-EKF to compute the one-step predictions of the
observed variables, g x—1(0), and the covariance of the
innovations, R, (0). We refer to the paper by Boiroux
et al. (2019) for more details.



204

| Conference Paper - DYCOPS 2022

918

5. NONLINEAR MODEL PREDICTIVE CONTROL

The NMPC algorithm receives a CGM measurement of
the blood glucose concentration every 5 minutes. Subse-
quently, the CD-EKF is used to compute a filtered es-
timate of the states which is used as the initial states,
T, when solving the following OCP for the manipulated
inputs.

_min ¢ =o([@® {uisy),  (18a)
[=()],] Aun !
subject to
l’(to) = fo, (18b)
&(t) = f(t,x(t),u(t),d(t),0), te [to,ts], (18c¢)
u(t):uk., te [tk,tk+1[, ]CZO,...,N—]., (18d)
d(t) = dy, t€ [ty tral, E=0,...,N—1, (18)

(

Umin < Uk < Umax, =0,...,N—1. (18f)
The prediction and control horizon, [to,%], is 6 h, and
each of the N control intervals is 5 min. The objective
function in (18a) is described in Section 5.1, (18b) is
the initial condition, (18c) is the MVP model where
the process noise is disregarded, (18d)—(18e) are zero-
order-hold parametrizations of the manipulated inputs
and the estimated disturbance variables, and (18f) are
bounds on the manipulated inputs. Only the first set of
manipulated inputs, ug, are administered before a new
CGM measurement is received and the horizon [tg,ts] is
shifted by one control interval.

5.1 Objective function

The objective function depends on whether insulin or
glucagon is administered. In both cases, it is in the form
ty N-1

PN+ 3 pulun), (19)
k=0

¢ =
to
where p, and p,, are penalty functions and the outputs (the
CGM measurements of the blood glucose concentration)
are z(t) = g(t, z(t),0).

The penalty function in the first term of (19) is

p2(2) = azpz(2) + Oz Pmin (2) + Qi Pz (2), - (20)
where 1) the first term penalizes the deviation of the blood
glucose from the setpoint Z = 6 mmol/L, 2) the second
term penalizes hypoglycemia (z < zmin = 4.5 mmol/L),
and 3) the third term penalizes hyperglycemia (z > zpax =
10 mmol/L):

1
p=(2) = 5( = 2)°, (21a)
1
Pzmin (Z) = i(mln{07 = Zmin})z, (21b)
1
Pzimax (Z) = §(max{0, z = Zmax})z- (21C)
The weights in (20) are oz = 1, a,, = 10%, o, = 50
when computing the insulin flow rates, and o, . = 0

when computing the glucagon flow rate. The penalty
function is shown in Fig. 1. As is evident, preventing
hypoglycemia has the highest priority.

When computing the insulin flow rates, the penalty func-
tion in the second term of (19) is

Pu(Ur) = puba(Uba,k) + Pubo(Ubo,k), (22)

Asbj®rn Thode Reenberg et al. / IFAC PapersOnLine 55-7 (2022) 915-921
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Fig. 1. Blood glucose penalty function when administering
insulin (blue) and glucagon (black).

where
Puba(Ubak) = [Ubak — Ubak 3, (23a)
pu,bn(ubo,k) = “ubo,k ‘17 (23b)
in order to penalize excursions from the nominal basal rate

Upq,r, and to promote the administration of fewer larger
insulin boluses. When computing the glucagon flow rate,

pulur) = |luc,kll3, (24)
in order to minimize the administered glucagon.

5.2 Numerical solution

We use a multiple-shooting approach (Bock and Plitt,
1984) to transcribe (18) by discretizing the dynamic con-
straint (18c) and the integral in (19) using an explicit
Runge-Kutta method with fixed step size. The result
is a nonlinear program which we solve using a sequen-
tial quadratic programming (SQP) method (Nocedal and
Wright, 2006).

6. HEURISTICS

the NMPC algorithm, we use a set of heuristics to
switch between administering insulin and glucagon,
compute upper bounds on the manipulated inputs,
modify algorithmic hyperparameters during exercise,
and 4) post-process the manipulated inputs computed by
solving the OCP (18).

6.1 Switching between insulin and glucagon administration

Insulin and glucagon should not be administered simul-
taneously. Therefore, we switch between them based on
the blood glucose concentration. If the blood glucose
concentration becomes lower than 4.5 mmol/L, the AP
switches to glucagon administration. Conversely, if it be-
comes higher than 5 mmol/L, the AP switches to admin-
istering insulin. However, for 1 h after each meal, only
insulin can be administered.

6.2 Bounds and meal-specific heuristics

The upper bounds on the insulin and glucagon boli are
updated at the beginning of every control interval (i.e.,
whenever a CGM measurement is obtained). Furthermore,
the upper bound on the insulin basal rate is twice the
target basal rate, i.e., 2upq, 1, and the lower bounds on all
three manipulated inputs are 0.

The upper bound on the insulin bolus is
max

hist
Upo,k =

corr meal =
max{ev ubo,k + ubn,k - ubo,k ’ (2‘))
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corr

where € = 1073 [-], 4§95 is the maximum correction bolus

infusion rate, uinea!

rate, and ui‘é"}c is the sum of the insulin bolus infusion

rates administered during the previous 11 control intervals.
If a meal was announced at time tx, or if no meal was
announced in the last hour,

corr 1 G — 10 mmol/L
Upo = Max { 0, 7. ISF [’

where ISF [(mmol/L)/mU] is the insulin sensitivity fac-
tor and 75 = 5 min is the sampling time. Otherwise,
uggrz = ujor_1- If a meal was consumed within the last
hour, the maximum meal bolus is

is the maximum meal bolus infusion

(26)

meal

U =max< 0 li
bok "T,ICR |’

where d [g CHOJ is the announced carbohydrate content
of the last meal, v = 1.15 [] is a bolus allowance factor,
and ICR [g/mU] is the insulin-to-carb ratio. Otherwise,
ug(‘fgl = (. Finally, the insulin bolus history is

(27)

11

U?ﬁe = Zubn,kfj\k—jy (28)
Jj=1

where 1, x|, is the insulin bolus infusion rate in the

k’th control interval. When a meal is announced, we set

ulist = 0. The history spans 11 control intervals in order

to bound the amount of bolus insulin over each 1 h period.

The maximum glucagon bolus is computed by

max hist

ugy = max{e, ug™ — UGk} (29)
;;max

where 43 = 300 pug and the glucagon bolus history is

23
uldh = UG k—jk—j- (30)
Jj=1

Here, ug i, is the glucagon infusion rate in the k’th
control interval. As for the insulin bolus history, the
glucagon history spans 23 control intervals in order to
bound the amount of glucagon administered over each 2 h
period.

Finally, to avoid that the insulin sensitivity is adjusted
after a meal, the insulin sensitivity diffusion coefficient is
set to zero if a meal was consumed within the last hour.
Otherwise, it is set to the value estimated during the
parameter estimation. Additionally, in the CD-EKF, we
set the state variance of log St as well as the corresponding
covariances with the other states to zero when a meal is
announced, and we enforce that

log S7(0) — 1 < log S¢(t) < logSr(0)+1 (31)

using clipping, where log S;(0) is estimated during the
parameter estimation.

6.3 Ezercise logic

During physical activity, the setpoint, Z, is increased from
6 mmol/L to 7 mmol/L, the glucagon switching threshold
is increased to 7 mmol/L, and a glucagon dose of 100 ug
is administered if the blood glucose concentration is below
7 mmol/L when the physical activity is initiated.

919

6.4 Post-processing and open-loop fallback strategy

Once the solution to the OCP (18) has been obtained, the
resulting manipulated inputs in the first control interval
are rounded to the pump resolution which is 0.01 U/h
for the insulin basal rate, 0.1 U for the bolus insulin, and
0.01 pg/h for the glucagon infusion rate.

Furthermore, the AP algorithm is intended to be used by
real people, e.g., in clinical trials. Therefore, as a safety
measure, we implement the following open-loop strategy
if unforeseen circumstances prevent the solution of the

OCP (18).

<8. 1/L
Upa, kb = {0, G 0 mmol/L, (32a)
’ Upq,,; Otherwise,
Upo,klk = 0, (32b)
in{1 G 4. 1/L
e = min{15 pg,uai} G < 5 mmol/L, (320)
’ 0 otherwise.
7. RESULTS

In this section, we present the results from testing both the
system identification and the artificial pancreas in a virtual
clinical trial with 50 virtual people with T1D. We estimate
the parameters in the control model from data generated
with the simulation model individually for each person. We
estimate the parameters k,,, 7p, Vo, EGP, 0g, and g, as
well as the initial states in the MVP model. The remaining
parameters are fixed. We estimate IC'R as described by
Sejersen et al. (2021) and ISF = 2 mmol/L/U for all
participants. We show the generated data and a simulation
(without process noise) with the estimated model in Fig. 2
for one virtual person. In the virtual clinical trial, we use
the protocol shown in Fig. 3. In Fig. 4, we show the closed-
loop simulation for the person identified in Fig. 2. We
divide the blood glucose concentration into the following
5 ranges (Holt et al., 2021) given in mmol/L. Red: severe
hypoglycemia (below 3). Light red: hypoglycemia (3-3.9).
Green: normoglycemia (3.9-10). Yellow: hyperglycemia
(10-13.9). Orange: severe hyperglycemia (above 13.9). For
this person, the administered meal bolus is at the limit for
most of the meals, but for the snack, we see that only a part
of the allowed bolus is administered. The AP is allowed
to give the remaining bolus insulin for 1 hour after the
snack. The basal rate is increased after the meals where
the bolus size is constrained, as the control model predicts
the meal to have a larger effect than what the allowed
bolus can correct for. Due to the high insulin dose after
the dinner, the AP administers a small dose of glucagon.
Furthermore, we see that the AP is allowed to give a
small correction bolus after the dinner, but once the blood
glucose concentration is below 10 mmol/L, the correction
bolus is no longer allowed. It is desired to administer a
larger meal bolus and compensate by decreasing the basal
rate to reduce the postprandial peak. However, for safety
reasons, we have a limit on the maximum bolus even
though it can decrease the performance of the AP for some
people. After the person begins to exercise, the setpoint is
increased and a glucagon bolus of 100 ug is administered.
Fig. 5 and 6 show the TIR for all 50 virtual people. The
average time in normoglycemia is very high at 89.3%, with
8.7% in hyperglycemia, 2% in severe hyperglycemia and no
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Fig. 2. Generated data and simulation with the estimated
model for one virtual person. From the top: 1) the
CGM data (blue circles) and simulation (red line), 2)
the meal carbohydrate content, 3) the insulin basal
rate, and 4) the insulin boli.
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Fig. 3. The protocol used in the virtual clinical trial. The
protocol consists of a dinner of 75 g CHO, sleep, a
breakfast of 50 g CHO, a lunch of 75 g CHO, a snack of

15 g CHO, and finally, exercise of moderate intensity.

time in hypoglycemia. The person with the lowest time in
normoglycemia still spends more than 70% of the time in
normoglycemia which is the minimum recommended by
Holt et al. (2021). From Fig. 6, we see that the 50 virtual
people receive relatively low total daily insulin doses
and are sensitive to insulin. The amount of administered
glucagon is fairly low and at a reasonable level.

8. CONCLUSION

In this paper, we present a dual-hormone AP algorithm for
controlling the blood glucose concentration in people with
T1D. The AP is based on a switching NMPC algorithm,
and we use an extension of the MVP model for prediction.
Furthermore, we use MLE to estimate the model param-
eters. The CD-EKF is used in both the NMPC and the
MLE algorithm. We test the algorithm using an extension
of the model by Hovorka et al. (2002), and we demonstrate
that the average TIR for 50 virtual people with T1D in a
virtual clinical trial is 89.3%. Furthermore, none of the
virtual people experience any hypoglycemic events.
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ABSTRACT

In this work, we present the DiaCon dual- and single-hormone artificial pancreas (AP) for controlling
the blood glucose concentration (BGC) in people with type 1 diabetes. A dual-hormone AP can
administer insulin to lower the BGC and glucagon to increase the BGC. A single-hormone AP is
limited to insulin administration and is therefore unable to actively prevent low BGCs (hypoglycemia).
Severe hypoglycemia can have acute consequences, such as loss of consciousness and seizures. A dual-
hormone AP consists of a continuous glucose monitor (CGM), an insulin pump, a glucagon pump, and
a control algorithm. The control algorithm is implemented using a smartphone that also receives the
sensor measurements and sends instructions to the pumps. The control algorithm computes the insulin
or glucagon infusion rate that is administered until the next measurement is received. The DiaCon AP
is based on a nonlinear model predictive control (NMPC) algorithm that uses heuristics to switch
between insulin and glucagon administration. The heuristics also ensure that insulin and glucagon are
never administered simultaneously. The NMPC algorithm is based on stochastic differential equations
and we estimate the states using the continuous-discrete extended Kalman filter (CD-EKF). The model
parameters are estimated using a prediction error method (PEM). We present the hardware components
and show how it is technically feasible to solve NMPC problems on a smartphone. We discuss the
limitations and potential of the dual-hormone AP as well as the NMPC algorithm. The dual- and
single-hormone AP has been tested in a clinical trial with adolescents with type 1 diabetes. The AP
achieved a mean of 62.9% and 76.0% TIR time in range (TIR) (3.9-10 mmol/L) for the DH and SH
configuration respectively, and 75.3% and 78.8% TIR when disregarding the studies where there were
significant technical issues or where no glucagon was administered. The technical issues included

pressure induced sensor attenuations (PISAs) and loss of connection to the pumps.

1. Introduction

Type 1 diabetes (T1D) is a chronic metabolic disorder
which leads to an autoimmune destruction of the pancreatic
f cells and prevents insulin production. Therefore, people
with T1D require life-long insulin treatment to prevent high
blood glucose levels (hyperglycemia). Extended periods of
hyperglycemia can lead to a range of complications, e.g.,
cardiovascular disease, chronic kidney disease and damage
to the nerves and eyes. Conversely, too much insulin can lead
to low blood glucose levels (hypoglycemia). Hypoglycemia
can in severe cases lead to acute complications, such as
loss of consciousness and seizures. Managing the treatment
is thus necessary, but also tedious and time-consuming.
Therefore, there is an increasing interest in developing safe
automatic closed-loop diabetes treatment systems based on
feedback control. Such systems are known as artificial pan-
creases (APs). APs consist of 1) a continuous glucose moni-
tor (CGM), 2) a control algorithm (here, implemented us-
ing a smartphone), and 3) one or more pumps. The con-
trol algorithm computes the insulin or glucagon infusion
rates administered through the pumps. A variety of con-
trol algorithms have been applied, including fuzzy logic

*Corresponding author
¥4 jbjoedtu.dk (J.B. Jgrgensen)
ORCID(S):

(Biester et al., 2019), proportional-integral-derivative (PID)
control (Huyett et al., 2015; Jgrgensen et al., 2019; Sejer-
sen et al., 2021), linear model predictive control (LMPC)
(Chakrabarty et al., 2020; Messori et al., 2018), nonlinear
model predictive control (NMPC) (Boiroux et al., 2018b;
Boiroux and Jgrgensen, 2018; Hovorka et al., 2004), and
algorithms based on a modular architecture (Breton et al.,
2012).

There are currently only single hormone (SH) APs commer-
cially available. SH APs are only able to administer insulin
and are unable to actively prevent low blood sugar concen-
trations, which may occur because of, e.g., exercise, over-
bolused meals, stress and physiological variability. There-
fore, researchers investigate dual-hormone (DH) APs where
glucagon can be administered in addition to insulin (Bionic
Pancreas Research Group, 2022; Blauw et al., 2021; Infante
et al., 2021; Peters and Haidar, 2018). Glucagon causes an
increase in the blood glucose concentration. A number of ap-
proaches have been suggested for DH algorithms. Moscardo
et al. (2019) suggested a coordinated control strategy based
on PD control and Boiroux et al. (2018a) suggested LMPC
algorithms based on transfer functions, but currently no DH
APs based on NMPC have been tested in a clinical trial.
There are also systems that use other hormones, such as
pramlintide that slows gastric emptying (Haidar et al., 2020).
However, previous clinical evaluations of DH APs have not
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demonstrated the expected improved performance compared
to SH systems (Haidar, 2019; Haidar et al., 2016). Some
studies have indicated improved performance during and
after exercise (Castle et al., 2018; Taleb et al., 2016) and
in the more recent studies, the ilLet bionic pancreas by
Beta Bionics and the Inreda Diabetic AP showed improved
outcomes for the DH AP compared to the SH AP (Bionic
Pancreas Research Group, 2022; Blauw et al., 2021; Castel-
lanos et al., 2021). Children and adolescents have proven
more challenging for closed-loop systems (Fushimi et al.,
2020) and only the trial by Bionic Pancreas Research Group
(2022) included chrildren and adolescents.

In Reenberg et al. (2022), we introduced the DiaCon DH
AP system based on NMPC, described how it was prepared
for clinical trials and tested using in silico simulations.
In this work, we show the hardware that is used in the
trial, present the algorithm, and describe the optimal control
problem (OCP) we solve using the smartphone. We discuss
the benefits and technical challenges related to using APs
in general and the specific challenges related to DH APs.
Furthermore, we summarize and discuss the results from a
clinical trial where the DH AP and SH AP was tested for
adolescents (n = 11) and compare with the results from the
simulations in Reenberg et al. (2022). The insulin algorithm
is identical for the DH and SH configuration of the AP. The
clinical trial and primary outcomes are presented in detail in
Lindkvist et al. (2023). We evaluate the performance of the
APs based on the targets specified by Battelino et al. (2019).
The remainder of the paper is structured as follows. We
introduce AP systems and present the DiaCon AP system
and hardware in Section 2. In Section 3, we introduce the
Medtronic virtual patient (MVP) model. We describe the
state estimation in Section 4 and the system identification
in Section 5. In Section 6, we present the OCP, and de-
scribe how we solve it. We present the safety constraints
and heuristics used to switch between insulin and glucagon
administration in Section 7. In Section 8, we describe the
clinical trial and summarize and discuss the results. Finally,
we conclude in Section 9.

2. Artificial pancreas systems

The development of artificial pancreas systems has been
accelerating over the last 20 years (Templer, 2022). The first
hybrid closed-loop system (Medtronic MiniMed 670G) be-
came approved for commercial use in 2016. Hybrid closed-
loop systems require the users to manually announce, e.g.,
meals and exercise. Contrarily, fully automatic closed-loop
systems require no interactions from the user. Currently, only
hybrid closed-loop single-hormone systems are commer-
cially available in Europe or the US, but both fully automatic
and multihormonal closed-loop systems are an active field of
research.

2.1. DiaCon AP system

The DiaCon AP system is categorized as a hybrid mul-
tihormonal closed-loop system as it requires the user to
announce meals and exercise, but can administer both insulin

Figure 1: The DiaCon AP system. The system consists of 1)
an Android smartphone, 2) a Dexcom G6 sensor, 4) a Dana
Diabecare RS pump for insulin administration, and 5) another
Dana Diabecare RS pump for glucagon administration.

and glucagon. The system consists of two Dana Diabecare
RS pumps (one for insulin and one for glucagon), a Dexcom
G6 sensor, and a Samsung galaxy A5 2017 smartphone.
Fig. 1 shows a picture of the hardware. The DiaCon app
is installed on the smartphone and provides an interface
for the AP. Both the graphical user-interface and the un-
derlying numerical methods are implemented in Java. The
smartphone performs all computations and communicates
with the sensor and pumps through a bluetooth connection.
Therefore, the AP also works without connection to the
internet. However, the AP requires estimation of model pa-
rameters and we require the user to provide glucose, insulin
and meal data before the AP can be used. The parameter
estimation is performed on a computer and the parameters
are provided to the smartphone. The model parameters are
the same for both the DH and SH configuration of the AP.
Fig. 2 shows a flowchart of the closed-loop system as well
as the pre-trial preparations.

3. Model

‘We use an extension of the MVP model (Kanderian et al.,
2009) in the AP. The model consists of the glucose-insulin
dynamics from the MVP model, the meal subsystem by
Hovorka et al. (2004), the glucagon subsystem by Haidar
et al. (2013), and the CGM subsystem by Facchinetti et al.
(2014). Fig. 3 shows an overview of the model. We can write
the model as an uncertain dynamical system in the form

dx(t) = f(t,x(t),u(®),d(t),0)dt + c(0)dw(t),
Vi = 8(ty, xx, 0) + vy

(1a)
(1b)

Here, f(-)dt represents the deterministic part of the model. ¢
is the time, x are the states, u are the manipulated inputs (i.e,
insulin and glucagon administration), d are the disturbances
(meals), y, are the measured variables and ¢ are the diffusion
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Figure 2: Flowchart of the pre-trial preparations and the DiaCon AP as a closed-loop system. Top left: Example of CGM, meal, and
insulin data received before the studies. Top right: Parameter estimation using the data provided by the participants. Bottom: We
enter the model parameters in the smartphone that is connected to the sensor and pumps. The smartphone reads the sensor and
estimates the states using the extended Kalman filter based on the measurement. We then update the constraints, select either
insulin or glucagon administration and solve the optimal control problem. The post-processing routine evaluates the solution,
checks the predictions, and rounds the input to the pump resolution before writing the instructions to the pump. The full control
algorithm is described in Algorithm 1.

model coefficients. The measurement noise, vy, and the 3.1. Insulin subsystem

process noise, dw, are standard Wiener processes, i.e., The insulin subsystem describes the absorption of the
insulin administered by the insulin pump. The pump admin-

do(t) ~ N;;4(0, Idt), (2)  isters insulin in subcutaneous tissue, but only the insulin

Ui ~ N;;y(0, R). 3) in the plasma affects the glucose concentration. The insulin

subsystem is represented by

Al se(t) = ky <M - Isc(t)> dr,  (4a)
I
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Figure 3: A diagram of the extended version of the MVP
model. The MVP model is used for prediction in the AP.

Geem

GEZI+lgrr

d1p(t) = ky (Isc() = Ip(®)) dt, (4b)

where I~ [mU/L] is the subcutaneous insulin concentra-
tion, Ip [mU/L] is the insulin concentration in the plasma,
uy, [mU/min] represents the basal insulin infusion rate and
uy,(¢) is the bolus insulin infusion rate, that both enter
through the subcutaneous tissue, and the total insulin infu-
sion rate is thus u;(t) = up, (1) + uy, (1), ky = ki [1/min] is
the inverse insulin absorption time constant, and C; [L/min]
is the insulin clearance rate.

3.2. Meal subsystem
The meal absorption subsystem is described by

S D, (1)
D(t) = AgD(t) — ——, (5a)
Tp
Dz(’) = M — % (5b)
Tp Tp

Here, D; [mmol] and D, [mmol] form a two-compartment
chain to describe the meal absorption from the stomach into
the intestine before it appears in the blood, D [mmol/min]
represents the amount of carbohydrates in the meals, Ag [-]
is the carbohydrate bioavailability, and 7, [min] is the meal
absorption time constant.

3.3. Glucagon subsystem
The glucagon subsystem is represented by

0,0 = ugty - 22, (6a)
TGlu

Qz(f) = % _ % (6b)
TGlu TGlu

0O, [pg] and Q, [ug] are a two-compartment chain to de-
scribe the glucagon absorption from the subcutaneous tissue
to the plasma, ug [p#g/min] is the glucagon infusion rate and
Ty, [min] is the glucagon absorption time constant.

3.4. Glucose subsystem
The glucose subsystem is represented as a set of stochas-
tic differential equations

dIppp(t) = py (S;OIp(t) — Igpp®)dt,  (Ta)

dG(t) = [<(GEZI + I ppp(1))G(t) + EGP
(7b)

+ Ry (1) + K, 0, (D1d1 + oadwg(t),
dlog(S;(1) = o5, dwg, (1), (7c)

where Ippp [1/min] is the insulin effect, p, = k; [1/min]
is a time constant, .S; [(L/mU)/min] is the insulin sensi-
tivity, GEZI [1/min] is the glucose effectiveness, EGP
[(mmol/L)/min] is the endogenous glucose production, o is
the glucose diffusion coefficient, o, is the insulin sensitivity
diffusion coefficient, and wg and wg, are standard wiener
processes. The insulin sensitivity, .S 7, is adaptive and up-
dated using the CD-EKF. The adaptive insulin sensitivity de-
scribes the change in insulin sensitivity that happens during
and after exercise. Furthermore, the log-transform ensures
that it remains positive. Finally, the rate of appearance,
R, [(mmol/L)/min], is represented by

ko, Dy(1)

R, = %
G

, ®
where k,, [1/min] is a time constant.

3.5. CGM subsystem

Since a CGM measures the glucose concentration in the
interstitial tissue, we extend the MVP model with the CGM
subsystem

Grin=40 G0 ©
TIG TIG

to describe the interstitial glucose concentration, G; [mmol/L],
where 7} is a time constant.

4. Extended Kalman filter

‘When a new CGM measurement is received, the states
and insulin sensitivity are estimated using a continuous-
discrete extended Kalman filter (CD-EKF) (Jazwinski, 2007).

4.1. Filtering

The CD-EKF computes the filtered state, fck| x> and its
covariance, Py, given the previous one-step prediction,
Xkjk-1> and, Py_;, and a measurement, y,. The predicted
measurement and its derivative is given by

Vitk—1 = 8> Xpejge—1, s (10a)

ag .. .
C, = a(zk,xk,k_l,e). (10b)

From the predicted measurement, the innovation and covari-
ance of the innovation, can be computed as

e = Yk — Pijk-15 (11a)
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Rei = CePi—1Cf + R, (11b)
and the Kalman gain as

Ky = Pio1CL R 12)
‘We then obtain the estimated state-covariance pair

Rk = Rppe—1 + Ky e (13a)

Paie = Peet = Ky Rea K o (13b)

We can guarantee positive definiteness of the covariance of
the filtered state, Py, by using the Joseph stabilized form
(Schneider and Georgakis, 2013)

T T
P = U=K 5k C) P (T =K 4 1 Cp) +fo,kRfo,k~

14

4.2. Prediction
From the estimated state-covariance pair (13), we can
obtain the one-step prediction

pripe = Xerq1)s (15a)
Piyik = Pty (15b)
as the solution to
d . N
Exk(t) = f(t, X (@), uy, dy, 0), (162)
d
2D = A OPO + P AD"
+ 0 (No ()7, (16b)
fort, <t <t,,, where
d .
40 = L6304, 0) (172)
o (1) = o(t, X (1), uy, dy., 0), (17b)
with the initial condition
Re(t) = Rpies (18a)
P(t) = Py (18b)

5. System identification

We receive data from each participant to identify the
system before the clinical trials. The data consists of CGM
values, meal information and insulin infusion rates. We
estimate the parameters in the MVP model with a maximum
likehood based PEM using the CD-EKF. We refer to Boiroux
et al. (2019) for more details.

5.1. Maximum likelihood based prediction error
method
Let I be a set of experimental data, i.e.

L1 = g weo di} VL, Iy = {yo ) (19)

The aim is to maximize the conditional probability density,
p(In10). Since we assume that the inputs, u;, and distur-
bances, d,, are deterministic, we can express the conditional
probability density as

PINIO) = p(YNn,YN=1s--->Y0lO). (20
Let the negative log-likelihood function
V(6) = - log(p(Yy10)), 2D

be expressed as

(N + Dn, | ¥
V(6) = — log(27) + 3 2 (log[det(R, (6))]

k=0
+ e (O [R, 1 (0)] e (0)), (22)
where n, = 1 and the innovation, e;, and its covariance,

R, ., are computed with the CD-EKF (11). The objective
is to the find the set of parameters, 9, that minimizes the
negative log-likelihood function (22), i.e.,

0 = arg 9,29129“ V(0), (23)

where § ~ N (8, P,) and with the constraints §, < 6 < 6,,.

6. Optimal control problem

Every 5 minutes, we solve an OCP to compute the insulin
or glucagon dose. We assume zero-order hold parametriza-
tion of the manipulated inputs, u(?), and disturbances, d(t),
ie.,

u(t) = uy, t St <ty (24a)
dit)=d;, 1, <t<tp. (24b)
We solve an OCP in the form
. t —_
min ¢ = d(xO] (we} ), (252)
], (e ) !
subject to
x(19) = Xo, (25b)
x(t) = f,x@),u(®),d(®),0), 1€ltyt7], (250)
ult) =uy, €Ity tipl, k=0,...,N -1,
(25d)
dty=d,, 1€ [tgtenl, k=0,...,N -1,
(25e)
Uin < U < Upaxo k=0,...,N—1.
(25f)

We describe the objective function (25) in section 6.1. (25b)
is the initial condition, (25c¢) is the deterministic version of
the extended MVP model described in Section 3, (25d)-(25¢)
are the zero-order hold parametrizations of the manipulated
inputs and estimated disturbances, and (25f) are the bounds
on the manipulated inputs. We use a control and prediction
horizon of 6 hours which is sufficient to reach steady state
while retaining computational feasibility.
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6.1. Objective function
We use the objective function described in Reenberg
et al. (2022) in the AP. We use different objective functions
for insulin and glucagon administration. The objective func-
tion is
N-1

'y
¢ = / p(zO)dt + Y p, (), (26)
o k=0

where p, is the output penalty function and p,, is the input
penalty function. z(t) = g(¢, x(¢), 8) are the outputs (blood
glucose concentration). We define the first penalty function,
P, in (26) as

p,(2) = azp;(2) + a

Do (D 0 (2, (2T)

Zmin Zmax

that penalizes 1) deviations of the blood glucose concen-
tration from the setpoint, Z = 6 mmol/L, 2) hypoglycemia
(z < z,,, = 4.5 mmol/L), and 3) hyperglycemia (z >
= 10.0 mmol/L):

Zmax

pz(2) = %(z -z, (28a)
Pz, (2) = %(min{(l Z= Zyin D% (28b)
Pz (D) = %(max{ 0,2 = Zyax D% (28¢)

wherea, =1,a, = 109, and @, =50 when computing

min max
insulin administration and a, = I, &, = 109, and a, =
0 when computing glucagon administration. a, _ is set to
a large value as preventing hypoglycemia has the highest
priority. Fig. 4 shows the penalty function. When computing
the insulin administration, we define the second penalty term
in (26) as

pu(uk) = au,bapu,ba(”ba,k) + au,bopu,bo(ubo,k)’ (29)
where the weights are a,, ,, = 0.5 and a,, ;, = 0.01 and

(30a)
(30b)

_ = 2
PupaUpai) = lupgr — “ba,k”z»

PuboWUpoi) = llupolly-

The first term penalizes deviations from the nominal basal
rate, i1, where the 2-norm promotes small deviations from
the nominal basal rate. The second term penalizes the admin-
istration insulin boluses, where the 1-norm promotes few,
but large insulin boluses. When computing the glucagon
administration, we instead use

pu() = o, gllug 113, 31)

to penalize the administration of glucagon with @, =
100.0. This expression is identical to (30a), but the nominal
glucagon rate is zero.

6.2. Numerical Solution
We use direct multiple-shooting (Bock and Plitt, 1984)
to transcribe (25) by discretizing the dynamic constraint

800
600
< 400

200

0 5 10 15 20
G [mmol/L]
Figure 4: Blood glucose penalty function when administering
insulin (blue) and glucagon (black).

(25¢) and the integral in the objective function (26) using
an explicit 4th order Runge-Kutta scheme with fixed step
size. We solve the resulting nonlinear program using a
sequential quadratic programming (SQP) method (Boiroux
and Jgrgensen, 2018; Nocedal and Wright, 2006). We solve
the quadratic program (QP) in each SQP iteration using a
structured primal-dual interior point algorithm, where we
use Riccati recursions to compute the Newton iterations
(Frison and Jgrgensen, 2013; Jgrgensen, 2005).

7. Heuristics

In the AP, we use several heuristics to 1) switch be-
tween insulin and glucagon administration, 2) compute up-
per bounds on the manipulated inputs, 3) modify controller
hyperparameters during exercise, and 4) a post-processing
and fall-back strategy to round to pumps and handle possible
issues in the solution of the OCP (25) (Reenberg et al., 2022).
In the nominal case, the setpoint, Z, is

Z = 6.0 mmol/L, 32)
and the switch limit is
switch limit = 4.5 mmol/L. (33)

The switch limit is slightly above the hypoglycemic range to
allow the AP to administer glucagon to proactively prevent
hypoglycemic events. We show the control algorithm used
in the AP in algorithm 1.

7.1. Switch logic

To avoid simultaneous administration of insulin and
glucagon, we use a switch with the following logic (the
system is always initialized in insulin mode):

o If the measured or estimated glucose concentration is
below switch limit, we switch off the insulin adminis-
tration and switch to the glucagon mode.

e If the glucose concentration is predicted to become
below the switch limit within the next 30 minutes, we
switch off the insulin administration and switch to the
glucagon mode.

7.2. Insulin administration logic
For safety reasons, we update the constraint for the
maximum allowed insulin bolus in the beginning of each
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Algorithm 1: Control algorithm executed with 5 min
intervals.

1 if CGM measurement available then

2 if a meal was consumed within the previous
hour then
3 set the insulin sensitivity diffusion
coefficient, o s, » 10 Zero;
4 end
5 estimate the states, X, Section 4;
6 clip insulin sensitivity, Sy (), (44);
7 update the constraints, ugif, (39), uz’;’; , (38),
and, uZ":If, (34);
8 if the exercise mode is active then
9 update the setpoint, Z, (41), and the switch
limit, (42);
10 end
11 if the measured or estimated glucose level is
below the switch limit then
12 ‘ solve the OCP, (25), in glucagon mode;
13 else
14 solve the OCP, (25), in insulin mode;
15 if any glucose predictions within the next 30
min are below the switch limit then
16 go back and solve the OCP in glucagon
mode;
17 end
18 end
19 if the optimal solution is obtained then
20 ‘ proceed with the solution;
21 else
22 ‘ use the open-loop fallback strategy, (45);
23 end
24 if exercise was just announced and
Gegm < 7 mmol/L then
25 stop insulin administration and give a
glucagon bolus of 100 ug, (43);
26 end
27 else

28 ‘ use the open-loop fallback strategy, (45);

29 end

30 round to pump resolution and unit conversion,
Section 7.6;

control interval. We allow insulin boli to be administered
after meals or as a correction if the glucose concentration
becomes too high. We compute the upper bound on the
allowed insulin bolus as

U™ = max{e, u

corr
bo,k +

meal _  hist }
bo,k ’

bok — Ybok (34)

u

where e = 1073, 49" is the maximum correction bolus infu-

> “bo,k

as

. G -G
uCOrT — max {0, i CGM max }, (35)

bo.k T, ISF

N

where T = 5 min is the sampling time, G, [mmol/L] is
the CGM measurement, G, = 10 mmol/L is the limit for
when correction boli are allowed, and I.S F [(mmol/L)/mU]
is the insulin sensitivity factor provided by the participants.
For 1 hour after a meal is consumed, the allowed meal bolus
is computed as

u?ezlzmax 0,1L s
0, T.ICR

where d [g CHO] is the announced amount of the carbohy-
drates in the meal, /CR [g/mU] is the insulin to carb ratio
provided by the participants, and y = 1.15 [-] is a bolus
allowance factor. If a meal was not consumed within the last

(36)

hour, ™2 = (. The insulin bolus history is computed as
bo,k
hist
g
hist _
g = D Upo ke jlims S0
Jj=1

where uy, i, is the insulin bolus infusion rate at the k’th
interval and N}]‘;S‘ = 11 to compute the history for 1 hour.
Finally, we constraint the maximum insulin basal infusion
rate to

W = iy, (38)

where i, is the nominal basal rate of the participants.

7.3. Glucagon administration logic
Similarly, we restrict the maximum glucagon adminis-
tration rate by

max

max hist
Gk —u } 5

U = max{e,uG Gk

(39)

where ¢ = 1073, @™ = 300 pg, and the glucagon history is
computed by
Ngisl

hist __
Uk = 2 UG k—jlk—j»
j=1

(40)

where ug i, is the glucagon administration rate at the k’th

interval and Ngis‘ = 23 which corresponds to a history of 2
hours.

7.4. Exercise logic

When exercise is announced, a number of hyperparam-
eters in the AP are updated as the control model does not
describe the effect of exercise. We increase the setpoint

sion rate, u™? is the maximum meal bolus infusion rate, and
his o L ok ) o o z = 7.0 mmol/L, 41
ub:f;{ is the sum of the history of the insulin administration
over the last hour. The allowed correction bolus is computed
<Reenberg et al.>: Preprint submitted to Elsevier Page 7 of 13
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to make the AP less aggressive w.r.t. insulin administration
and we increase the limit for switching to glucagon admin-
istration

switch limit = 7.0 mmol/L, 42)
to allow the AP to administer glucagon before the par-
ticipants approach hypoglycemia. Finally, if Geogp <
7 mmol/L when exercise is announced, a glucagon bolus is
administered
ugr =100 ug if Gegp <7 mmol/L. (43)

7.5. Insulin sensitivity logic

After meals, we set the insulin sensitivity diffusion co-
efficient to zero for 1 hour to avoid adjusting the insulin
sensitivity to the postprandial peaks, and we restrict the
estimated value of the insulin sensitivity, .S, in the CD-EKF
to be within the limits

log S;(0) — 1 < log S;(t) < log S;(0) + 1, (44)

where S;(0) is estimated during the parameter estimation.

7.6. Post-processing and fall-back strategy

After the solution of the OCP (25), the manipulated
inputs for the first control interval are rounded to the pump
resolution which is 0.01 U/h for the insulin basal rate, 0.1 U/h
for the bolus insulin and 0.01 pg/h for the glucagon infusion
rate.
In the rare case, where the solution of the OCP (25) is
prevented (e.g., if the maximum number of iterations in the
SQP algorithm is reached or if no measurement is received),
we use the following fall-back strategy as a safety measure

0  Gegy < 8.0mmol/L,
Upaklk = 4 - coM = mmo 4sa)
’ iy, otherwise,
toosin = (45b)
UG kik = min{15 ug,ugy}  Gegy < 4.5 mmol/L,
7 0 otherwise.
(45¢)

8. Summary and insights from the clinical
trial

In this section, we summarize and discuss the results
from the clinical trial to understand the performance of the
NMPC algorithm and compare with the results from the
simulation study performed in Reenberg et al. (2022). The
DH and SH AP was tested in a clinical trial with adolescents
with T1D (n = 11). Lindkvist et al. (2023) describes the
clinical trial and outcomes in detail. Each study in the trial
consisted of one 26 hour visit with the SH configuration of
the AP and another 26 hour visit with the DH configuration
of the AP (in a randomized order). Both studies followed the
same schedule: the closed-loop system was started at 17:00,
the participants had dinner at 19:00, breakfast at 08:00, lunch

at 12:00, a snack at 15:00, a 45 min exercise session of mod-
erate intensity (50% heart rate reserve) from 16:30 to 17:15,
and at 19:00 the participants left the clinic. The participants
slept from approximately 22:00 to 07:30. See Fig. 5. The par-
ticipants were between 13 and 18 years old and had a median
of 54% baseline TIR with 3% in level 1 and 2 hypoglycemia
and 43% in level 1 and 2 hyperglycemia. All participants
already used a CGM (the participants used different CGMs
with different accuracy and sampling times) and an insulin
pump and some participants used commercially available
closed-loop systems. We evaluate the outcomes from the
trial based on the targets specified by Battelino et al. (2019)
where Table 1 shows the target glucose ranges. We show
the results from one example DH study, where we show
both the system identification as well as the time series of
all inputs and outputs during the study. We compare with a
simulation study for one virtual participant. Furthermore, we
give an overview of the results from the trial. However, some
studies were either heavily affected by technical challenges
or no glucagon was administered in the DH study. Therefore,
we also make a subset of studies (n = 7), where we
require that there were no major technical issues and that
glucagon was administered in the DH study. We show both
the combined results from all studies and the results from
the remaining 7 selected studies and compare with results
from the simulation study. The studies we consider as heavily
affected by technical issues, were because of 1) multiple
pressure induced sensor attenuations (PISAs), and 2) lost
connection to the insulin pump for extended periods of time.
We also experienced minor challenges with the infusion sets
and occlusions in the glucagon pump, but do not exclude
those studies. The CGM measurements deviated from the
Yellow Springs Instruments (YSI) measurements in some
studies, but we do not consider that as a major technical
issue. PISAs cause faulty measurements of very low blood
glucose levels and can occur if the participant, e.g., sleeps on
the CGM. Therefore, the position of the CGM can influence
the performance of the AP. PISAs are especially challenging
for DH systems as glucagon may be administered when
faulty glucose measurements are received. In the appendix,
Fig. 13 shows the results from participant 5 where multiple
PISAs occurred during the DH study and caused adminis-
tration of glucagon. Algorithms for detection of PISAs have
been suggested by, e.g., Baysal et al. (2014), but false PISA
detections can potentially be dangerous if the hypoglycemic
event is not handled. Furthermore, Fig. 12 shows the results
for participant 3 where the connection to the insulin pump
was lost for an extended period of time during the DH study.

8.1. Example study

We show the system identification from the participant
in the example study in Fig. 7 and the results from the DH
study in Fig. 9. We received approximately 2 weeks of data
from the participants before the studies, but the quality of
the data varied because of mistimed or misestimated meals,
lost connections to the CGM or insulin pump, or missed
meal boluses. Therefore, we selected a subset of the data
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Figure 5: The protocol used in the clinical trial. The protocol
consists of a dinner, sleep, a breakfast, a lunch, a snack, and
finally, exercise of moderate intensity.

Table 1
The five glycemic ranges described by Battelino et al. (2019).

Category Range [mmol/L] Color
Level 2 hyperglycemia 113.9, oo [ Orange
Level 1 hyperglycemia ]10.0, 13.9] Yellow
Normoglycemia [ 3.9, 10.0] Green
Level 1 hypoglycemia [3.0, 3.9 Light red
Level 2 hypoglycemia [0.0, 3.0 Red

that appeared to be without missing information. It can be
a time-consuming process to select a subset of the data that
allows for an accurate identification of the system, and as
is evident from Fig. 7, the fit was not perfect. There are
many non-measured factors and the model structure is not
able to describe the varying meal responses from similar
carbohydrate and insulin amounts. It was, in most cases, also
necessary to fix some of the parameters even though the
MVP model in theory is identifiable (Boiroux et al., 2019).
We tuned the fixed parameters by hand to match the data and
get feasible values of the remaining parameters. We tuned
G E Z1 to reach a basal rate, i, close to what the participants
normally used. Importantly, we did not receive any glucagon
or exercise data from the participants. Therefore, we fixed
the parameters related to the glucagon model and did not
include an exercise subsystem in the control model. The
example study resulted in 78.3% TIR and approximately
100 pug glucagon was administered around 06:00 and 10:00.
The glucagon administration increased the blood glucose
levels in both cases and seemed to reduce the time in level 1
hypoglycemia around 10:00. The meal responses were very
different despite the similar amount of carbohydrates and
insulin, where the postprandial peak was very large at the
dinner, but almost not visible at breakfast. The meal insulin
boli were limited by the safety constraints, and the large
postprandial peak after the dinner caused administration of
a number of correction boli. Ideally, the correction boli
should have been administered earlier to reduce the peak
and avoid the glucagon administration around 06:00. The
insulin basal rate remained close to the nominal basal rate,
i, for most of the study, but the basal rate was increased
slightly over the night. This was due to the adaptation
of the insulin sensitivity, .S, which also caused the basal
rate to increase slightly after meals on the second day. No
glucagon was administered during or after exercise as the
glucose concentration was above 7 mmol/L when exercise
was announced and remained in range during the exercise

CGM measurements

Bolus
[U]

0 7 [ 7
00:00 04:00 08:00 12:00 16:00 20:00 00:00

Figure 6: Parameter estimation for one virtual participant in
the simulation study. From the top: 1) CGM measurements
(blue dots) and a simulation with the estimated parameters
(red line), 2) announced meals, 3) basal insulin rate, and 4)
bolus insulin.

session. The AP handled the potential low glucose levels
with glucagon and reduced the hyperglycemia with correc-
tion boli, as desired. Overall, the CGM measurements had
high accuracy in this study with only minor differences
from the YSI measurements. For comparison, we show the
parameter estimation in Fig. 6 and simulation result in Fig. 8
for one virtual participant in the simulation study. The main
differences are that the identified model was more accurate in
the simulation study and provides more accurate predictions.
Furthermore, the simulations began in steady state which
was not the case in the example study where the initial
glucose concentration lead to high glucose concentrations
after dinner. Finally, much less insulin was administered
in the simulation study, which was due to the high insulin
sensitivity in the simulation model.

8.2. All studies

In this section, we show the combined results from the
selected studies and all the studies. In Fig. 10, we show
the TIRs for all studies, selected studies, worst-case studies
(defined as the studies with the most time in level 2 hypo-
glycemia), and the simulation study and in Fig. 11, we show
the median and span for the SH and DH studies. We show the
average values of all clinical targets described by Battelino
et al. (2019) in Table 2. The DH AP achieved lower TIR
than the SH AP when we consider all studies, but statistically
insignificant Lindkvist et al. (2023). In the selected studies,
the performance was similar and all clinical targets were
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Figure 7: Parameter estimation for the example study. From
the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals,
3) basal insulin rate, and 4) bolus insulin.

satisfied by both APs. However, the SH AP still achieved
higher TIR and less time in hypoglycemia compared to the
DH AP. In the worst-case DH study both the meal and
glucagon response were overestimated which caused too
much insulin to be administered. In the worst-case SH study
the participant entered the clinic in level 2 hypoglycemia and
did not reach normoglycemia before the study was started.
Both the DH and SH AP increased the TIR on average
without increasing the time in hypoglycemia compared to
the baseline TIRs of the participants. Fig. 11 shows that
the glucose levels were mostly in target over the night and
there were more variations during the day and after meals.
The initial blood glucose levels varied notably between the
studies and some participants also reached hypoglycemia
immediately after the study was started. The AP assumed
that the participants were at steady state when the study
was started which clearly was not the case. We could have
used previous data from the participants to update the ini-
tial condition, which might have improved the performance
when the study was only 26 hours, but in a real life setting,
the initial condition is not as significant. The span of the
DH studies had a larger and later postprandial peak from
the dinner that we believe was due to the participants that
reached hypoglycemia in the beginning of the studies and
thus received glucagon just before the dinner. Table 3 shows
the insulin and glucagon administration in the studies, where
there was almost no difference in the insulin administration.
A mean of 653.95 ug glucagon was administered during
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Figure 8: Results from one virtual participant in the simulation
study. From the top: 1) CGM measurements (blue dotted line)
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dots), 5) meal boli (blue line) and maximum allowed meal boli
(red dots), 6) correction insulin boli (blue line) and maximum
allowed correction boli (red dots), and 7) glucagon boli (blue
line) and maximum allowed glucagon boli (red dots).

all the DH studies and a mean of 912.91 ug glucagon was
administered in the selected DH studies. If we compare to
the simulation study with a cohort of 50 virtual participants,
the TIR is higher in the simulation study with no time in
level 1 and 2 hypoglycemia. The virtual participants required
much less insulin and on average received less glucagon.
The simulation result depends on the simulation model, but
some factors could be improved in the design of future
simulation studies to better represent a real clinical trial, 1)
the simulated data used for parameter estimation is of too
high quality, i.e., there was no missing data and all the meals
were correctly announced, 2) The model of the glucose-
insulin dynamics are different in the simulation and control
model, but the glucagon model was the same and results in
too accurate predictions of the glucagon response, and 3)
The initial condition should not always be steady state.

9. Conclusion

In this paper, we presented the DiaCon DH and SH AP
system. The system consists of an Android smartphone, a
Dexcom G6 sensor and two Dana Diabecare RS pumps for
insulin and glucagon administration. The AP is based on
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Table 2

Mean and standard deviation of the values for the glycemic targets described in Battelino et al. (2019) for the DH and SH AP.

Quantity Target DH all SH all DH selected  SH selected  DH simulation
Average glucose [mmol/L] <855 869 (1.57) 805 (1.15) 7.73(091) 7.65(0.66)  7.01 (0.41)
GMI [%] <7 703 (0.70)  6.78 (0.50)  6.61 (0.41)  6.61 (0.20)  6.33 (0.18)
GV [%] <36 20.81 (6.88) 33.93 (8.72) 31.34(6.29) 31.74 (6.63)  29.95 (8.18)
Active CGM [%] 100 99.97 (0.10) 100.0 (0.00) 100.0 (0.00) 100.0 (0.00)  100.0 (0.00)
level 2 hyperglycemia [%] <5 5.2 (7.26) 4.8 (7.38) 1.8 (3.89) 1.3 (2.73) 1.9 (3.31)
level 1 and 2 hyperglycemia [%] <25 34.3 (22.56) 22.2(13.63) 20.7 (13.36) 18.8 (11.38)  10.56 (8.28)
TIR (normoglycemia) [%] >70  62.9(20.94) 76.0 (13.63) 753 (12.70) 78.8 (11.90)  89.44 (7.16)
level 1 and 2 hypoglycemia [%] <4 2.8 (4.65) 1.8 (1.63) 4.0 (5.52) 2.4 (1.42) 0.0 (0.00)
level 2 hypoglycemia [%)] <1 0.8 (1.50) 0.2 (0.48) 1.0 (1.75) 0.3 (0.60) 0.0 (0.00)
Table 3
Mean and standard deviation of the insulin and glucagon administration during the 26 h trial.
Quantity DH all SH all DH selected SH selected DH simulation
Total insulin [U] 50.32 (20.65)  59.47 (17.15)  58.12 (18.44)  61.45 (18.89)  26.19 (7.34)
Basal insulin [U] 26.88 (9.45)  26.29 (7.96)  27.71(9.01)  28.05(7.99)  15.13 (4.59)
Meal bolus insulin [U] 25.94 (10.33) 28.64 (10.39) 26.89 (10.12) 30.64 (12.32) 10.12 (3.61)
Correction bolus insulin [U] 6.50 (6.26) 4.54 (3.71) 3.53 (4.01) 2.76 (2.20) 0.94 (1.36)

Glucagon [ug]

653.95 (499.55) -

912.91 (415.21) - 135.47 (74.34)

a NMPC algorithm as well as several heuristics used to
1) switch between insulin and glucagon administration, 2)
provide additional safety constraints and a fall-back strat-
egy, 3) update controller hyperparameters during exercise,
and 4) round to the pump resolution. We use an extension
of the MVP model for prediction and estimate the model
parameters using a maximum likelihood based PEM. The
CD-EKF is used in both in the NMPC and the PEM. We
analyze and summarize the results from a clinical trial with
adolescents with type 1 diabetes (n = 11) and compare with
the results from a simulation study. Each study in the the
clinical trial lasted 26 hours, included 4 meals, and a 45
min exercise session of moderate intensity. It is technically
feasible to use NMPC for AP systems and both APs were
able to control the glucose concentration, but obtaining a
model for predictions is difficult and time-consuming and
inaccurate models may limit performance. Both the DH and
SH AP improved the TIR without increasing the time in
hypoglycemia compared to the baseline TIR of the partic-
ipants. Some studies were affected by technical issues, such
as, PISAs or loss of connection to the pumps. PISAs can
especially be challenging for DH APs, as glucagon can be
administered. The DH AP achieved a mean of 62.9% TIR
and the SH achieves a mean of 76.0% TIR. For the selected
studies without technical difficulties and where glucagon
was administered in the DH study (n = 7), the mean TIR
was 75.3% for the DH AP and 78.8% for the SH AP, and
all the clinical targets specified by Battelino et al. (2019)
were satisfied for both the DH and SH AP. The DH and SH
AP achieved lower TIR in the clinical trial compared to the
simulation study. In the simulation study, the data used for
parameter estimation did not include, e.g., missing data or
misestimated meals and we used the same glucagon model
for simulation and control which caused the predictions to

more accurate than in the clinical trial. Furthermore, the
simulation study did not include technical difficulties.
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Figure 12: Participant 3. Left: results from the DH trial for participant 3 where the connection to the insulin pump was lost
with 57.3% time in range. Right: results from the SH trial for participant 3 with 89.0% time in range. From the top: 1) CGM
measurements (blue dotted line), YSI measurements (red crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal boli (blue line) and maximum allowed meal boli (red
dots), 6) correction insulin boli (blue line) and maximum allowed correction boli (red dots), and 7) glucagon boli (blue line) and
maximum allowed glucagon boli (red dots).
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Performance of a dual-hormone
closed-loop system versus
insulin-only closed-loop system
in adolescents with type 1
diabetes. A single-blind,
randomized, controlled,
crossover trial
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Jannet Svensson™*, John Bagterp Jergensen?,

Kirsten Nergaard™* and Ajenthen G. Ranjan™®

*Copenhagen University Hospital - Steno Diabetes Center Copenhagen, Herlev, Denmark, 2Department
of Clinical Medicine, Faculty of Health and Medical Sciences, University of Copenhagen,

Copenhagen, Denmark, *Department of Applied Mathematics and Computer Science, Technical
University of Denmark, Kgs. Lyngby, Denmark, “Department of Pediatrics, Herlev and Gentofte
University Hospital, Herlev, Denmark, *Danish Diabetes Academy, Odense, Denmark

Objective: To assess the efficacy and safety of a dual-hormone (DH [insulin and
glucagon]) closed-loop system compared to a single-hormone (SH [insulin only])
closed-loop system in adolescents with type 1 diabetes.

Methods: This was a 26-hour, two-period, randomized, crossover, inpatient study
involving 11 adolescents with type 1 diabetes (nine males [82%], mean + SD age
14.8 + 1.4 years, diabetes duration 5.7 + 2.3 years). Except for the treatment
configuration of the DiaCon Artificial Pancreas: DH or SH, experimental visits were
identical consisting of: an overnight stay (10:00 pm until 7:30 am), several meals/
snacks, and a 45-minute bout of moderate intensity continuous exercise. The
primary endpoint was percentage of time spent with sensor glucose values below
range (TBR [<3.9 mmol/L]) during closed-loop control over the 26-h period (5:00
pm, day 1 to 7:00 pm, day 2).

Results: Overall, there were no differences between DH and SH for the following
glycemic outcomes (median [IQR]): TBR 1.6 [0.0, 2.4] vs. 1.28 [0.16, 3.19]%, p=1.00;
time in range (TIR [3.9-10.0 mmol/L]) 68.4 [48.7, 76.8] vs. 75.7 [69.8, 87.1]%,
p=0.08; and time above range (TAR [>10.0 mmol/L]) 28.1 [18.1, 49.8] vs. 23.3
[12.3, 27.2]%, p=0.10. Mean ( + SD) glucose was higher during DH than SH (8.7 ( +
3.2)vs. 8.1 (+ 3.0) mmol/L, p<0.001) but coefficient of variation was similar (34.8 ( +
6.8) vs. 37.3 ( + 8.6)%, p=0.20). The average amount of rescue carbohydrates was
similar between DH and SH (6.8 ( + 12.3) vs. 9.5 ( + 15.4) grams/participant/visit,
p=0.78). Overnight, TIR was higher, TAR was lower during the SH visit compared to
DH. During and after exercise (4:30 pm until 7 pm) the SH configuration produced
higher TIR, but similar TAR and TBR compared to the DH configuration.
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Conclusions: DH and SH performed similarly in adolescents with type 1 diabetes
during a 26-hour inpatient monitoring period involving several metabolic
challenges including feeding and exercise. However, during the night and
around exercise, the SH configuration outperformed DH.

KEYWORDS

type 1 diabetes mellitus, adolescents, dual-hormone, advanced hybrid closed-loop,
artificial pancreas, non-linear model predictive control, moderate intensity

continuous exercise

1 Introduction

People with type 1 diabetes (T1D) are advised to aim for near-
normal blood glucose levels to reduce the risk of diabetes late
complications (1, 2). However, achieving optimal metabolic control
is challenging and many fail to meet recommended guidelines —
especially adolescents (3).

The most advanced commercially available technology is a single-
hormone (SH) closed-loop system, also known as an artificial
pancreas (AP). These systems automatically adjust insulin pump
delivery based on real-time values from a continuous glucose
monitor (CGM). Relative to insulin pump and CGM systems
without automated insulin dosing, APs have been shown to
improve glucose control (4-6). Despite these technological
improvements, adolescents with T1D still frequently experience
non-severe hypoglycemia (<3.9 mmol/L) (5, 7). Furthermore,
around exercise the risk of hypoglycemia is higher due to increased
insulin sensitivity, insulin absorption, glucose uptake in combination
with an impaired glucagon secretion (8).

A potential means of reducing the risk of hypoglycemia using
closed-loop systems is to add the glucose-elevating hormone
glucagon. Such dual-hormone (DH) hybrid closed-loop systems are
not currently commercially available but have generated interest in
research trials investigating their performance relative to SH systems.
A meta-analysis found that both SH and DH closed-loop systems
resulted in more time spent in the target glucose range (TIR [3.9-10.0
mmol/L]) compared to non-automated delivery systems.
Furthermore, DH was superior to SH in increasing TIR and
decreasing time below range (TBR [< 3.9 mmol/L]) (9). Limited
data exist comparing DH and SH closed-loop treatments during and
after exercise, however, some studies have found DH to minimize
TBR in such circumstances (10-13).

Our group has developed the DiaCon AP (14) which can run in
two configurations; SH and DH. A previous version of the system was
tested among adults with T1D showing improvements in TIR during
exercise and a lesser need for hypoglycemic-CHO treatments when
using the DH configuration (15). However, the updated system is yet
to be tested in an adolescent T1D cohort.

Abbreviations: AP, Artificial Pancreas; CGM, Continuous Glucose Monitoring;
CHO, Carbohydrate intake; DH, Dual-Hormone; PG, Plasma Glucose; SG, Sensor
Glucose; SH, Single-Hormone; T1D, Type 1 diabetes; TAR, Time above range; TBR,

Time below range; TIR, Time in range.
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The aim of this study was therefore to test our hypothesis, that the
updated DiaCon AP DH configuration would be safe and eftective to
use in individuals with T1D between 13-17 years old and that it would
be superior in managing glycemia compared to the DiaCon AP
SH configuration.

2 Materials and methods

2.1 Methods

This was a randomized, single-blind, two-period, crossover study in
adolescents with T1D recruited from Herlev and Gentofte Hospital
Pediatric Department Outpatient Clinics and the Steno Diabetes
Center Copenhagen. Enrollment was conducted from September 1%,
2021 until March 7%, 2022. All study participants’ parents or legal
guardians provided written informed consent and participants >15-
years provided written, informed assent before participation. The study
was approved by the Regional Committee in Health Research Ethics (H-
21000207), the Danish Data Protection Agency (P-2021-326), and the
Danish Medicines Agency (2020-005836-31). The trial was registered
with ClinicalTrials.gov (NCT04949867).

Participants were included if they were: 13-17 years old; diagnosed
with T1D for >two years; used an insulin pump for >one year; used a
real-time or intermittently scanned CGM, had an HbAlc <75 mmol/
mol; and used carbohydrate counting as well as the pump bolus
calculator for all meals. Main exclusion criteria were known allergy to
glucagon or lactose, use of diabetes medication other than insulin, and
hypoglycemia unawareness.

2.2 Study device and drugs

We used our DiaCon system consisting of two Dana Diabecare RS
insulin pumps (one for insulin and one for glucagon/saline), a
Dexcom G6 sensor (Dexcom, San Diego, CA) and a smartphone
(Samsung Galaxy A5 2017 Android phone) containing the DiaCon
algorithm (14) to adjust the pump deliveries based on the CGM
values. One pump was filled with insulin aspart (Fiasp®, Novo
Nordisk, Bagsveerd, Denmark) and the other with either glucagon
(GlucaGen®, Novo Nordisk, Bagsveerd, Denmark) or isotonic saline
(sodium chloride 9 mg/dL). The glucagon pump was refilled with
fresh glucagon every 22 hours after the first pump filling. The
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individual parameter estimates for the insulin algorithm were set up
using insulin pump, CGM and carbohydrate intake (CHO) data from
each participant. The algorithm computed the insulin and glucagon
administration based on predictions obtained with a mathematical
model of the blood glucose response to CHO, insulin, and glucagon,
i.e., based on nonlinear model predictive control (NMPC). Safety
constraints on bolus and basal insulin were based on participants’
insulin pump settings and the glucagon algorithm was constrained to
deliver maximally 300 pg glucagon over a two hour period (14). Meals
and exercise were announced to the DiaCon AP. The NMPC utilized
insulin-carbohydrate-ratio and the announced meal carbohydrates
when dosing meal boluses. Exercise mode increased target glucose
from 6 to 7 mmol/L and the limit for when glucagon could be
administered was increased from 4.5 to 7.0 mmol/L. If SG was <7.0
mmol/L at exercise announcement 100 ug glucagon was
administered (14).

2.3 Study design

Participants went through a screening visit and two 26-h in-clinic
visits with a wash-out period of at least three days. During each in-
clinic visit, participants wore the DiaCon system set-up to run in
either the DH or SH configuration depending on the randomization
order. Except for the DH and SH configurations, the study visits were
identical (Figure 1).

At the screening visit, participants’ medical history (i.e., allergies,
medications, other illnesses, diabetes complications) as well as results
of blood and urine analyses were reviewed. A clinical examination was
performed to assess height, weight, and blood pressure. Finally, 14
days of insulin pump and CGM data were downloaded to register the
mean values for basal rate delivery, insulin sensitivity factor, insulin-
carbohydrate-ratio, CHO, TBR, TIR, time above range (TAR [>10.0
mmol/L]) and mean glucose.

Two days prior to each in-clinic visit, participants inserted the
Dexcom G6 sensor which linked to the Dexcom receiver. On visit
days, participants arrived at the research facility at 4 pm following a
three hour fast. Upon arrival, the Dexcom sensor was linked to the
study equipment, an intravenous canula was inserted for blood
sampling, and participants were fitted with an activity tracker
(ActiGraph GT9X Link, Pensacola, FL). Intervention with one of
the two closed-loop configurations was initiated at 5:00 pm and
continued for the following 26-h (Figure 2). Meals (7:00 pm, 8:00 am
and 12:00 noon) and snacks (3:00 pm) were served throughout the

10.3389/fendo.2023.1073388

inpatient period and their CHO contents were based on the
participants’ average daily CHO intake entered in their own pumps
evaluated over a seven-day period. Participants eating <100 g daily
received 30 g CHO per meal, 100-150 g daily received 50 g CHO per
meal, 150-200 g daily received 60 g CHO per meal, and >200 g per day
received 70 g CHO per meal. The snack consisted of 1/3 of the CHO
given per meal, and the dinner consisted of 1.5 times the CHO
content of the other regular meals. The dinner was from McDonalds
and the CHO content was determined using their nutrition calculator
by the study personnel (16), who also prepared the remaining meals
incl. snack. The CHO contents of all meals were blinded from
participants, who made estimations which were used as the value
entered into the DiaCon AP at the start of each meal. Though meals
were kept identical between visits, participants’ estimations
could differ.

Participants were instructed to be in bed, and sleep, if possible,
from 10:00 pm to 7:30 am.

After resting during the day, at 4:30 pm on day two, participants
performed a 45-minute bout of moderate intensity continuous
exercise at an intensity equivalent to ~ 50% of their heart rate (HR)
reserve (17). Participants were fitted with a chest strap telemetry
monitor that linked to the ActiGraph and the stationary bike. Exercise
duration was announced to the DiaCon AP upon initiation of
exercise. During the entirety of the study period, participants were
asked to stay around the research facility, not to exercise and eat, and
to only be away from the research room within the 30-minute window
between plasma samples.

Venous blood samples were drawn every 30 minutes during the
day, every 60 minutes during sleep (10:00 pm until 7:30 am) and every
five to ten minutes during and immediately after exercise (4:30 pm
until 5:30 pm). Plasma glucose (PG) was measured via the YSI 2300
STAT Plus Analyzer (YSI Life Sciences, Yellow Springs, OH).

If PG dropped <3.0 mmol/L at any time during the intervention, 15
grams of oral rescue carbohydrate (dextrose) tablets were provided to the
participants, and plasma sampling was performed every five minutes.
The treatment was repeated every 15 minutes until PG was >3.9 mmol/L.
If PG was >12 mmol/L for more than two hours or >14 mmol/L (not in
relation to a meal), blood ketones were measured in 15 minutely intervals
and the study devices were checked for issues. After an hour, if blood
ketones were 0.6 mmol/L and PG remained >14 mmol/L, insulin
was administered with an injection pen based on the participants’
insulin-sensitivity factor aiming for PG of 7.0 mmol/L.

During each visit, participants scored side effects using a visual
analog scale (VAS; 0-100) at seven specified timepoints (day 1: 5:00

) End of
j Dmner Breakfast study
'I ‘D 50% of HRR
Arnval CLstar( Lunch Snack
-2 days --- 1 1 >
Spm 7pm 10 pm 8am 12 noon 3pm 4:30pm 5:15Spm  7pm
= LA LR R AR R RN RN RERERRERERERERERNEEREEEEREERRERERERERERNERNENERNERRENSEHN]

FIGURE 1
Schematic overview of the study days
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FIGURE 2
Flowchart of study.

pm and 7:00 pm and day 2: 8:00 am, 12:00 noon, 3:00 pm, 4:30 pm
and 7:00 pm). Clinically significant side effects were defined as a VAS
score > 15 (18-20).

2.4 Outcomes

The primary outcome was percentage of TBRgg during the 26-h
intervention period. Secondary outcomes were: percentage of TBRpg,
percentage of TIRsgapi and TARsgapg, mean SG and PG, coefficient
of variation (CV) and number of rescue CHO interventions. Study
outcomes were also reviewed separately overnight (10:00 pm to 7:30
am) as well as during and after exercise (4:30 pm to 7:00 pm).

2.5 Statistical analysis

To be able to detect a difference in percentage of time with SG
<3.9 mmol/L of 2.3%-points (approximately 30 minutes) with 90%
power, a 5% significance level, and a presumed 3.0%-points
standard deviation (10), it was established that 20 participants
were to be included in the study (2-sided test). Categorical
variables were reported as frequencies (percentage), whereas
continuous variables were reported as mean (SD) or median
(interquartile range [IQR]). Continuous data was assessed for
normality using Shapiro-Wilk test. For normally distributed
variables, paired student’s t-test was used to conduct pairwise
comparisons between the two groups. For skewedly distributed
variables despite log-transformation, the non-parametric
Wilcoxon signed-rank test was used. Missing glucose data were
estimated using linear interpolation. We used McNemar’s test to
assess the significance of the difference in the incidence of level 2
hypoglycemia between the two study arms. Analyses were
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performed on an intention-to-treat basis. Statistical analyses were
performed using RStudio version 1.4.

3 Results

As per protocol, we performed an interim analysis to assess
efficiency of the DiaCon algorithm, where we found DH to be
inferior to SH for TIR and TAR and to be non-superior for TBR,
therefore the inclusion was truncated. At that time, 16 had been
screened and 14 were included and enrolled in the study. Two
adolescents were not eligible due to hypoglycemia unawareness.
Before initiation of the first study visit, three participants withdrew
due to scheduling issues [e.g., school absence and lack of time
(Figure 2)]. Thus, 11 participants completed both visits (Table 1),
and no differences were observed between completers and non-
completers on age, sex, BMI, HbAlc, diabetes duration or daily
insulin dose.

3.1 Entire study period

3.1.1 Glycemic metrics

For the 26-h study period we found no differences in TBRgg,
TIRsg, or TARgG between the two study arms (Table 2). The mean ( +
SD) SG was higher during the DH compared to the SH study arm (8.7
(£ 3.0) mmol/L vs. 8.1 ( £ 3.0) mmol/L, p<0.001), with no difference
in CV. Similarly, no differences were found in PG-derived measures
(Table 2), except for TARpg (33.2 [16.1, 40.7] vs. 11.5 [3.83, 23.0]%,
p=0.02) and meanpg (8.84 ( + 2.83) vs. 7.51 (£ 2.98), p=0.03) both of
which were higher during DH.

During DH, six events of SG-derived level 2 hypoglycemia (<3.0
mmol/L) were registered in three participants compared to two events
in two participants during SH (p=0.65). In contrast, four episodes of
PG-derived level 2 hypoglycemia were registered in three participants
during DH compared to five episodes in four participants during SH

TABLE 1 Baseline characteristics of the 11 participants who completed
both study visits.

+
Baseline characteristics e (< L) g

median [IQR]

Sex (males [%]) 9 (82%)

Age (years) 14.8 (+ 1.47)
HbA1lc (mmol/mol) 54.6 (+9.20)
BMI (kg/m?) 214 (+242)
Diabetes duration (years) 5.73 (£ 2.45)
Total daily insulin (U/kg) 0.94 (+0.26)
Time below range (%) 3.0 [L.5, 6.5]

Time in range (%) 54.0 [46.0, 73.0]

Time above range (%) 43.0 [22.5, 52.0]

Age, HbAlc, BMI, diabetes duration and total daily insulin are expressed as mean ( + SD). Time
below (<3.9 mmol/L), in (3.9-10.0 mmol/L) and above range (>10.0 mmol/L) are expressed as
median [interquartile range].

Sex is presented as absolute number and percentage.
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TABLE 2 Sensor and plasma glucose values during entire study, overnight and exercise and post-exercise period.

Sensor Glucose Measures

Dual-Hormone
(n=11)

Entire study period (5:00 pm, day 1 - 7:00 pm, day 2)

Single-Hormone
(n=11)

Plasma Glucose Measures

Dual-Hormone
(n=11)

Single-Hormone

(n=11) P-value

P-value

Starting glucose for period (mmol/L) 7.33 (+1.90) 9.35 (+ 6.61) 0.64" 6.61 (+1.71) 9.14 ( + 4.90) 0.21
Time below range (%) 1.60 [0, 2.4] 1.28 [0.16, 3.19] 1.00% 0.958 [0, 3.83] 2.56 [0.479, 8.47] 0.26%
Time in range (%) 68.4 [48.7, 76.8] 75.7 [69.8, 87.1] 0.09 66.8 [56.9, 78.9] 79.6 [75.2, 87.4] 0.06
Time above range (%) 28.1 [18.1, 49.8] 23.3 [12.3, 27.2] 0.10 33.2 [16.1, 40.7] 11.5 [3.83, 23.0] 0.02
Mean glucose (mmol/L) 8.7 (£3.02) 8.1 (+3.0) <0.001 8.84 (+2.83) 7.51 ( +2.98) 0.03
Coefficient of variation (%) 34.8 (+6.8) 37.3 (+8.6) 0.20 33.59 (% 8.17) 39.63 (% 8.72) 0.17
Overnight period (10:00 pm - 7:30 am)

Starting glucose for period (mmol/L) 10.3 ( + 3.55) 9.34 ( + 3.66) 0.54 9.66 ( * 3.53) 8.22 (+3.71) 0.24
Time below range (%) 0 [0, 0] 0 [0, 3.48] 0.10% 0 [0, 0] 0 [0, 5.22] 0.36"
Time in range (%) 73.0 [53.9, 87.4] 96.5 [84.3, 100] 0.02" 67.8 [60.4, 89.6] 89.6 [82.6, 100] 0.07
Time above range (%) 27.0 [12.6, 42.6] 0 [0, 10.0] 0.02" 32.2 [5.22, 37.8] 0 [0, 5.22] 0.02"
Mean glucose (mmol/L) 8.49 (+2.97) 7.25 (+2.25) 0.04 8.34 (£ 2.70) 6.88 ((+2.38) 0.01
Coefficient of variation (%) 35.0 (+ 10.8) 31.0 (+8.9) 0.39 32.34 (% 11.62) 34.66 (% 9.78) 0.69
Exercise and post-exercise period (4:30 pm - 7:00 pm)

Starting glucose for period (mmol/L) 10.1 ( +3.15) 9.31 (+2.30) 0.35 9.40 ( +2.92) 7.71 (% 2.25) 0.14
Time below range (%) 0 [0, 0] 0 [0, 0] 0.42"% 0 [0, 4.84] 0 [0, 14.5] 0.78"
Time in range (%) 64.5 [50.0, 91.9] 83.9 [80.6, 100] 0.02" 67.7 [32.3, 99.4] 93.5 [82.3, 100] 0.10%
Time above range (%) 22.6 [0, 37.1] 12.9 [0, 17.7) 0.06" 1.18 [0, 58.1] 0 [0, 3.23] 0.09"
Mean glucose (mmol/L) 7.92 (+292) 6.81 (+1.91) 0.13 7.91 (% 2.70) 6.06 ( + 1.76) 0.05
Coefficient of variation (%) 37.0 (+9.6) 282 (+7.7) 0.65 34.16 (% 11.51) 29.10 ( + 7.49) 0.49
Changeduring-exercise (Mmol/L) =25 (£ 1.6) -32 (£ 1.0) 0.14 -25(+1.8) 27 (+1.7) 0.73
Heart Rate Telemetry during exercise (4:30 pm - 5:15 pm)

HR targetduring exercise (BPM) 133 (+ 4.6) 132 (£ 4.8) 0.33

HR target accuracyguring-excrcise (%) 94.6 (+5.7) 94.2 (+ 4.6) 0.52

Time below (<3.9 mmol/L), in (3.9-10.0 mmol/L) and above range (>10.0 mmol/L) are reported as median [interquartile range], starting glucose, mean glucose and coefficient of variation are reported
as mean ( = SD) and level 2 hypoglycemia is presented as events/participant. Time in range 3.9-10.0 mmol/L, time below range <3.9 mmol/L and time above range >10.0 mmol/L.
“non-parametric test. For level 2 hypoglycemic events McNemars test was performed. HR, Heart Rate; BPM, Beats per minute. Measures notated with guring-exercise depicts the 45-minutes bout of

exercise time period.

P-values marked with w have been analysed using non-parametric test. Otherwise, paired t-tests have been applied. P-values < 0.05 were considered statistically significant (marked bold).

(p=0.71). Of those, two of the events were prolonged (>20 minutes)
during DH compared to one during SH.

Figure 3 shows the SG profile during the total study period,
overnight and the period during and after exercise. Individual SG
profiles are provided in the Supplemental Material, Figure 18.

3.1.2 Insulin and glucagon

There were no differences in insulin delivery, either total insulin
delivery or average basal rate, between the DH and SH study arms
(Table 3, Supplemental Material Figures 2-5S). For the entire study

Frontiers in Endocrinology 05

period, all received glucagon with a median [IQR] administration of
549 [229, 1034] pg (Figures 6-7S).

3.1.3 Carbohydrates (rescue interventions
and meals)

The mean amount of rescue CHO provided was similar between
the two arms (DH: 6.8 ( + 12.3) grams/participant/visit vs. SH: 9.5 ( £
15.4) grams/participant/visit, p=0.78).

The median [IQR] amount of CHO provided for each meal was 72
[70, 94] g for dinner, 60 [55, 70] g for breakfast, 60 [55, 70]g for lunch and
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FIGURE 3

Median (interquartile range) sensor glucose values for Dual-hormone (blue) and Single-Hormone (pink) configuration. (A) Entire period. (B) Overnight
period (10:00 pm-7:30 am). (C) Exercise and post-exercise period. Black dotted lines mark lower and upper boundary of target glycemic range of 3.9 to

10.0 mmol/L, respectively.

21 [19, 24]g for snacks, and we found no difference in the accuracy (%) of
the participants’ CHO estimations between the two study arms.

3.2 Overnight period

During the overnight period, the SH configuration outperformed
the DH with more TIRgg (96.5 [84.3, 100] vs. 73.0 [53.9, 87.4]%,
p=0.02), less TARs (0 [0.0, 10.0] vs. 27.0 [12.6, 42.6]%, p=0.02) and

lower mean SG (Table 2). There were no differences in TBRgg or CV.
TARpg was higher during DH than during SH, with no differences in
TIRpg or TBRpg (Table 2). The overnight amount of total insulin
delivered was lower during SH than during DH (Table 3). Seven
participants received glucagon overnight by the DH system (549 [409,
599] pg). Data for the entire study population is depicted in Table 3.

Overnight we found one and zero SG-derived hypoglycemic
episodes, respectively, in the DH and SH arm. We did, however,

TABLE 3 Study medication administration. Insulin measures are reported as mean (SD) and glucagon as median [IQR].

Insulin and glucagon delivery

(N=11)

Dual-Hormone

Single-Hormone
(N=11)

Entire study period (5:00 pm, day 1 - 7:00 pm, day 2)

Total insulin delivery (U/24h) 54.8 (19.0) 54.6 (15.4) 0.95
Basal insulin delivery (U/h) 1.03 (0.36) 1.01 (0.30) 0.77%
Bolus insulin delivery (U/24h) 299 (12.4) 30.3 (9.6) 0.92
Glucagon delivery (ug/26-h) 549 (229, 1034] - -
Overnight period (10:00 pm - 7:30 am)

Total insulin delivery (U/night) 12.94 (4.14) 10.51 (3.08) 0.01
Basal insulin delivery (U/h) 1.09 (0.37) 1.05 (0.34) 0.15"
Bolus insulin delivery (U/night) 2.55 (2.50) 0.5 (1.13) 0.04"
Glucagon delivery (ug/night) 298 [0, 462] - -
Exercise and post-exercise period (4:30 pm - 7:00 pm)

Total insulin delivery (U/exercise) 2.24 (1.07) 2.19 (0.98) 0.88
Basal insulin delivery (U/h) 0.80 (0.38) 0.87 (0.40) 0.51
Bolus insulin delivery (U/exercise) 0.25 (0.47) 0.01 (0.03) 0.14"
Glucagon delivery (pg/period) 1 [0, 275] - -

P-values marked with w have been analysed using non-parametric test. Otherwise, paired t-tests have been applied. P-values < 0.05 were considered statistically significant (marked bold).
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not provide any rescue glucose interventions as PG was never <3.0
mmol/L in either arm.

3.3 Exercise period

For the exercise and post-exercise phases, the SH system
performed superiorly to DH with more TIRgsg (83.9 [80.6, 100.0]
vs. 64.5 [50.0, 91.9]%, p=0.02). There were no differences in TARgg,
TBRsg, mean SG, CV or in PG (Table 2). For this period, there was no
difference in amount of insulin delivered. A total of five participants
received glucagon during and after exercise (300 [250, 300]
ug) (Table 3).

One participant received rescue CHO following exercise in the
DH arm, and two participants received one and two rescue CHO
interventions, respectively, in the SH arm. The participant needing
two rescue interventions around exercise experienced level 2
hypoglycemia during exercise, and the exercise bout was therefore
cut short. None of the DH exercise sessions were interrupted.

The exercise starting SG and drop in SG during exercise (4:30 to
5:15 pm) were comparable between the two study visits (Table 2).
Furthermore, we found no difference in the estimated HR target
during exercise or in the accuracy (%) of which participants reached
their target between the two visits (Table 2).

3.4 Side effects

No severe adverse events were observed. Three participants (27%)
reported a clinically significant measure of nausea during the DH arm
compared with none in the SH arm. Headache was reported by four
(36%) in both the SH and the DH arm. Stomach-ache was reported by
two (18%) in the DH arm and one (9%) in the SH arm. None
experienced vomiting. All reported side effects were mild in severity
and, besides from hypoglycemic- and hyperglycemic episodes,
required no intervention.

3.5 Technological issues

During the study, there were a few technological issues. One
participant (during the DH visit) experienced prolonged pressure
induced sensor attenuation causing the sensor to register level 2
hypoglycemia, while PG was well within range. This caused wrongful
glucagon administration and subsequent hyperglycemia. During two
DH study visits, glucagon occluded the pump which required a
change of infusion set. During both study arms, the phone lost
connection to the sensor. However, all connection issues were
automatically reestablished without intervention from the study
personnel. These phone-sensor connection issues only triggered an
alarm if they lasted more than 15 minutes, thus shorter connection
loses may have been present, without the study personnel being
aware. Once during a DH study visit, there was a disconnection
between the phone and the insulin pumps which was resolved by
restarting the entire system.
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4 Discussion

In this 26-h inpatient study, we compared the performance of the
DiaCon DH and SH configurations in adolescents with type 1 diabetes.
For the entire study period, we found no differences in TBRs/pg, TIRsg/
pe TARsG/pG, Or in the amount of rescue glucose needed. However,
despite equivalency in TBRgg during the overnight period and around
exercise, SH achieved more TIRgg and less TARgg compared to DH.

The DiaCon AP has previously been tested in adults with type 1
diabetes (15), showing that DH was superior to SH in handling
hypoglycemia. These findings were in line with two systematic reviews
and meta-analyses performed in 2018, finding that DH was superior to
SH for TBR and TIR (4, 9). Still, only two studies have performed head-
to-head comparison of DH and SH in adolescents with type 1 diabetes
(21, 22). In line with our findings, the first study showed no significant
differences in TIR, TAR or TBR between SH and DH for the adolescents
during a 24-h observation period (21). Further, they found a tendency for
SH to achieve higher TIR than DH during the overnight period (11:00
pm to 8:00 am), but it did not reach statistical significance. The other
study was an overnight study showing that the addition of glucagon
significantly improved TIR and reduced the time in level 1 hypoglycemia,
but had similar time in level 2 hypoglycemia when compared with SH
(22). Both studies included a third study arm with usual care, and
generally both SH and DH achieved better glycemic control compared to
this arm. Recently, a pooled analysis was performed for nocturnal control
in children and adolescents using SH and DH. They found superiority in
favor of the DH configuration for TIR, level 1 hypoglycemia and level 2
hyperglycemia (23).

Even though our SH configuration managed to ensure good glycemic
control comparable to that of the commercially available APs with a
TIRsg of 75% for the whole study period, 83% during exercise and 95%
overnight, hypoglycemia still posed a challenge (4, 5). Indeed, seven
(64%) participants had at least one hypoglycemic event, whilst six
experienced recurrent events. This issue was not resolved by addition
of glucagon in our DH configuration. The reason may be attributed to the
different conditions for parameter estimations in the DiaCon AP rather
than glucagon per se. While the insulin algorithm was individualized and
parameter estimates were based on individual insulin pump and CGM
data, the parameter estimates for the glucagon algorithm were generic
and similar for all participants. The uncertainty of the individual glucose
response to glucagon (median[IQR] glucagon administration 549 [229,
1034] pg), therefore, produced equally uncertain glucose predictions for
the system, resulting in less correct insulin dosing in the DH
configuration. In this study, the glucagon sensitivity was not adaptive,
and we did not have the data to estimate individual glucagon parameters.
Whether addition of these features would have improved the DH study
results remain uncertain. The DiaCon AP was further challenged by
known technical issues, ie., glucagon pump occlusions and pressure
induced sensor attenuation, both of which unfortunately affected the
DiaCon AP predictions and hence, it’s performance during the DH study
days. Glucagon occlusions happen quite commonly when using native
glucagon due to rapid fibrillation after reconstitution (12, 24-26), and
although we tried to avoid them by changing glucagon every 22 hours,
they still occurred. Future algorithms would therefore benefit immensely
from being able to detect occlusions and pressure induced sensor
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attenuations to avoid miscommunication between the systems’
predictions and the actual CGM data and hormonal delivery. Still,
even with improved occlusion detection in the algorithms, a stable
formulation of glucagon is required before it is feasible to be used in a
real-world setting. New, soluble formulations have been developed
(Dasiglucag0n®, BaqsimivrM and Gvoke®/XeriSol®), but are still only
approved for treatment of severe hypoglycemia. Recently published and
ongoing clinical trials have shown promising results in using soluble
glucagon for treatment of non-severe hypoglycemia, regardless of
whether glucagon has been delivered through automated pumps or via
pen-injections (13, 27, 28).

In the overnight period participants were administered higher
doses of bolus insulin during DH compared to SH (2.55 [ + 2.50] vs.
0.5 [ = 1.13] IE). This was most likely due to a couple of different
factors. During the DH arm some participants were administered
glucagon right before dinner announcement, resulting in inadequate
meal bolus insulin, and subsequent hyperglycemia. Due to restrictions
in the DiaCon AP around meals this led to insulin corrections being
administered in the night hours (14). Another possible explanation
could be the occurrence of pressure induced sensor augmentations.
These caused wrongful glucagon administration and hyperglycemia,
which was followed by increased insulin supply when the
augmentation was resolved. Furthermore, a few participants
experienced oscillating sensor glucose levels, as they were
overcorrected and entered a glucagon-insulin oscillating cycle. With
the result from the SH arm in mind (TIR 96.5%) it is fair to speculate
whether a specific night setting should be developed, making the
glucagon algorithm during the night less aggressive, but as our study
was rather small and the glucagon algorithm was faced with several
challenges, we still think it is too unsafe to conclude (10).

Initially, we hypothesized that the addition of glucagon could
have counteracted the increased risk for hypoglycemia during
physical activity (8). However, we found that SH was superior to
DH with more TIRsg, and no difference in TARgsg or TBRsg/pg
during and after exercise. We speculate whether the higher starting
glucose level before exercise for DH (10.1 [ + 3.15] vs. 9.31 [ + 2.30],
p=0.35), though not statistically significant, may have reduced the
need for glucagon around exercise — causing a systematic error when
interpreting the glucose data that are in favor for SH. In fact, only five
participants received glucagon in relation to exercise. Among four
adult head-to-head studies, DH was found to be superior to SH in
avoiding hypoglycemia during exercise, whereas only one of the
studies also included adolescents (11-13, 15). In the combined
adult and adolescent study, no differences were found between the
two hormonal configurations (21). Unfortunately, no subgroup
analysis — adult versus adolescents - for the exercise period was
reported. Our study period ended 1 hour and 45 minutes after the
exercise bout, and we were therefore only able to investigate a small
window of the post-exercise period. Previous studies, however, have
shown that SH systems could sufficiently keep glucose in range during
the post-exercise period (21, 29). This could indicate that glucagon
may be especially beneficial during aerobic exercise, where blood
glucose changes rapidly and insulin reduction or suspension is
inadequate, but requirement may waiver in the post-exercise period
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when the pronounced acute glycemic declines induced by exercise
have passed (10).

The side effects experienced in this study were mild and self-
limiting, but the adolescents reported more clinically significant
events of nausea during DH than during SH (27% vs. 0%). The
other side effects were equally distributed across both study visits, as
reported by other study groups (26). A new outpatient study
investigating dasiglucagon pen treatment for non-severe
hypoglycemia found a higher occurrence of mild nausea with
glucagon treatment, but the participants would still incorporate it
into their regular diabetes treatment if possible (30). Taken
collectively nausea remains a limitation of DH use and finding ways
to resolve such should be a major consideration in
future developments.

The current study had some limitations. Firstly, a small sample
size makes the generalizability of the study results difficult.
Furthermore, the current DiaCon AP set-up was too
comprehensive for commercial pump use. Simpler set-up versions
of the DiaCon AP, should be developed. The use of native glucagon
limited the possibility to be used in real-world settings, but the current
data show that soluble glucagon has a similar response. Furthermore,
we conducted our study on adolescents of 13-17-years-old. This age
group is different from all other due to the considerable hormonal and
physiological changes over time. Therefore, it is important that
studies with DH and SH APs also include adolescents before
concluding whether it is beneficial in this age group. We chose a
McDonalds meal as dinner, which is not typically classified as a
balanced and healthy meal, however, we decided to do so in order to
test our configurations maximally during the limited study time.
Meals with a high carbohydrate and fat content are usually more
difficultly handled for people with type 1 diabetes and testing our
system in such a situation was therefore important. Furthermore,
McDonalds is known worldwide making the approach universally
applicable. Our participants were overall better regulated during the
study days than in their everyday lives, though, we did not have a
usual care control arm to test whether the superior glycemic control
achieved by the DiaCon AP would persist an inpatient setting. This
was the first 26-h inpatient study, during which the DH configuration
was tested during multiple metabolic challenges.

5 Conclusion

To conclude, the two configurations performed equally well; but
during night and exercise, SH achieved better glucose control than
DH with equal amount of rescue glucose needed.

Whether it is justifiable to add glucagon to the AP systems
remains unanswered. Our SH configuration managed to yield good
glycemic control, but hypoglycemia still posed a challenge which
neither of our configurations managed to overcome. However, as we
become more familiar with the use of glucagon and with more stable
glucagon formulations readily available, improved DH algorithms can
potentially be a key player in resolving this.
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Summary

In this technical report, we describe the individual parameter estimation and results of
a phase 1 and a phase 2 clinical trial of the DiaCon dual-hormone artificial pancreas
based on nonlinear model predictive in adolescents with type 1 diabetes from a technical
perspective. The two trials were conducted between October, 2021 and April, 2022,
and the 14 participants were between 13 and 17 years old at the time of recruitment.
In the phase 1 trial, there is one visit for each of 3 participants (only dual-hormone
treatment), and there are two visits for each of 11 participants in the phase 2 trial (both
single- and dual-hormone treatment). The AP was primarily developed by John Bagterp
Jorgensen’s research group at the Department of Applied Mathematics and Computer
Science, Technical University of Denmark, and the clinical trials were primarily carried
out by Kirsten Ngrgaard’s research group at Clinical Research, Steno Diabetes Center
Copenhagen.
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Executive summary

Objective

o Test a dual-hormone (DH) and a single-hormone (SH) artificial pancreas (AP) in
a clinical trial with adolescents.

o Test the feasibility of using nonlinear model predictive control (NMPC) for APs.
e Phase 1 trial: Identify and adress minor issues with the AP.

e Phase 2 trial: Evaluate performance and compare the DH configuration to the SH
configuration of the AP.

Artificial pancreas

o The AP consists of 1) a Dexcom G6 sensor, 2) two Dana Diabecare RS pumps,
and 3) a control algorithm.

¢ The control algorithm is based on an adaptive NMPC algorithm.
o The AP uses an extension of the Medtronic Virtual Patient (MVP) model.

o The optimal control problem (OCP) is solved using a multiple-shooting approach
combined with a sequential quadratic programming (SQP) algorithm.

¢ The AP algorithm switches between two modes where it administers either insulin
or glucagon. In the single-hormone AP, it is not possible to switch to administering
glucagon. All other aspects of the two APs are the same.

Pre-trial parameter estimation

o The parameters were estimated using a maximum likelihood (ML) based prediction
error method (PEM) from CGM measurements, meal carbohydrate estimates, and
basal and meal bolus insulin administration from the participants.

e The amount of data available for estimation was different for each participant. For
all data sets, there appeared to be several meals without a corresponding estimate
of the carbohydrate content.
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iv Executive summary

o We selected a subset of the data for estimation where there appeared to be no
missing information. This period of time was typically short, e.g., less than 24 h
and sometimes only a few hours.

o The estimation required many decisions based on experience as well as trial and
error to choose, e.g., the subset of the data used for estimation, which parameters
to estimate, and the values of parameters that are not estimated from data.

e We evaluated the estimated parameters with a deterministic simulation that should
fit the data used for estimation and by simulation of the meal response for insulin
boli computed from different insulin-to-carb (ICR) ratios.

Clinical trials

o Phase 1 trial: The phase 1 trial (n = 3) only involved a single visit where the
dual-hormone AP was tested.

o Phase 2 trial: The phase 2 trial (n = 11) involved two visits; one with the single-
hormone AP and one with the dual-hormone AP.

o Each visit lasted 26 h. The visits started at 17:00 on the first day and ends at
19:00 on the second day. The participants had dinner at 19:00 on day one and
slept from 22:00 to 07:30. The participants had breakfast at 08:00, lunch at 12:00,
and a snack at 15:00 on day two. Finally, the participants exercised from 16:30 to
17:15 with moderate intensity.

Outcomes

o The trials displayed that it is feasible to use NMPC for APs and that both the
DH and SH AP were able to control the blood glucose concentration.

o Identifying a model can be a challenging and time-consuming process due to miss-
ing data and sometimes also incorrectly announced meals and insulin boli.

o During the studies, we started to set, e.g., the ICR to a value that seemed reason-
able instead of using the participants’ average value. We also shifted the timing
of some of the meals to match the peaks in the glucose concentration instead of
directly using the reported data. These adaptations seemed to improve the perfor-
mance of the AP.

o Pressure induced sensor attenuations (PISAs) are challenging for DH APs as
glucagon can be administered even if the glucose concentration is not low. Occlu-

sions in the glucagon pump and lost connections also influenced the performance
of the AP.

o The predicted glucagon response was inaccurate for many participants as we used
the same parameters for all participants.
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e Many participants received too much insulin after glucagon was administered and
caused oscillations in some of the DH studies.

¢ Despite the challenges related to administration of glucagon in some studies it also
prevented hypoglycemia and the need for rescue carbs in others.
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CHAPTER |
Infroduction

In this technical report, we describe the individual parameter estimation and results of
a phase 1 and a phase 2 trial of a dual-hormone and a single-hormone artificial pancreas
(AP) for controlling the blood glucose concentration in adolescents with type 1 diabetes
(T1D) from a technical perspective. We describe each study in the trials individually
and we refer to Lindkvist et al. [2] for a clinical description of the trial outcomes and
Reenberg et al. [3] for the mathematical details. In this section, we summarize the key
details of the clinical trials and provide an outline of the report.

Objective The objective of the clinical trials was to test an AP which can administer
both insulin and glucagon and an AP that can only administer insulin in terms the
targets specified in [1] where Table 1.1 shows the target glucose ranges. Furthermore,
we tested the feasibility of using nonlinear model predictive control (NMPC) for APs.
The purpose of the phase 1 trial was to identify and address minor issues with the AP,
and the purpose of the phase 2 trial was to evaluate the performance and compare a
dual-hormone AP to a single-hormone AP.

Artificial pancreas We used a dual-hormone AP consisting of 1) a sensor, 2) two
actuators, and 3) a control algorithm. The sensor was a Dexcom G6 continuous glucose
monitor! (CGM), and the actuators were two Dana Diabecare RS pumps? from the
company Sooil. The pumps were used to administer insulin and glucagon, and the
control algorithm was implemented in an Android app, which is ran on a Samsung Galaxy
A5 (2017) smartphone®. The dual-hormone AP algorithm switches between two modes
where it administers either insulin or glucagon. The switch is based on measurements
of the subcutaneous glucose concentration as well as estimates and predictions of the
blood glucose concentration. In the single-hormone AP, it is not possible to switch to
administering glucagon. All other aspects of the two APs are the same.

The control algorithm is based on an adaptive NMPC algorithm. It uses an extension
of the Medtronic Virtual Patient (MVP) model. The (deterministic) optimal control
problem (OCP) is solved using a multiple-shooting approach combined with a sequential
quadratic programming (SQP) algorithm. The states and the initial condition in the
OCP are estimated using the continuous-discrete extended Kalman filter (CD-EKF),
which also (simultaneously) estimates the insulin sensitivity (a parameter in the MVP

lyww.dexcom. com/g6-cgm-system (Accessed: June 27" 2022)
2yww.s0011.com/eng/product/dana-rs.php (Accessed: June 27" 2022)
3www . samsung . com/dk/support/model/SM-A520FZKANEE (Accessed: June 27", 2022)
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Table 1.1: The five glycemic ranges described by Batteline et al. [1].

Category Range [mmol /L]  Color  Target [%]
Missing measurements - Grey 0
Level 2 hyperglycemia 113.9, oo | Orange <5.0
Level 1 hyperglycemia 110.0, 13.9] Yellow <20.0
Normoglycemia [ 3.9, 10.0] Green >70.0
Level 1 hypoglycemia [3.0, 3.9 Light red <4.0
Level 2 hypoglycemia [0.0, 3.0[ Red <1.0

model). As the control algorithm updates a model parameter based on feedback (CGM
measurements), it is adaptive.

The parameters in the MVP model were estimated using a maximum likelihood (ML)
based prediction error method (PEM) based on the participants’” own CGM measure-
ments, meal carbohydrate estimates, and basal and meal bolus insulin administration.
Furthermore, we received the participants’ own values for their insulin-to-carb (ICR)
ratio and their insulin-sensitivity-factor (ISF). The amount of data available for esti-
mation was different for each participant, and for all data sets, there appeared to be
several meals without a corresponding estimate of the carbohydrate content. Therefore,
for each participant, we selected a period of time where the majority of the meal carbo-
hydrate contents appeared to be properly estimated and used this subset of the data to
estimate the parameter values. This period of time was typically short, e.g., less than
24 h. Furthermore, the estimation was not fully automatic. It required many decisions
based on experience as well as trial and error to choose, e.g., the subset of the data
used for estimation, which parameters to estimate, and the values of parameters that
are not estimated from data. We evaluated the estimated parameters with a determin-
istic simulation that should fit the data used for estimation and by simulation of the
meal response for insulin boli computed from different ICRs. The simulation of the
meal response was used to verify that meals result in a post-prandial peak and that the
corresponding insulin bolus causes the blood glucose concentration to decrease within a
reasonable amount of time.

Time period The phase 1 trial was conducted between October 6", 2021 and Novem-
ber 34, 2021, and the phase 2 trial was conducted between November 23', 2022 and
April 262, 2022.

Protocol The phase 1 trial only involved a single visit where the dual-hormone AP
was tested. The phase 2 trial involved two visits; one with the single-hormone AP and
one with the dual-hormone AP. Each visit lasted 26 h. In the phase 1 trial, the visit
started at 17:00 on the first day and ends at 19:00 on the second day. The participant
consumed a meal at 19:00 on day one and slept from 22:00 (day one) to 07:30 (day two).
Next, breakfast and lunch were consumed at 08:00 and 12:00, respectively, and a snack
was consumed at 15:00. Finally, the participant exercised from 16:30 to 17:15 using an
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indoor bike trainer. Fig. 1.1 shows the protocol. In the phase 2 trial, two participants’
visits sometimes overlapped. In that case, one visit would proceed as in the phase 1
trial, and all aspects of the other visit were delayed by 15 minutes, i.e., it lasted from
17:15 on day one to 19:15 on day two. Otherwise, the protocol was identical in the two
studies. For some participants, there were slight variations in the actual starting time
due to specific details of the individual visits.

Participants The participants were between 13 and 17 years old when they were
recruited for the trials. There were 3 participants in the phase 1 trial, and 11 participants
in the phase 2 trial. In their daily lives, the participants used a CGM and an insulin
pump in either an open- or a closed-loop configuration.

DIACON partners DIACON is a collaboration between 1) John Bagterp Jorgensen’s
research group at the Department of Applied Mathematics and Computer Science, Tech-
nical University of Denmark, and 2) Kirsten Ngrgaard’s research group at Clinical Re-
search, Steno Diabetes Center Copenhagen. The control algorithm and the app was
developed by Jgrgensen’s group with assistance from Ngrgaard’s group. The clinical
trials were carried out at Steno Diabetes Center Copenhagen by Ngrgaard’s group with
assistance from Jgrgensen’s group.

Jorgensen’s group consists of Dimitri Boiroux, Maria Sejersen, Tobias K. S. Ritschel,
and Asbjgrn Thode Reenberg. Ngrgaard’s group consists of Jannet Svensson, Ajenthen
G. Ranjan, Christian Laugesen, and Emilie Bundgaard Lindkvist.

Structure of the report In Chapter 2, we describe the parameter estimation and
results of the phase 1 trial and the modifications made to the AP after each visit. In
Chapter 3, we describe and discuss the parameter estimation and results of each of the
phase 2 trials, and in Chapter 4, we provide conclusions based on the clinical trial.

i 4 ®
Dinner z Lunch N
h Breakfast )
s | e | il B
I >
17:00 19:00 22:00 07:30 08:00 12:00 15:00 16:30 17:15 19:00

Figure 1.1: Schematic of the protocol used in the clinical trials.
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CHAPTER 2
Phase 1 trial

In this chapter, we show the parameter estimation and results from all the studies in
the phase 1 trial. The studies are shown in chronological order. The app was updated
to save all values from the control algorithm after the phase 1 trial. Therefore, we are
unable to definitively distinguish between insulin meal boli and correction boli in the
phase 1 trial and show the combined insulin boli in the figures. Furthermore, the YSI
measurements from participant 2 in the phase 1 trial are missing.

2.1 Participant 1

2.1.1 Parameter estimation

We used around 40 hours of data with multiple meals and insulin boli. Figure 2.1 shows
the data used for estimation and a simulation with the estimated parameters. For this
participant, we fixed EGP, ki, and Qjoesr, and 1/V,, was on the boundary. GEZI was
tuned to correct the basal rate to match the participants’ normal basal rate which was
~ 25 mU/min. ICR and I SF were set to the mean values. Table 2.1 shows the estimated
parameters. Figure 2.2 shows the meal response with an insulin bolus computed from
different insulin-to-carb (ICR) ratios.

2.1.2 Results

Table 2.2 and Figure 2.3 shows the outcomes for the glycemic targets and Figure 2.4
shows the results. The blood glucose concentration oscillates a lot and the controller
should not give as much insulin after glucagon. The glucagon response was much larger
than we expected. We verified that the controller and heuristics were working as ex-
pected. The controller is more aggressive with glucagon than in the adult study, which
was also as expected. The insulin basal rate for the participant (1.5 U/h) seemed to be
a bit high. We noted that, there was a problem, where the app crashed after multiple
missing measurements. We increased the penalty of deviating from the basal rate after
this study to administer less insulin after glucagon administration to reduce oscillations.
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Table 2.1: Participant 1. Parameter estimates for participant 1 in the phase 1 trial.

Parameter | Initial guess | Lower bound | Estimate | Upper bound Unit
k1 0.0167 0.00667 0.02 0.2 1/min
EGP 0.96 0.1 0.7 3 mg/(dL min)
1/Vy 0.0074 0.005 0.005 0.125 1/dL
km 0.027 0.00667 0.0184 0.1 1/min
Q 15 0 22.7 30 (mg/(dL min'/2))?
log(Qiog s1) -11.5 -11.5 -11.5 -11.5 (L/(mU min®/2))?
Is.(0) 0.0005 0 89.7 le4-06 mU/L
I1p(0) 34.3 0 2.99 le+06 mU/L
Irss(0) 0.0567 0 0.00696 le+06 1/min
G(0) 123 0 123 le+-06 mg/dL
D1(0) 0.5 0 0.00494 0.005 mg
D5(0) 0.5 0 0.00493 0.005 mg
log(SI(0)) -6.65 -10 -8.3 0 log(L/(mU min))
GEZI - - 0.0023 - 1/min
ICR - - 6.71 - g/U
ISF - - 1.93 - mmol/(L U)

Table 2.2: Participant 1. Values of the glycemic targets for participant 1 in the
phase 1 trial.

Quantity Target DH
Average glucose [mmol/L] < 855 7.26
GMI [%] <7 6.44
GV [%] <36  39.16

Active CGM [%] 100 99.37
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2.1 Participant 1 7
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Figure 2.1: Participant 1. Parameter estimation for participant 1 in the phase 1
trial. From the top: 1) CGM measurements (blue dots) and a deterministic
simulation with the estimated parameters (red line), 2) announced meals,
3) basal insulin rate, and 4) bolus insulin.
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Figure 2.2: Participant 1. Evaluation of the meal response for participant 1 in the

Figure 2.3: Participant 1. TIRs for the DH study for participant 1 in the phase 1
trial.

Blood glucose concentration [mmol/L]

d=50g CHO

N
o

Y
[$)]

Y
o

(4]

5 10
Time [h]

15

20

15}

d=75g CHO

5 10
Time [h]

20+

15}

10+

d =100 g CHO

- - Target
—ICR=4g/U
ICR=5g/U
—ICR=6g/U
—ICR=7g/U
ICR=8g/U
—ICR=9g/U
—ICR=10g/U

5 10 15
Time [h]

phase 1 trial with an insulin bolus computed using different ICRs.

17.5%

72.4%

3:0%




L Technical Report 257

2.1 Participant 1

20 -

[mmol /L] _

Glucose
measurements
=
(==}

[g CHOJ
g

Meals
active
o
(==} ot =]
T

Exercise

O[U/Jl]

Basal

[V
(=]

Bolus
(U]
=
T

TTIITE: I - PR L)

Glucagon
(1]
Do
S
= E
| g}

20:00 23:00 02:00 05:00 08:00 11:00 14:00 17:00
Oct 06, 2021-Oct 07, 2021

Figure 2.4: Participant 1. Results from the DH study for participant 1 in the phase 1
trial with 72.4% time in range. From the top: 1) CGM measurements (blue
dotted line), YSI measurements (red crosses), and setpoint (red dashed
line), 2) meals, 3) exercise, 4) basal insulin (blue line) and maximum al-
lowed basal insulin (red dots), 5) insulin boli (blue line) and maximum
allowed insulin boli (red dots), and 6) glucagon boli (blue line) and maxi-
mum allowed glucagon boli (red dots).
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2.2 Participant 2

2.2.1 Parameter estimation

We used around 20 hours of data with 3 meals that all had a corresponding insulin
bolus. Figure 2.5 shows the data used for estimation and a simulation with the estimated
parameters. The fit for this participant was very good. In this study, we fixed FGP,
kpm, and Quogsr, and 1/V, was on the boundary. GEZI was tuned to make the estimated
basal rate match the participants’ normal basal rate which was ~ 18.68 mU/min. We
computed ICR and ISF as the mean values for the participant. Table 2.3 shows the
estimated parameters. Figure 2.6 shows the meal response for an insulin bolus computed
from different ICRs.

2.2.2 Results

Table 2.4 and Figure 2.7 shows the outcomes for the glycemic targets and Figure 2.8
shows the results. This study went very well with nearly 100% TIR. Glucagon was
administered to prevent hypoglycemic events after dinner and also kept the participant
in range during exercise. After the study, we discussed if the penalty on hyperglycemia
should be changed, but we did not make any changes after this study.
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Table 2.3: Participant 2. Parameter estimates for participant 2 in the phase 1 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0167 | 0.00667 | 0.0169 0.2 1/min
ins. sens. log(SI(0)) | -6.65 -10 -8 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 0.6 3 (mg/dL)/min
inv. dist. vol. 1/Vy 0.0952 0.005 0.005 0.125 1/dL
inv. meal TC km, 0.027 | 0.00667 0.02 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 68.6 le+06 mU/L
IC ins. plas. 1p(0) 34.3 0 0.834 | 1le406 mU/L
IC ins. eff. Igss(0) 0.0567 0 0.119 le+06 1/min
IC gluc. conc. G(0) 187 0 188 le+06 mg/dL
IC meal 1 D1 (0) 0.5 0 111 300 mg
IC meal 2 D, (0) 0.5 0 230 300 mg
gluc. cov. Qg 15 0 14.4 30 -
ins. cov. log(Qiogsr) | -11.5 -11.5 -11.5 -11.5 -
gluc. eff. GEZI - - 0.00146 - 1/min
ins. to carb. rat. ICR - - 7.04 - g/U
ins. sens. fac. ISF - - 1.16 - mmol/L/U

Table 2.4: Participant 2. Values of the glycemic targets for participant 2 in the
phase 1 trial.

Quantity Target DH
Average glucose [mmol/L] < 855 6.25
GMI [%] <7 6.00
GV [%] <36 21.13
Active CGM [%] 100 100.0
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Figure 2.5: Participant 2. Parameter estimation for participant 2 in the phase 1
trial. From the top: 1) CGM measurements (blue dots) and a deterministic
simulation with the estimated parameters (red line), 2) announced meals,
3) basal insulin rate, and 4) bolus insulin.
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Figure 2.6: Participant 2. Evaluation of the meal responses participant 2 in the
phase 1 trial with an insulin bolus computed from different ICRs.
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Figure 2.7: Participant 2. TIRs for the DH study for participant 2 in the phase 1
trial.
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Participant 2. Results from the DH study for participant 2 in the phase 1
trial with 96.5% time in range. From the top: 1) CGM measurements
(blue dotted line) and setpoint (red dashed line), 2) meals, 3) exercise, 4)
basal insulin (blue line) and maximum allowed basal insulin (red dots), 5)
insulin boli (blue line) and maximum allowed insulin boli (red dots), and 6)
glucagon boli (blue line) and maximum allowed glucagon boli (red dots).
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2.3 Participant 3

2.3.1 Parameter estimation

We used around 13 hours of data with 3 meals that had a corresponding insulin bolus.
There seems to be a missing meal around 10:00, but this was the best data we could
find. Figure 2.9 shows the data used for estimation and a simulation with the estimated
parameters. The fit is very good over night, but the meal responses are less accurate,
which could be becuase of a missing meal. In this study, we fixed EGP, k,,, ki, and
Quogsr and 1/V, was on the boundary. GEZI was tuned to make the estimated basal
rate match the participants’ normal basal rate which was ~ 14.76 mU/min. For the
2 previous participants the meal time constant was for 1) fixed at 50 minutes and for
2) estimated to be around 50 minutes, but we observed that the model predicted that
meals had a longer response, than what the results showed. Therefore, we fixed the meal
time constant to 40 minutes for this participant, which also seemed to match the data
used for estimation. We computed IC'R and [SF as the mean values for the participant.
Table 2.5 shows the estimated parameters and Figure 2.10 shows the meal response for
an insulin bolus computed from different ICRs.

2.3.2 Results

Table 2.6 and Figure 2.11 shows the outcomes for the glycemic targets and Figure 2.12
shows the results. This study also resulted in a high TIR and a low amount of time
in hypoglycemia, but the app crashed around 11:00, which meant not all glucagon was
administered. Therefore, the participant also required rescue carbs. If the app had not
crashed, the peak before the snack could possibly have been avoided. We decided to
continue to calibrate xDrip before the studies as the CGM and YSI measurements were
consistent. After this study, we decided to reduce the allowed meal bolus factor from 1.3
to 1.15 based on the results from the phase 1 trial and decided that the AP was ready
to start phase 2.
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Table 2.5: Participant 3. Parameter estimates for participant 3 in the phase 1 trial.

Desc Param. init. Ib. estim. ub. unit
inv. ins. TC k1 0.0167 | 0.00667 0.0167 0.2 1/min
ins. sens. log(S1(0)) | -6.65 -10 -7.68 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 0.6 3 (mg/dL)/min
inv. dist. vol. 1/V, 0.0952 | 0.005 0.005 0.125 1/dL
inv. meal TC km, 0.027 | 0.00667 0.025 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 33 le+06 mU/L
IC ins. plas. Ip(0) 34.3 0 0.000837 | le+06 mU/L
IC ins. eff. Igs¢(0) 0.0567 0 0.0163 | 1le+06 1/min
1C gluc. conc. G(0) 119 0 120 le+06 mg/dL
IC meal 1 D4(0) 0.5 0 10 10 meg
IC meal 2 D4(0) 0.5 0 10 10 mg
gluc. cov. Qq 15 0 18.5 30 -
ins. cov. log(Qiogsr) | -11.5 -11.5 -11.5 -11.5 -
gluc. eff. GEZI - - 0.0011 - 1/min
ins. to carb. rat. ICR - 9.75 - g/U
ins. sens. fac. ISF - - 3 - mmol/L/U

Table 2.6: Participant 3. Values of the glycemic targets for participant 3 in the
phase 1 trial.

Quantity Target DH

Average glucose [mmol/L] < 855 7.36
GMI [%] <7 6.48
GV [%] <36 2647
Active CGM [%] 100 96.86
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Figure 2.9: Participant 3. Parameter estimation for participant 3 in the phase 1
trial. From the top: 1) CGM measurements (blue dots) and a deterministic
simulation with the estimated parameters (red line), 2) announced meals,
3) basal insulin rate, and 4) bolus insulin.
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Figure 2.10: Participant 3. Evaluation of the meal responses for participant 3 in the
phase 1 trial with an insulin bolus computed from different ICRs.
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trial.
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Figure 2.12: Participant 3. Results from the DH study for participant 3 in the
phase 1 trial with 85.1% time in range. From the top: 1) CGM measure-
ments (blue dotted line), YSI measurements (red crosses), and setpoint
(red dashed line), 2) meals, 3) exercise, 4) basal insulin (blue line) and
maximum allowed basal insulin (red dots), 5) insulin boli (blue line) and
maximum allowed insulin boli (red dots), and 6) glucagon boli (blue line)
and maximum allowed glucagon boli (red dots).
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CHAPTER 3
Phase 2 tfrial

In this chapter, we show the parameter estimation and results from all the DH and SH
studies in the phase 2 trial. Here, the studies are shown in the order of when both the
DH and SH study was completed. Therefore, e.g. participant 4 had their first visit
before participant 3. We did not make any changes to the algorithm during the phase 2
trial. However, we changed the time series charts to show dots instead of lines in the
app, as the chart library had a memory leak in the line chart. The memory leak was
also the reason why the app sometimes crashed during the phase 1 trial.

3.1 Participant 1

3.1.1 Parameter estimation

We had trouble finding suitable data for this participant and ended using data from only
one night and breakfast. Figure 3.1 shows the data used for estimation and a simulation
with the estimated parameters. The meal response seems to fit relatively well, but the
fit over night is less accurate which indicates that the basal rate was hard to estimate.
In this study, we fixed EGP, ki, and Qjogsr. GEZI was tuned to make the estimated
basal rate match the participants’ normal basal rate which was ~ 11.94 mU/min. We
computed ICR and ISF as the mean values for the participant. In the phase 1 trial,
we observed that the the meals have had a longer and larger response in the predictions
than what the actual data showed. Therefore, we reduced the lower bound on 1/Vg in
this study. We ended up increasing the lower bound on 1/Vg again later in the phase 2
trial, as it did not have the desired effect. Table 3.2 shows the estimated parameters.
Fig 3.2 shows the meal response for an insulin bolus computed from different ICRs. The
meal responses indicated that the algorithm would most likely be conservative with the
meal boli to avoid hypoglycemia.

3.1.2 Results

Table 3.2 and Figure 3.3 shows the outcomes for the glycemic targets and Figure 3.4
shows the results. Overall, the participant received too little insulin in both studies,
which also lead to a high amount of time in hyperglycemia. The meal effect seemed to
be underestimated and correction boli were administered in both studies. We believe this
was, partly, because the lower bound on 1/Vg was reduced in the parameter estimation.
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Table 3.1: Participant 1. Parameter estimates for participant 1 in the phase 2 trial.

Parameter | Initial guess | Lower bound | Estimate | Upper bound Unit
k1 0.0167 0.00667 0.02 0.2 1/min
EGP 0.96 0.1 0.5 3 mg/(dL min)
1/V, 0.0952 0.00333 0.00369 0.125 1/dL
km 0.027 0.00667 0.0487 0.1 1/min
Qq 15 0 7.27 30 (mg/(dL min'/2))?
log(Qiog 51) -11.5 -11.5 -11.5 -11.5 (L/(mU min®/2))?
Is.(0) 0.0005 0 3.05e-05 le+06 mU/L
Ip(0) 34.3 0 4.38e-05 le+06 mU/L
Igss(0) 0.0567 0 0.0103 1le+-06 1/min
G(0) 133 0 128 le+06 mg/dL
D4(0) 0.5 0 10 10 mg
D5 (0) 0.5 0 2.44e-05 10 mg
log(SI(0)) -6.65 -10 -7.87 0 log(L/(mU min))
GEZI - 0.0015 - 1/min
ICR - 8.29 - g/U
ISF - - 2.35 - mmol/(L U)

In both studies there also seemed to be a dawn effect. In the SH study, the dinner
meal bolus was given manually without the algorithm knowing, as there was a problem
with the insulin pump. The glucose concentration was stabilized over night in the SH
study, due to the multiple correction boli that was administered after dinner. The
amount of carbs in the breakfast was underestimated and caused a large post prandial
peak and a correction bolus. In the DH study, the participant entered the clinic with
slight hypoglycemia and received glucagon. The AP was unable to stabilize the glucose
concentration over night. After the lunch, the basal rate is set to 0 due to the predictions
(possibly the connection was also lost), which causes the following increase in the glucose
concentration. In the DH study, the CGM measurements were higher than the YSI
measurements in most of the study.
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Participant 1. Parameter estimation for participant 1 in the phase 2 trial.
From the top: 1) CGM measurements (blue dots) and a simulation with
the estimated parameters (red line), 2) announced meals, 3) basal insulin

rate, and 4) bolus insulin.

Table 3.2: Values of the glycemic targets for participant 1 in the phase 2 trial.

Quantity Target DH SH

Average glucose [mmol/L] <855 10.19 10.81
GMI [%] <7 770 797
Qv [%] <36 2690 31.94
Active CGM [%] 100 100.0 100.0
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Figure 3.2: Participant 1. Evaluation of the meal responses for participant 1 in the
phase 2 trial with an insulin bolus computed from different ICRs.
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Figure 3.3: Participant 1. Left: TIRs for the DH study for participant 1 in the
Right: TIRs for the SH study for participant 1 in the
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phase 2 trial.
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Figure 3.4: Participant 1. Left: Results from the DH study for participant 1 in the
phase 2 trial with 38.2% time in range. Right: Results from the SH study
for participant 1 in the phase 2 trial with 46.6% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red
dots).
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3.2 Participant 2

3.2.1 Parameter estimation

The data for this patient was quite challenging. Again, we used data from one night
and a breakfast and it seemed like unanounced rescue carbs were consumed after the
breakfast, but this was the best data available. The meal was shifted 20 minutes earlier
to fit the peak in glucose concentration. Figure 3.5 shows the data used for estimation
and a simulation with the estimated parameters. Overall, the fit was relatively good, but
the model was unable to describe the increases after breakfast which could be because
of unannounced carbohydrates. We fixed EGP, ky,, ki, and Q.57 for this participant,
and 1/V, was at its lower bound. GEZI was tuned to correct the basal rate to the
participants’ normal basal rate which was ~ 14.13 mU/min. We computed /C'R and
ISF as mean values for the participant. Table 3.4 shows the estimated parameters.
Figure 3.6 shows the meal response for an insulin bolus computed from different ICRs.
A bolus corresponding to the participants regular ICR results in slight hypoglycemia,
which causes the AP to be conservative with the meal boli, but we were unable to avoid
it with the data from this participant.

3.2.2 [Results

Table 3.4 and Figure 3.7 shows the outcomes for the glycemic targets and Figure 3.8
shows the results. In both studies the meal boli seemed to be too small. The AP was
allowed to administer more insulin, but did not. In retrospect, we could have predicted
that based on the meal responses from the parameter estimation. Instead the AP ad-
ministers some correction boli after the predictions are updated, but the participant still

Table 3.3: Parameter estimates for participant 2 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0167 | 0.00667 0.02 0.2 1/min
ins. sens. log(S1(0)) -6.65 -10 -7.13 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 1 3 (mg/dL)/min
inv. dist. vol. 1/V, 0.00667 | 0.00455 | 0.00455 | 0.125 1/dL
inv. meal TC km 0.027 0.00667 0.025 0.1 1/min
IC ins. sub. I50(0) 0.0005 0 19.3 | 1e+06 mU/L
IC ins. plas. Ip(0) 34.3 0 70.1 le+06 mU/L
IC ins. eff. Irys(0) 0.0567 0 0.0914 | 1e+06 1/min
IC gluc. conc. G(0) 164 0 167 le+06 mg/dL
IC meal 1 D4(0) 0.5 0 100 100 mg
IC meal 2 D»(0) 0.5 0 100 100 mg
gluc. cov. Qq 15 0 15 30 -
ins. cov. log(Qiog s1) -11.5 -11.5 -11.5 -11.5 -
gluc. eff. GEZI - - 0.0016 - 1/min
ins. to carb. rat. ICR - - 8.5 - g/U
ins. sens. fac. ISF - - 2.12 - mmol/L/U
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Figure 3.5: Participant 2. Parameter estimation for participant 2 in the phase 2 trial.
From the top: 1) CGM measurements (blue dots) and a simulation with
the estimated parameters (red line), 2) announced meals, 3) basal insulin
rate, and 4) bolus insulin.

receives too little insulin. The participant started the SH study in hypoglycemia and
received dextrose. During the SH study it seemed like multiple pressure induced sensor
attenuations (PISAs) occurred, where the most significant one was before breakfast. In
the DH study, the AP administered glucagon when the participant was approaching
hypoglycemia. The glucagon response was very large and the basal rate was increased,
which caused oscillations during the night. During the day, the meal boli are too small
and even though correction boli are administered, the glucose concentration remained

high.
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Table 3.4: Values of the glycemic targets for participant 2 in the phase 2 trial.
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Figure 3.8: Participant 2. Left: Results from the DH study for participant 2 in the

phase 2 trial with 71.8% time in range. Right: Results from the SH study
for participant 2 in the phase 2 trial with 61.5% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red
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3.3 Parficipant 3

3.3.1 Parameter estimation

This participant was using a closed-loop system and therefore all the administered insulin
comes from insulin boli. The basal rate acts as a fallback mode and was active for around
2 hours around 15:00. Figure 3.9 shows the data used for estimation and a simulation
with the estimated parameters. The meal response in the simulation was rather large,
but that did also seem to match the data and overall this seemed to be one of the better
fits. We fixed k,,, k1, and EGP for this participant. GEZI was tuned to correct the
basal rate to match the participants’ normal basal rate which was ~ 23.61 mU/min.
Here, we set the IC'R slightly below the average as it seemed to be higher for dinner
and during the night compared to breakfast. We computed I SF as the mean value for
the participant. Table 3.5 shows the estimated parameters. Figure 3.10 shows the meal
response for an insulin bolus computed from different ICRs.

3.3.2 Results

Table 3.6 and Figure 3.11 shows the outcomes for the glycemic targets and Figure
3.12 shows the results. Overall, the AP performed very well for this participant, but
unfortunately the connection to the pump was lost for most of the day during the DH
study. In both studies, the AP managed to stabilize the participant at the setpoint over
night and achieved high TIR. The participant entered the clinic in level 2 hyperglycemia
in the SH study and received both a manual bolus before the study and correction
boli when the AP was activated. The participant was not in hypoglycemia, but felt
hypoglycemic and specifically asked for carbs. The AP reduced the basal rate, but the

Table 3.5: Parameter estimates for participant 3 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0167 | 0.0111 0.0167 0.2 1/min
ins. sens. log(SI1(0)) | -8.15 -10 -8.6 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 1.11 0.1 0.4 3 (mg/dL)/min
inv. dist. vol. 1/V, 0.005 | 0.00455 | 0.00455 | 0.125 1/dL
inv. meal TC km 0.02 0.0111 0.025 0.1 1/min
IC ins. sub. Is.(0) 14.8 0 169 | le+06 mU/L
IC ins. plas. I1p(0) 80.1 0 6.79¢e-06 | 1le406 mU/L
IC ins. eff. Irss(0) 0.0212 0 0.0147 | 1le+406 1/min
IC gluc. conc. G(0) 140 0 151 le+06 mg/dL
IC meal 1 D1(0) 10 0 10 10 mg
IC meal 2 D5(0) 10 0 10 10 mg
gluc. cov. Qq 20.3 0 22.3 30 -
ins. cov. log(Qiogsr) | -9.21 -11.5 -9.35 -9.21 -
gluc. eff. GEZI - - 0.00073 - 1/min
ins. to carb. rat. ICR - - 7.500 - g/U
ins. sens. fac. ISF - - 1.800 - mmol/L/U
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Figure 3.9: Participant 3. Parameter estimation for participant 3 in the phase 2 trial.
From the top: 1) CGM measurements (blue dots) and a simulation with
the estimated parameters (red line), 2) announced meals, 3) basal insulin
rate, and 4) bolus insulin.

carbs might have prevented hypoglycemia. In the DH study, the AP handled both the
dinner and night very well, but after breakfast, the connection to the insulin pump was
lost until around 15:20. A large amount of insulin was administered after the insulin
pump was reconnected. The high amount of insulin was administered just before the
exercise session and resulted in administration of glucagon to prevent hypoglycemia.
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Table 3.6: Values of the glycemic targets for participant 3 in the phase 2 trial.

Quantity Target DH SH

Average glucose [mmol/L] <855 9.63 7.02
GMI [%] <7 746  6.33
GV [%] <36 3843 4797
Active CGM [%] 100 99.68 100.0
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Figure 3.12:

Participant 3. Left: Results from the DH study for participant 3 in the
phase 2 trial with 57.3% time in range. Right: Results from the SH study
for participant 3 in the phase 2 trial with 89.0% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red
dots).
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3.4 Participant 4
3.4.1

This participant also used a closed-loop system. We used data from one night and a
breakfast to estimate the parameters. Figure 3.13 shows the data used for estimation and
a simulation with the estimated parameters. There might have been an unannounced
snack during the night or evening, which caused the closed-loop system to administer
a correction bolus. The meal response was rather small for a meal with around 100g
carbohydrates compared to the other participants, but this was the best data available.
We fixed k,,, ki, and Qogsr for this participant and GEZI was tuned to correct the
basal rate to match the participants’ normal basal rate which was ~ 9.028 mU /min.
We computed I.SF as the mean values for the participant. The participant used ICR
values between 8 and 21 g/U in the closed-loop system. For the meals where the ICR is
set to 21 g/U, the participant seemed to rely on correction boli that are automatically
administered by the closed-loop system. Therefore, we chose to set the ICR to 13 even
though the weighted mean was 19 g/U. Table 3.7 shows the estimated parameters and
Figure 3.14 shows the meal response for an insulin bolus computed from different ICRs.

Parameter estimation

3.4.2 Results

Table 3.8 and Figure 3.15 shows the outcomes for the glycemic targets and Figure
3.16 shows the results. The DH study resulted in a very low TIR and high time in
hyperglycemia compared to the SH study. No glucagon was administered during the
DH study which means the control algorithm was identical for the 2 studies. Around
10U insulin more was administered in the DH study compared to the SH study and a

Table 3.7: Parameter estimates for participant 4 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0182 | 0.0111 | 0.0167 0.2 1/min
ins. sens. log(S1(0)) -7.5 -10 -7.32 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.5 0.5 3 (mg/dL)/min
inv. dist. vol. 1/Vy 0.00402 | 0.005 | 0.00515 | 0.125 1/dL
inv. meal TC km 0.027 0.0111 0.02 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 0.00114 | 1e+06 mU/L
IC ins. plas. Ip(0) 34.3 0 3.84 le+06 mU/L
IC ins. eff. Irss(0) 0.0567 0 0.0202 | 1e+06 1/min
IC gluc. conc. G(0) 106 0 105 le+06 mg/dL
IC meal 1 D4(0) 0.5 0 10 10 mg
IC meal 2 D4(0) 0.5 0 10 10 mg
gluc. cov. Qq 5 0 13.6 30 -
ins. cov. log(Qiog s7) -11.5 -11.5 -11.5 -9.21 -
gluc. eff. GEZI - - 0.0006 - 1/min
ins. to carb. rat. ICR - - 13.000 - g/U
ins. sens. fac. ISF - - 3.446 - mmol/L/U
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Figure 3.13:
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Participant 4. Parameter estimation for participant 4 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal
insulin rate, and 4) bolus insulin.

manual correction bolus of 2.5 U was also administered during the night of the DH study.
In both studies, it seemed like the basal rate was estimated to be too low and the AP
increased the basal rate during both studies. The CGM measurements are higher than
the YSI measurements during most of the DH study. In the DH study the response
from the dinner seemed to be rather large and delayed as the peak happened around

midnight.
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Figure 3.14: Participant 4. Evaluation of the meal responses for participant 4 in the
phase 2 trial with an insulin bolus computed from different ICRs.
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Figure 3.15: Participant 4. Left: TIRs for the DH study for participant 4 in the
phase 2 trial. Right: TIRs for the SH study for participant 4 in the
phase 2 trial.
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Table 3.8: Values of the glycemic targets for participant 4 in the phase 2 trial.

Quantity Target DH SH

Average glucose [mmol/L] < 8.55 11.48 8.92
GMI [%] <7 826 7.15
GV [%] <36 2078 24.24
Active CGM [%] 100 100.0 100.0
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Figure 3.16:

Participant 4. Left: Results from the DH study for participant 4 in the
phase 2 trial with 28.7% time in range. Right: Results from the SH study
for participant 4 in the phase 2 trial with 76.8% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red
dots).
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3.5 Participant 5
3.5.1

We were only able to find around 5 hours of data for this participant. Figure 3.17 shows
the data used for estimation and a simulation with the estimated parameters. Clearly,
the fit matched the data, but the meal response was very small and from Figure 3.18,
we saw that the AP would be conservative with the meal boli as the meal response in
the model was relatively small and sensitive to insulin. We fixed EGP, k,,, and Qo451
for this participant and 1/V, was at its lower bound. GEZI was tuned to correct the
basal rate to match the participants’ normal basal rate which was ~ 19.06 mU/min.
We computed ICR and ISF as mean values for the participant. Table 3.11 shows the
estimated parameters.

Parameter estimation

3.5.2 [Results

Table 3.10 and Figure 3.19 shows the outcomes for the glycemic targets and Figure 3.20
shows the results. In both studies, the AP administered correction boli in the beginning
as the participant entered the clinic in hyperglycemia with a rising glucose concentration.
In the SH study, the meal bolus should have been larger, but the performance of the
AP was relatively good. The DH study was affected by multiple PISAs during the night
which caused administration of multiple large glucagon boli even though the participant
already had a high glucose concentration. The participant was wearing the sensor on the
arm while most of the other participants wore the sensor on their stomach. During the
day in the DH study, the predictions were very inaccurate and the AP administered too
little insulin and even when it was allowed to give correction boli, almost no additional

Table 3.9: Parameter estimates for participant 5 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0217 | 0.00667 0.0213 0.2 1/min
ins. sens. log(S1(0)) -7.4 -10 -7.38 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.9 0.1 0.87 3 (mg/dL)/min
inv. dist. vol. 1/Vy 0.00364 | 0.00364 | 0.00364 0.125 1/dL
inv. meal TC Em 0.0333 | 0.00667 | 0.0333 0.1 1/min
IC ins. sub. Is.(0) 26.3 0 23.7 le+06 mU/L
IC ins. plas. Ip(0) 9.61e-06 0 0.000426 | 1e+06 mU/L
IC ins. eff. Igyss(0) 0.0233 0 0.023 le+06 1/min
IC gluc. conc. G(0) 119 0 119 le+06 mg/dL
IC meal 1 D4(0) 10 0 10 10 mg
IC meal 2 D4(0) 10 0 10 10 mg
gluc. cov. Qq 2.97 0 2.97 30 -
ins. cov. log(Quog s7) -11.5 -11.5 -11.5 -11.5 -
gluc. eff. GEZI - - 0.0001 - 1/min
ins. to carb. rat. ICR - 9.17 - g/U
ins. sens. fac. ISF - - 2 - mmol/L/U
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Figure 3.17: Participant 5. Parameter estimation for participant 5 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal
insulin rate, and 4) bolus insulin.

insulin was administered. This could be because the insulin sensitivity was adapted
based on the faulty CGM measurements during the night.
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Figure 3.18: Participant 5. Evaluation of the meal responses for participant 5 in the

Figure 3.19: Participant 5. Left: TIRs for the DH study for participant 5 in the
Right: TIRs for the SH study for participant 5 in the
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Table 3.10: Values of the glycemic targets for participant 5 in the phase 2 trial.

Quantity Target DH SH
Average glucose [mmol/L] < 855 10.16 8.26
GMI [%] <7 7.69 6.87
GV [%] < 36 22.36 46.92
Active CGM [%] 100 100.0 100.0
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Figure 3.20: Participant 5. Left: Results from the DH study for participant 5 in the
phase 2 trial with 40.1% time in range. Right: Results from the SH study
for participant 5 in the phase 2 trial with 70.4% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red

dots).
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3.6 Participant 6
3.6.1

This participant also used a closed-loop system. Again, we used data from one night and
a breakfast. Figure 3.21 shows the data used for estimation and a simulation with the
estimated parameters. It seemed like the meal response was slightly delayed compared
to the announcement of the meal, but overall, the fit seemed decent. We fixed k,,, k1,
and FGP and GEZI was tuned to correct the basal rate to match the participants’
normal basal rate with was ~ 16.667 mU/min. The closed-loop system had multiple
pump programs and therefore the basal rate was tuned to the value recommended by
Jannet Svensson. We computed I SF as the mean value for the participant and IC' R was
computed as the mean of the values during the day (the participants used an ICR of 13
g/U during the night). We estimated the ICR to 8.575g/U and the values ranged from
8.4-8.7g/U during the day in the closed-loop system. Table 3.11 shows the estimated
parameters. The time constants 1/k; and 1/k,, were relatively small for this participant,
but it looked reasonable from inspection of the post-prandial peaks in the data. Figure
3.22 shows the meal response for an insulin bolus computed from different ICRs.

Parameter estimation

3.6.2 [Results

Table 3.12 and Figure 3.23 shows the outcomes for the glycemic targets and Figure 3.24
shows the results. In the SH study, the participant entered the clinical in hyperglycemia
and the CGM measurements were consistently higher than the YSI measurements. The
participant received rescue carbs before lunch and during exercise. The response from
the dinner was almost not visible and maybe the basal rate was a little too high. In

Table 3.11: Parameter estimates for participant 6 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0182 | 0.0111 0.0222 0.2 1/min
ins. sens. log(S1(0)) -7.5 -10 -7.72 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 0.6 3 (mg/dL)/min
inv. dist. vol. 1/V, 0.00402 | 0.005 0.005 0.125 1/dL
inv. meal TC km, 0.027 | 0.0111 0.025 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 0.000247 | 1e+06 mU/L
IC ins. plas. Ip(0) 34.3 0 77.6 le+06 mU/L
IC ins. eff. Irys(0) 0.0567 0 0.00475 | 1le+06 1/min
IC gluc. conc. G(0) 115 0 119 le+06 mg/dL
IC meal 1 D4(0) 0.5 0 10 10 mg
IC meal 2 D4(0) 0.5 0 10 10 mg
gluc. cov. Qq 5 0 15.8 30 -
ins. cov. log(Qiog s1) -11.5 -9.21 -9.21 -9.12 -
gluc. eff. GEZI - - 0.00054 - 1/min
ins. to carb. rat. ICR - 8.575 - g/U
ins. sens. fac. ISF - - 2.135 - mmol/L/U
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Figure 3.21:
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Participant 6. Parameter estimation for participant 6 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal

insulin rate, and 4) bolus insulin.

the DH study, the dinner was handled well and the glucagon administration seemed to
prevent hypoglycemia and stabilize the participant over night. There appeared to be a
PISA just before the breakfast which caused glucagon to be administered and resulted
in very large post-prandial peak. The glucagon pump occluded between breakfast and

lunch and we don’t know how much glucagon was actually administered.
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Figure 3.22: Participant 6. Evaluation of the meal responses for participant 6 in the
phase 2 trial with an insulin bolus computed from different ICRs.
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Figure 3.23: Participant 6. Left: TIRs for the DH study for participant 6 in the
Right: TIRs for the SH study for participant 6 in the

phase 2 trial.
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Table 3.12: Values of the glycemic targets for participant 6 in the phase 2 trial.
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Average glucose [mmol/L] <855 7.69 7.79
GMI [%] <7 662 6.67
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Figure 3.24: Participant 6. Left: Results from the DH study for participant 6 in the
phase 2 trial with 74.8% time in range. Right: Results from the SH study
for participant 6 in the phase 2 trial with 75.9% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red

dots).
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3.7 Participant 7

3.7.1 Parameter estimation

This participant used a closed-loop system and did not announce meals in a conventional
way. The participant used an ICR between 2 and 2.5 and only announced a part of the
meal. The doctors decided together with the participant that we should set the IC'R
to 7 g/U. Therefore, we also increased the size of the meals in the data by the same
factor, i.e., 7/2 = 3.5. Figure 3.25 shows the data used for estimation and a simulation
with the estimated parameters. We moved the meals 20 minutes earlier to match the
increase in the glucose concentration around noon. Therefore, the parameters related to
the effect of meals were very uncertain for this participant. We fixed k,,, k1, and EGP
and 1/V; is on the boundary. GEZI was tuned to the correct basal rate to match the
participants’ normal basal rate which is ~ 24.236 mU/min and I.SF was computed as
the mean value. Table 3.13 shows the estimated parameters and Figure 3.26 shows the
meal response for an insulin bolus computed from different ICRs.

3.7.2 Results

Table 3.14 and Figure 3.27 shows the outcomes for the glycemic targets and Figure 3.28
shows the results. The participant entered the clinic with a rapidly decreasing glucose
concentration in the DH study and the AP immediately administered glucagon. In the
SH study, the participant entered the clinic in hypoglycemia and received both a banana
and dextrose before the study was started. The oscillations in the beginning of DH study
also caused almost no meal bolus to be administered for the dinner and resulted in a
large post-prandial peak. In general, the AP struggled to predict the effect of glucagon

Table 3.13: Parameter estimates for participant 7 in the phase 2 trial.

Desc Param. init. lb. estim. ub. unit
inv. ins. TC k1 0.0182 0.0111 0.0167 0.2 1/min
ins. sens. log(S1(0)) -7.5 -10 -7.51 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 1.1 3 (mg/dL)/min
inv. dist. vol. 1/Vy 0.00402 | 0.00455 | 0.00667 | 0.00667 1/dL
inv. meal TC km 0.027 0.0111 0.0182 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 60.7 | le+06 mU/L
IC ins. plas. Ip(0) 34.3 0 0.000476 | 1e+406 mU/L
IC ins. eff. Irss(0) 0.0567 0 0.0311 le+06 1/min
IC gluc. conc. G(0) 110 0 117 le+06 mg/dL
IC meal 1 D1(0) 0.5 0 10 10 mg
IC meal 2 D5 (0) 0.5 0 10 10 mg
gluc. cov. Qq 5 0 5.3 30 -
ins. cov. log(Quog sT1) -11.5 -9.21 -9.21 -9.12 -
gluc. eff. GEZI - - 0.0014 - 1/min
ins. to carb. rat. ICR - - 7.000 - g/U
ins. sens. fac. ISF - - 1.742 - mmol/L/U
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Figure 3.25: Participant 7. Parameter estimation for participant 7 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal
insulin rate, and 4) bolus insulin.

for the participant and administered too much insulin. Glucagon was administered right
before breakfast and the combined effect caused the glucose concentration to remain high
until after lunch. The phone briefly lost the connection to the CGM and pumps before
breakfast and the participant received rescue carbs after exercise. In the SH study, only
one YSI measurement is not in range, but there was an offset between the CGM and
YSI measurements. It looks like the participant might have received additional carbs
before exercise, even though it is not registered.
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Figure 3.26: Participant 7. Evaluation of the meal responses for participant 7 in the
phase 2 trial with an insulin bolus computed from different ICRs.
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Figure 3.27: Participant 7. Left: TIRs for the DH study for participant 7 in the

phase 2 trial. Right: TIRs for the SH study for participant 7 in the
phase 2 trial.
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Table 3.14: Values of the glycemic targets for participant 7 in the phase 2 trial.
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Figure 3.28: Participant 7. Left: Results from the DH study for participant 7 in the
phase 2 trial with 54.4% time in range. Right: Results from the SH study
for participant 7 in the phase 2 trial with 85.0% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red

dots).
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3.8 Participant 8

This participant had participated in an earlier study where the settings for the basal
rate were incorrect. The basal rate settings were tuned to the basal rate profile from the
participants pump, but the participant was not using that pump program. Therefore,
the study was restarted and the first visit erased.

3.8.1 Parameter estimation

We were also only able to find data from one night and one meal for this participant.
Figure 3.29 shows the data used for estimation and a simulation with the estimated
parameters. This participant was using the Medtronic 780G closed-loop system, which
means the basal rate is registered as multiple small insulin boli. Therefore, we tuned the
basal rate to the doctors recommendation. The participant used an ICR of 8 g/U during
the day and 13 g/U during the nigth. We chose an ICR of 8 g/U, which also corresponds
well with the meal responses in Figure 3.30. We fixed k,,, k1, and Qg for this
participant and used GEZ1T is tune the basal rate to match the doctors recommendation
which was ~ 15.0 mU/min. Table 3.15 shows the estimated parameters.

3.8.2 Results

Table 3.16 and Figure 3.31 shows the outcomes for the glycemic targets and Figure 3.32
shows the results. The participant had administered a correction bolus before entering
the clinic and had a rapidly decreasing glucose concentration in the DH study which
caused immediate administration of glucagon. Still, the participant went into level 2
hypoglycemia. The AP had trouble predicting the effect of glucagon as in some of

Table 3.15: Parameter estimates for participant 8 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0182 0.0111 0.0167 0.2 1/min
ins. sens. log(S1(0)) -7.5 -10 -8.09 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 0.35 3 (mg/dL)/min
inv. dist. vol. 1/Vy 0.00402 | 0.00444 | 0.00444 | 0.125 1/dL
inv. meal TC km 0.027 0.0111 0.02 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 14 | 1et+06 mU/L
IC ins. plas. Ip(0) 34.3 0 3.51e-05 | 1le+06 mU/L
IC ins. eff. Irss(0) 0.0567 0 0.0214 | 1le+06 1/min
IC gluc. conc. G(0) 103 0 104 le+06 mg/dL
IC meal 1 D4(0) 0.5 0 10 10 mg
IC meal 2 D5 (0) 0.5 0 10 10 mg
gluc. cov. Qq 5 0 11.3 30 -
ins. cov. log(Qiog s7) -11.5 -11 -11 -9.21 -
gluc. eff. GEZI - - 0.00015 - 1/min
ins. to carb. rat. ICR - - 8.000 - g/U
ins. sens. fac. ISF - - 2.000 - mmol/L/U
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Figure 3.29: Participant 8. Parameter estimation for participant 8 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal
insulin rate, and 4) bolus insulin.

the previous studies. The TIR in the DH study was very high despite the oscillatory
behavior and the AP handled the potential hypoglycemic event after the dinner. In the
SH study, there was a slight offset between the CGM and YSI measurements. The TIR
was also above the target with a low amount of time in hypoglycemia in the SH study
even though the participant entered the clinic in level 1 hyperglycemia.
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Figure 3.30: Participant 8. Evaluation of the meal responses with an insulin bolus
computed from different ICRs.
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Figure 3.31: Participant 8. Left: TIRs for the DH study for participant 8 in the

phase 2 trial. Right: TIRs for the SH study for participant 8 in the
phase 2 trial.
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Table 3.16: Values of the glycemic targets for participant 8 in the phase 2 trial.

Quantity Target DH SH
Average glucose [mmol/L] <855 6.24 7.98
GMI [%] <7 6.00 6.75
GV [%] <36 2477 31.38
Active CGM [%] 100 100.0  100.0
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Figure 3.32: Participant 8. Left: Results from the DH study for participant 8 in the
phase 2 trial with 93.6% time in range. Right: Results from the SH study
for participant 8 in the phase 2 trial with 74.8% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red

dots).
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3.9 Participant @

3.9.1 Parameter estimation

We used data from a night followed by breakfast and lunch for this participant. We
shifted the meals 15 minutes earlier to match the meal response. The meal response
from the lunch seemed rather large which could indicate that the amount of carbs is
underestimated. Figure 3.33 shows the data used for estimation and a simulation with
the estimated parameters. We fixed k,,, k1, and EGP for this participant. We tuned
GEZI to correct the basal rate to match the participants’ normal basal rate which was
~ 13.75 mU/min. The participant used different ICRs during day (5 g/U in the morning,
6 g/U for lunch, and 8 g/U in the afternoon and evening). We set the ICR to 6 g/U
to not be too restrictive. We computed I SF as the mean value. Table 3.17 shows the
estimated parameters. V, was rather small for this participant. That means the glucose
concentration was predicted to reach a relatively high level after meals which is also
clear from the meal responses in Figure 3.33.

3.9.2 Results

Table 3.18 and Figure 3.35 shows the outcomes for the glycemic targets and Figure 3.36
shows the results. The AP administered the maximum allowed meal bolus for all meals
and also turns up the basal rate after meals, which might have been the reason for the
high time in hypoglycemia for this participant. The TIR was very high in the SH study,
but the exercise session was stopped preemptively and the participant received rescue
carbs. We also predicted that the participant would receive a lot of insulin for the meals
based on the meal responses during the parameter estimation and could have considered

Table 3.17: Parameter estimates for participant 9 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.0182 | 0.0111 | 0.0167 0.2 1/min
ins. sens. log(S1(0)) -7.5 -10 -8.13 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.96 0.1 0.47 3 (mg/dL)/min
inv. dist. vol. 1/Vy 0.00402 | 0.005 | 0.00759 | 0.125 1/dL
inv. meal TC km 0.027 0.0111 0.02 0.1 1/min
IC ins. sub. Is.(0) 0.0005 0 344 | 1e+06 mU/L
IC ins. plas. Ip(0) 34.3 0 2.83 le+06 mU/L
IC ins. eff. Irss(0) 0.0567 0 0.015 le+06 1/min
IC gluc. conc. G(0) 142 0 143 le+06 mg/dL
IC meal 1 D4(0) 0.5 0 5 5 mg
IC meal 2 D»(0) 0.5 0 5 5 mg
gluc. cov. Qq 5 0 13.5 30 -
ins. cov. log(Qiog s7) -11.5 -11.5 -9.21 -9.21 -
gluc. eff. GEZI - - 0.00159 - 1/min
ins. to carb. rat. ICR - - 6.000 - g/U
ins. sens. fac. ISF - - 2.200 - mmol/L/U
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Figure 3.33: Parameter estimation for participant 9 in the phase 2 trial. From the top:
1) CGM measurements (blue dots) and a simulation with the estimated
parameters (red line), 2) announced meals, 3) basal insulin rate, and 4)

bolus insulin.

to manually adapt the parameters. The high amount of insulin might also be the reason
for the comparably small glucagon response in the DH study and high amount of time

in hypoglycemia.
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Figure 3.34: Participant 9. Evaluation of the meal responses for participant 9 in the
phase 2 trial with an insulin bolus computed from different ICRs.
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68.0%

11.1%
4.4%

phase 2 trial.

phase 2 trial.

3.9%
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90.4%

TIRs for the DH study for participant 9 in the

Right: TIRs for the SH study for participant 9 in the
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Table 3.18: Values of the glycemic targets for participant 9 in the phase 2 trial.

Quantity Target DH SH
Average glucose [mmol/L] <855 7.20 7.03
GMI [%] <7 6.41 6.34
GV [%] < 36 37.74  24.40
Active CGM [%] 100 100.0 100.0
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Figure 3.36: Participant 9. Left: Results from the DH study for participant 9 in the
phase 2 trial with 68.0% time in range. Right: Results from the SH study
for participant 9 in the phase 2 trial with 90.4% time in range. From the
top: 1) CGM measurements (blue dotted line), YSI measurements (red
crosses), and setpoint (red dashed line), 2) meals, 3) exercise, 4) basal
insulin (blue line) and maximum allowed basal insulin (red dots), 5) meal
boli (blue line) and maximum allowed meal boli (red dots), 6) correction
insulin boli (blue line) and maximum allowed correction boli (red dots),
and 7) glucagon boli (blue line) and maximum allowed glucagon boli (red
dots).
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3.10 Participant 10

3.10.1 Parameter estimation

We used data from around one day that consisted of 3 meals. There were many missing
CGM measurements and the meals seemed to have been announced very late. Therefore,
we shifted the meals by 45 minutes in the estimation. Figure 3.37 shows the data used for
estimation and a simulation with the estimated parameters. We fixed k,,, k1, and EGP
and 1/V, was on the boundary. EGP was estimated and then fixed to a slightly higher
value. We tuned GEZI to the correct basal rate to match the participants’ normal basal
rate which was ~ 25.764 mU/min. We used the ISF reported by the participant. The
participant used an ICR of 8 g/U during the day and 10 g/U over night. Therefore, we
set it to 8 g/U. Table 3.19 shows the estimated parameters. Figure 3.38 shows the meal
response for an insulin bolus computed from different ICRs.

3.10.2 Results

Table 3.20 and Figure 3.39 shows the outcomes for the glycemic targets and Figure
3.40 shows the results. The participant entered the clinic in hyperglycemia in the SH
study and therefore the TIR was lower. The meal response after breakfast was very
low in both studies. Therefore, glucagon was administered in the DH study and rescue
carbs were given in the SH study. The AP handled the potential hypoglycemic events
with glucagon in the DH study and also reduced the post-prandial peak with correction
boli after dinner. In general, the AP worked well for this participant even though the
achieved TIR was not the highest.

Table 3.19: Parameter estimates for participant 10 in the phase 2 trial.

Desc Param. init. Ib. estim. ub. unit
inv. ins. TC k1 0.02 0.0111 0.02 0.2 1/min
ins. sens. log(SI(0)) | -7.61 -10 -7.59 0 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.92 0.1 0.96 3 (mg/dL)/min
inv. dist. vol. 1/V, 0.005 0.005 0.005 0.125 1/dL
inv. meal TC km 0.025 | 0.0111 0.025 0.1 1/min
IC ins. sub. I.(0) 1 0 1 1 mU/L
IC ins. plas. Ip(0) 0.999 0 1 1 mU/L
IC ins. eff. Igf¢(0) 0.0164 0 0.0168 | 1le+06 1/min
IC gluc. conc. G(0) 198 0 198 le+06 mg/dL
IC meal 1 D4(0) 0.0012 0 1.12e-05 10 mg
IC meal 2 D5(0) 10 0 10 10 mg
gluc. cov. Qy 30 0 30 30 -
ins. cov. log(Qiogs1) | -9.12 -9.21 -9.12 -9.12 -
gluc. eff. GEZI - - 0.00023 - 1/min
ins. to carb. rat. ICR - - 8.000 - g/U
ins. sens. fac. ISF - - 2.200 - mmol/L/U
Basal rate Upg - - 1.546 - U/h
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Participant 10. Parameter estimation for participant 10 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal
insulin rate, and 4) bolus insulin.

Table 3.20: Values of the glycemic targets for participant 10 in the phase 2 trial.

Quantity Target DH SH

Average glucose [mmol/L] <855 8.00 7.94
GMI [%] <7 676 673
GV [%] <36  36.27 45.67

Active CGM [%] 100 100.0 100.0




308

L Technical Report

60

3 Phase 2 trial

—_
(6]

Y
o

Blood glucose concentration [mmol/L]

N
o

(é)]

d=5090H0

5 10
Time [h]

15

20 ¢

15+

d=7590H0

5 10 15
Time [h]

d =100 g CHO

- - Target

20+ —ICR=6g/U
ICR=7g/U

—ICR=8g/U

15! —ICR=9g/U
ICR=10g/U

—ICR=11g/U

10}

0 5 10 15
Time [h]

Figure 3.38: Participant 10. Evaluation of the meal responses for participant 10 in
the phase 2 trial with an insulin bolus computed from different ICRs.
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Figure 3.39: Participant 10. Left: TIRs for the DH study for participant 10 in the
phase 2 trial. Right: TIRs for the SH study for participant 10 in the

phase 2 trial.
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Figure 3.40: Participant 10. Left: Results from the DH study for participant 10 in
the phase 2 trial with 78.3% time in range. Right: Results from the SH
study for participant 10 in the phase 2 trial with 69.0% time in range.
From the top: 1) CGM measurements (blue dotted line), YSI measure-
ments (red crosses), and setpoint (red dashed line), 2) meals, 3) exercise,
4) basal insulin (blue line) and maximum allowed basal insulin (red dots),
5) meal boli (blue line) and maximum allowed meal boli (red dots), 6) cor-
rection insulin boli (blue line) and maximum allowed correction boli (red
dots), and 7) glucagon boli (blue line) and maximum allowed glucagon
boli (red dots).
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3.11
3.11.1

The parameter estimation for this participant was very challenging as often either the
meals or CGM measurements were missing in the data. We ended up using around 10
hours of data, but had to shift the announcement of both meals. The first meal was
shifted 1 h back in time and the other meal was shifted 15 min back. Figure 3.41 shows
the data used for estimation and a simulation with the estimated parameters. We fixed
km, k1, and EGP and tuned GEZI to the correct basal rate to match the participants’
normal base rate which was ~ 31.944 mU/min. In general, this participant received a
lot of insulin, but still spent a lot of time in hyperglycemia. We computed ISF and
ICR based on the participants’ settings during the day and evening and not during the
night and morning. Table 3.21 shows the estimated parameters. We focused on getting
a meal response in Figure 3.42 for 75-100g CHO meal and an ICR of 5 g/U that would
reach around 4.5 mmol/L due to the challenging data.

Participant 11

Parameter estimation

3.11.2 Results

Table 3.22 and Figure 3.43 shows the outcomes for the glycemic targets and Figure
3.44 shows the results. In general, the AP works very well in both studies, but rescue
carbs were required before the snack in the SH study. The AP was most likely unable
to prevent the requirement for rescue carbs due to the offset between the CGM and
YSI measurements on the second day in the SH study. The participant entered the
clinic in hypoglycemia in the DH study and received carbs before the study was started.

Table 3.21: Parameter estimates for participant 11 in the phase 2 trial.

Desc Param. init. 1b. estim. ub. unit
inv. ins. TC k1 0.02 | 0.0111 0.02 0.2 1/min
ins. sens. log(SI1(0)) | -8.44 -10 -8.42 -6 log((1/(mU/L))/min)
Endo. gluc. prod EGP 0.48 0.1 0.52 3 (mg/dL)/min
inv. dist. vol. 1/V, 0.005 | 0.005 | 0.005 | 0.125 1/dL
inv. meal TC km 0.025 | 0.0111 0.025 0.1 1/min
IC ins. sub. I,.(0) 39.1 0 51.8 le+06 mU/L
IC ins. plas. Ip(0) 239 | 0 141 | 1et+06 mU/L
IC ins. eff. Igys(0) 0.022 0 0.0232 | le+06 1/min
IC gluc. conc. G(0) 104 0 104 le+06 mg/dL
IC meal 1 D1(0) 10 0 10 10 mg
IC meal 2 D5 (0) 10 0 10 10 mg
gluc. cov. Qg 3.88 0 4.12 30 -
ins. cov. log(Qogs1) | -9.21 | -9.21 -9.21 -9.12 -
gluc. eff. GEZI - 0.000127 - 1/min
ins. to carb. rat. ICR - - 5.000 - g/U
ins. sens. fac. ISF - - 1.400 - mmol/L/U
Basal rate Upa - - 1.917 - U/h
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Figure 3.41: Participant 11. Parameter estimation for participant 11 in the phase 2
trial. From the top: 1) CGM measurements (blue dots) and a simulation
with the estimated parameters (red line), 2) announced meals, 3) basal
insulin rate, and 4) bolus insulin.

Therefore, the AP immediately increased the basal rate to the maximum in the DH
study. The participant had a relatively high response to the glucagon administered after
the dinner compared to the glucagon administered during the day. The TIR was slightly
lower in the DH study, but glucagon prevented the need for rescue carbs and also seemed

to prevent hypoglycemia during exercise.
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Figure 3.42: Participant 11. Evaluation of the meal responses for participant 11 in

the phase 2 trial with an insulin bolus computed from different ICRs.
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Figure 3.43: Participant 11. Left: TIRs for the DH study for participant 11 in the

phase 2 trial. Right: TIRs for the SH study for participant 11 in the
phase 2 trial.
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Table 3.22: Values of the glycemic targets for participant 11 in the phase 2 trial.

Quantity Target DH SH
Average glucose [mmol/L] <855 7.39 6.88
GMI [%] <7 6.27  6.27
GV [%] < 36 29.41 28.70
Active CGM [%] 100 100.0 100.0
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Figure 3.44: Participant 11. Left: Results from the DH study for participant 11 in
the phase 2 trial with 86.3% time in range. Right: Results from the SH
study for participant 11 in the phase 2 trial with 94.8% time in range.
From the top: 1) CGM measurements (blue dotted line), YSI measure-
ments (red crosses), and setpoint (red dashed line), 2) meals, 3) exercise,
4) basal insulin (blue line) and maximum allowed basal insulin (red dots),
5) meal boli (blue line) and maximum allowed meal boli (red dots), 6) cor-
rection insulin boli (blue line) and maximum allowed correction boli (red
dots), and 7) glucagon boli (blue line) and maximum allowed glucagon
boli (red dots).
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CHAPTER 4
Conclusions

In this technical report, we described the phase 1 and phase 2 trial of the Diacon dual-
and single hormone artificial pancreas in adolescents. We described both the parameter
estimation and study outcomes for each participant individually. Each study lasted 26
hours and consisted of 3 meals, a snack and an exercise session of moderate intensity.
There were 3 participants in the phase 1 trial and 11 participants in the phase 2 trial.
The trials displayed that it is feasible to use NMPC for APs and that both the DH and
SH AP are able to control the blood glucose concentration, but identifying a model is
a challenging and time-consuming process due to missing data and sometimes also in-
correctly announced meals and insulin boli. Identifying a good model is also a learning
process and during the studies, we started to set, e.g., the ICR to a value that seemed
reasonable instead of using the participants’ average value. We also shifted the timing
of some of the meals to match the peaks in the glucose concentration instead of directly
using the reported data. These adaptations seemed to improve the performance of the
AP. There were some technical difficulties that influenced the performance of the AP.
PISAs are especially challenging for DH APs as glucagon can be administered even if
glucose concentration is not low. That was the case for, e.g., participant 5. Occlusions
in the glucagon pump and lost connections also influenced the performance of the AP. It
was a limitation that we did not have any data on how the participants would respond to
glucagon and used the same parameters for all participants. That caused the predicted
glucagon response to be very inaccurate for many participants. Therefore, many partici-
pants received too much insulin after glucagon was administered and caused oscillations.
We cannot expect to be able to receive glucagon data from each participant, but we
could consider to make the parameters related to glucagon adaptive as it is the case for
the insulin sensitivity. Despite the challenges related to administration of glucagon in
some studies it also prevented hypoglycemia and the need for rescue carbs in others.
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A one-size-fits-all artificial pancreas for people with type 1 diabetes
based on physiological insight and feedback control

Tobias K. S. Ritschel, Asbjgrn Thode Reenberg, Emilie B. Lindkvist, Christian Laugesen, Jannet Svensson,
Ajenthen G. Ranjan, Kirsten Ngrgaard, Bernd Dammann, John Bagterp Jgrgensen

Abstract— We propose a model-free artificial pancreas (AP)
for people with type 1 diabetes. The algorithmic parameters are
tuned to a virtual population of 1,000,000 individuals, and the
AP repeatedly estimates the basal and bolus insulin require-
ments necessary for maintaining normal blood glucose levels.
Therefore, the AP can be used without healthcare personnel or
engineers customizing the algorithm to each user. The estimates
are based on bodyweight, measurements from a continuous
glucose monitor (CGM), and estimates of the meal carbohydrate
contents. In a virtual clinical trial with all 1,000,000 individuals
(i.e., a Monte Carlo closed-loop simulation), the AP achieves a
mean time in range of more than 87% and over 88% of the
participants satisfy several glycemic targets.

I. INTRODUCTION

Diabetes is a chronic disease where the pancreas produces
insufficient amounts of insulin or the body is resistant to
insulin. More than 10% of the world’s adult population
suffers from this disease, and in 2021, USD 966 billion
dollars were spent on diabetes (which corresponds to 9%
of the global health expenditure) [1]. Type 1 diabetes (T1D)
accounts for 5-10% of all cases, and it is caused by autoim-
mune destruction of the pancreatic insulin-producing cells.
Consequently, the pancreas does not produce any insulin.
Therefore, people with T1D require daily insulin treatment in
order to prevent high blood glucose concentrations (referred
to as hyperglycemia). Long periods of hyperglycemia can
cause damage to the nerves and eyes and lead to chronic
kidney disease and cardiovascular disease. Additionally, in-
correct insulin treatment can lead to low blood glucose
concentrations (referred to as hypoglycemia). Severe hypo-
glycemia can lead to a number of acute complications, e.g.,
loss of consciousness and seizures.

People with T1D spend significant amounts of time on
self-treatment. Therefore, there is considerable interest in de-
veloping automated insulin delivery systems which can assist
them. Such systems are referred to as artificial pancreases
(APs) [2], and they typically consist of 1) a sensor, often
a continuous glucose monitor (CGM), 2) a control system,
usually a control algorithm implemented on a smartphone or
a dedicated device, and 3) an actuator, e.g., an insulin pump.

This work was partially funded by the IFD Grand Solution project
ADAPT-T2D (9068-00056B). A. T. Reenberg, T. K. S. Ritschel, B.
Dammann, and J. B. Jgrgensen are with the Department of Applied
Mathematics and Computer Science, Technical University of Denmark, DK-
2800 Kgs. Lyngby, Denmark. E. B. Lindkvist, C. Laugesen, J. Svensson, A.
G. Ranjan, and K. Ngrgaard are with Steno Diabetes Center Copenhagen,
Clinical Research, DK-2730 Herlev, Denmark. Corresponding author: J. B.
Jprgensen (E-mail: jbjo@dtu.dk).

Many control algorithms have been considered for this
purpose. They can be divided into model-free and model-
based algorithms. Model-based algorithms typically use
model predictive control (MPC) [3]-[6] where a model is
used to predict the body’s response to, e.g., meal carbohy-
drates and insulin. MPC is a well-proven control method-
ology that has been applied to many different types of
processes [7]. However, it requires an accurate model. Au-
tomatic generation of such a model based on historical data
(e.g., CGM measurements, administered insulin, and meal
carbohydrates) is an ongoing field of research. Consequently,
it remains difficult to make model-based APs widely avail-
able because a model must be developed for each individual.
In contrast, model-free controllers only rely on a few pieces
of information about the body for which estimates are readily
available, e.g., the bodyweight, the basal insulin requirement,
the insulin-to-carb ratio (ICR), and the insulin sensitivity
factor (ISF). These controllers are often based on heuris-
tics [8], fuzzy logic [9], or proportional-integral-derivative
(PID) control. PID controllers have been successfully applied
in many different industrial applications [10], and several
researchers have proposed APs based on concepts from PID
control. Marchetti et al. [11] proposed a PID controller which
is switched off when a meal is announced and switched back
on based on heuristical rules. Huyett et al. [12] described
a PID control algorithm for intraperitoneal insulin delivery
(whereas most APs deliver insulin subcutaneously which
results in a more delayed insulin effect). However, these
AP algorithms have not been tested on large numbers of
real or virtual people. Therefore, it is currently unknown
whether they can be adopted without healthcare personnel
or engineers tuning the algorithms specifically for each
individual (or group of individuals).

In this work, we present a one-size-fits-all AP algorithm
with a single set of controller parameters tuned to a popula-
tion of 1,000,000 virtual individuals with T1D. It simultane-
ously estimates the basal insulin and the meal insulin bolus
curve. Therefore, it is straightforward for a user to start using
the system, and it can also be used for titration. Furthermore,
we demonstrate that, for a given objective function, the
optimal meal insulin bolus is a nonlinear function of the
meal carbohydrate content, and we argue that it can be
approximated well by a piecewise linear function. The AP
algorithm is an extension of our previous work [13], [14],
where we also estimated the basal rate using concepts from
PID control but assumed the meal insulin bolus curve to
be known (and linear). We test the AP using a previously
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developed virtual clinical trial with 1,000,000 participants
over 52 weeks [15]. The participants are represented by
an extension of the model by Hovorka et al. [16], and the
mean time in range (TIR) is 87.2%. Furthermore, all of the
participants meet the target on time in level 2 hypoglycemia,
and over 88% of the participants meet all targets on TIR,
time above range (TAR), time below range (TBR), average
glucose, and glucose management indicator (GMI) [17].
The remainder of this paper is organized as follows. In
Section II, we analyze the optimal insulin bolus as a function
of the meal carbohydrate content, and in Section III, we
present the AP. We present the results of the virtual clinical
trial in Section IV, and conclusions are given in Section V.

II. ANALYSIS

In this section, we present a dynamic optimization problem
for determining the optimal meal insulin bolus as a function
of the meal size. We only use this optimization problem to
analyze the meal insulin bolus curve. It is not used in the AP
algorithm presented in Section III because it would require
a model of each person using the AP.

A. The dynamic optimization problem

The dynamic optimization problem determining the opti-
mal meal insulin bolus flow rate is in the form

tf

min ¢ = p(z(t)) dt, (1a)

Uuo to

subject to

z(to) = o, (1b)
i(t) = fz(t),u(t), d(t),0), t€ to,ts], (Ie)
z(t) = g(z(t), ), t € [to, ty], (1d)
u(t):uk, te [tk,tk+1[7 k=0,...,N—1, (le)
d(t) =dg, tE€[tptpal, k=0,...,N—=1, (If)
Umin < U < Umax- (lg)
The objective function in (la) is the integral of the penalty
function p over the time horizon [to,t;] = [0,12] h, and

N is the number of control intervals. Furthermore, ¢ is
time, x are the state variables, u is a vector of manipulated
inputs (i.e., the basal and bolus insulin flow rates), d are
disturbance variables (i.e., the meal carbohydrate flow rate),
z is the output (i.e., the CGM measurement), and ¢ are model
parameters. The initial condition (1b) is the steady state
corresponding to a blood glucose concentration of 6 mmol/L,
and the dynamical constraint (1c) is the model presented
by Hovorka et al. [16] extended with a CGM model [18].
Next, (1d) is an output equation, and (1e)—(1f) are zero-order-
hold (ZOH) parametrizations of the manipulated inputs and
the disturbance variables. Finally, u,i, and upyax in (1g) are
lower and upper bounds on the manipulated inputs in the
first control interval.

In the first control interval (k = 0), the person consumes
a meal with a specified meal carbohydrate flow rate, dy, and
an insulin bolus is administered. For the remaining control
intervals (k > 0), the disturbances and the bolus insulin flow

TABLE 1
THE FIVE GLYCEMIC RANGES DESCRIBED BY HOLT ET AL. [17].

Category Range [mmol/L] Color
Level 2 hyperglycemia 1139, oo Orange
Level 1 hyperglycemia 110.0, 13.9] Yellow
Normoglycemia [ 3.9, 10.0] Green
Level 1 hypoglycemia [3.0, 39 Light red
Level 2 hypoglycemia [ 0.0, 3.0[ Red

rate are zero. The insulin basal rate is equal to its steady state
value (corresponding to 6 mmol/L) in all control intervals,
i.e., it is not a decision variable. Finally, the lower bound on
the insulin bolus flow rate in the first control interval (k = 0)
is 0 and the upper bound is infinity.

The penalty function penalizes the deviation from the
setpoint Z = 6 mmol/L and the violation of the soft lower
bound z;, = 3.9 mmol/L (see also Table 1), i.e.,

p(2(t)) = p(2(t)) + Kpmin(2(¢)), @)
where
_ 1 2
p(2(t)) = 5(=(t) = 2)7, (3a)
Pmin(2(t)) = 1 max{0, Zmin — z(t)}Q. (3b)

2
As the main priority is to avoid hypoglycemia, x = 10°.
B. Optimal insulin bolus curves

For 6 virtual people with type 1 diabetes (i.e., 6 different
sets of parameters, ), Fig. 1 shows the values of the objec-
tive function in (1a) for different combinations of (absolute)
meal carbohydrate contents and insulin boluses. The black
lines indicate the optimal boluses found by solving the
dynamic optimization problem (1) using a single-shooting
approach. The optimal insulin bolus curve is more nonlinear
for some sets of parameters than others. For instance, a linear
insulin bolus curve is a worse approximation for person 6
than for person 4. The first kink in the optimal insulin
bolus curve (starting from the left) appears because the
total non-insulin-dependent glucose flux decreases when the
blood glucose concentration comes below 4.5 mmol/L in the
model by Hovorka et al. [16]. Consequently, more insulin is
required to decrease the concentration below this value. The
second kink arises because of the soft lower bound, zyin,
in the penalty function. There are no kinks for person 4
because their blood glucose concentration increases very
little after meals, i.e., there would be kinks for meals with
more than 150 g carbohydrates. In conclusion, a piecewise
linear function is a reasonable approximation of the optimal
insulin bolus curve.

III. ALGORITHM

At time t; [min], the AP receives a CGM measurement,
Yy [mmol/L], and computes the basal and bolus insulin flow
rates, Uy, [mU/min] and w4, 1 [mU/min]. These are clipped
and collected in the vector of manipulated inputs,

U = max {0., min {umax, [ub“’k] }} , ()
Upo,k
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Values of the objective function (1a) for different (absolute) meal carbohydrate contents and insulin boluses. The black lines indicate the optimal

insulin boluses as functions of the meal carbohydrate content, i.e., the solutions to the dynamic optimization problem (1).

which is administered over the following control interval,
[tkstr+1[. The upper bounds on the insulin basal and bolus
insulin flow rates (i.e., the elements of u,y) are 55 mU/min
and 8000 mU/min, respectively. Furthermore, the control and
sampling intervals are identical, and their lengths are 7T, =
tik+1 — tr = 5 min.

If the CGM measurement is above the target value of
y = 6 mmol/L, the basal insulin flow rate is the sum of an
estimated nominal basal insulin flow rate, iy, [mU/min],
and a microadjustment term, Umq x [MU/min]. If the mea-
surement is between the target and the safety threshold
ys = 3 mmol/L, the microadjustments are clipped to be non-
positive (for safety reasons). Finally, if the measurement is
below the safety threshold, the basal rate is zero, i.e.,

ﬁba,k + Uma,k if Q S Yk,

Uba,k = ’aba,k + [uma,k]_ if ?J > Y > Ys, (5)
0 otherwise,
where [ -]~ = min{0, - }. The nominal basal insulin flow

rate is estimated using an extended integral (I) controller,
and the microadjustments are computed using a proportional-
derivative (PD) controller:

(62)
(6b)
Here, Ip, is an integral term (see Section III-A) and

Pra.k and Dy, 1 are proportional and derivative terms (see
Section III-B).

Upa,k = Ipa,k,
Uma,k = Pma,k + Dma,k~

Based on the analysis in Section II, we compute the meal
bolus insulin flow rate as a continuous piecewise linear
function of the estimated normalized meal carbohydrate flow
rate, czk [g¢ CHO/(kg min)]. That is, dk is the amount of
meal carbohydrates the user announces they will consume
in the k’th control interval, divided by the product of
their bodyweight and the length of the control interval, T5.
Specifically, the meal bolus insulin flow rate is given by

o dy, + % (dk —d,) if di > du,
Ubo,ks = . @)
akdk otherwise.
If the normalized meal carbohydrate flow rate is below the
threshold d;, = 0.1 g CHO/(kg min), the insulin bolus flow
rate is proportional to the meal carbohydrate flow rate and
the slope, o [mU kg/(g CHO)], is essentially the inverse of
the ICR. For higher normalized meal carbohydrate contents,
the slope is divided by 8 = 2 (unitless). Both the threshold
and (8 were identified by trial-and-error, and we estimate the
meal bolus factor o, using another extended I-controller, i.e.,

ag = Ty k, ®
where Iy, 1, is an integral term described in Section III-C.

A. Estimation of the basal rate

At time t;, when a CGM measurement becomes available,
we update the estimate of the basal rate and ensure that it is
non-negative:

Itq ) = max{0, Ipqx—1 + Alpa i }- ©)
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The increment is

AIbu.,k = wba,,kKI,baeba,,k'Ts7 (10)

where the unitless binary weight wy, is 1 if the last
meal was announced more than At,, = 9.5 h ago and
0 otherwise. Furthermore, the integrator gain is Krp, =
4-10~* mU L/(mmol min?), and the error is computed using
the deadband [yf,,, v ] = [3.9,8.0] mmol/L and a (unitless)
hypoglycemia amplification factor, v = 100:

Yk — Ypy if yr > yh,,
bak = YWk — Uba)  if Uk < Ybe (11)
0 otherwise.

B. Microadjustments of the basal rate
The proportional term in the microadjustment of the basal
insulin flow rate is
P’ma,k‘ = U7ma,kKP,maek7 (12)
where the gain is Kp,,, = 0.3 mU L/(mmol min), and the
error is

er =Yk — 7. (13)

The unitless binary weight wy,q 1 is 1 if the CGM measure-

ment is below the target or if wp, x = 1. Otherwise, it is
Zero:

1 if yp < § or wyer =1,

W,k = 14
mak 0 otherwise. (14)
The derivative term is
Y — Yk—1
D’ma,k = u/'ma,kKD,ma#r (15)
S

where the gain is Kp ,uq = 10 mU L/mmol and we disregard
changes in the setpoint (which is also constant in this work).

C. Estimation of the meal bolus factor

As for the basal rate, we update the estimate of the
meal bolus factor whenever a CGM measurement becomes
available and ensure that it is non-negative, i.e.,

Ibmk = Hl‘dX{O, Ibn,k—l + AIbo}k}a (16)
where the increment is
Alpok = Woo kK1 poo,kTs- (17)

The unitless binary weight wy,; is 1 for a time period
of At,, after every announced meal, i.e., Wy, and wpy,
never have the same value. Furthermore, the gain is K7, =
0.05 mU kg L/(g CHO mmol min), and we use both a
deadband of [yf,, yi] = [3.9,10] mmol/L, the hypoglycemia
amplification factor v, and clipping to compute the error:

Yoo = Yo if Yk > i,
CJue—u if e € [yl ik,
€bo,k = oy . p (18)
'Y(yk - ybu) if Yr < Ybo>
0 otherwise.

The clipping ensures that all CGM measurements above the
threshold yf* = 13.9 mmol/L result in the same error.

bo

TABLE II
THE COMPOSITIONS OF THE SEASONS AND THE WEEKS AND THE MEAL
CARBOHYDRATE CONTENTS IN THE PROTOCOL DESCRIBED IN [15].

Compositions of the

Season Standard weeks Active weeks Vacation weeks
Winter 6 4 3
Spring 6 6 1
Summer 7 3 3
Autumn 9 3 1

Compositions of the weeks

Week type | Standard days Active days Movie nights Late nights
Standard 4 1 1 1
Active 3 3 1 0
Vacation 5 0 0 2

Bodyweight-dependent meal carbohydrate contents

Meal size Amount of carbohydrates For a 70 kg person
Large meal 1.29 g CHO/kg 90 g CHO
Medium meal 0.86 g CHO/kg 60 g CHO
Small meal 0.57 g CHO/kg 40 g CHO
Snack 0.29 g CHO/kg 20 g CHO

iheix e Lml

Medium meal m
Small meal
snack
L »
I >
% ® _Large meal
Medium meal *;‘q _%_
Small meal

v

snack
. | i e |
]
e

*"‘ﬁ Large meal
Medium meal %

snack

Small meal

]

snack

» e
Large meal

Medium meal *‘q

snack

Small meal m * ".ﬁ
snack snack
L L1

>

Fig. 2. The different types of days in the autumn and winter of the protocol
proposed by Reenberg et al. [15]: standard (top), active (second from the
top), day with a movie night (third from the top), and day with a late night
(bottom). During spring and summer, the dinner is a medium meal and the
afternoon snack is consumed between breakfast and lunch instead.

IV. VIRTUAL CLINICAL TRIAL

In this section, we test the AP algorithm described in Sec-
tion III in a virtual clinical trial with 1,000,000 participants.
The trial starts on January 1%, 2021 and lasts 52 weeks. We
use 1) the virtual population and the protocol presented by
Reenberg et al. [15] and 2) a previously developed Monte
Carlo simulation framework [19], [20]. However, we replace
participants for which any time constant is more than 1
order of magnitude smaller or larger than the mean (i.e., we
generate new participants). The protocol mimics a Northern
European lifestyle, and it consists of 4 seasons lasting 13
weeks each. Each week is categorized as standard, active,
or vacation, and all weeks consist of standard days, active
days, days with a movie night, and days with a late night
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CGM

A’ VaaY
HI HII ||III

Dec 12 Dec 14 Dec 15
Fig. 3. A single participant’s CGM values (top), meal carbohydrate contents
(second from the top), exercise intensity (third from the top), basal insulin
flow rate (fourth from the top), and insulin boluses (bottom) over 4 days
(one of each type) starting at 6:00 AM on December 11", The colored
ranges are described in Table L.

Dec 13

(see Table II and Fig. 2). Each participant is represented
using the mathematical model presented by Hovorka et
al. [16] extended with a CGM model [18] and an exercise
model [21]. The initial estimates of the basal rate and the
meal bolus factor are zero, i.e., Iyq,0 = Ipo,0 = 0, and the
initial state is the steady state without insulin administration.

Fig. 3 shows the results of the virtual clinical trial for one
participant over four different types of days. The basal rate is
constant for most parts of the day, and it is decreased when
the CGM measurements are below the target of 6 mmol/L
(which mostly happens at night). A bolus is administered
for each meal, and for this participant, the majority of the
CGM measurements are within the normoglycemic range.
However, the estimated nominal basal rate is quite low.
Therefore, the CGM measurements increase over night.

In the following, we discuss the efficacy of the AP based
on the last 48 weeks of the trial as the estimates of the
nominal basal insulin flow rate and the meal bolus factor
vary significantly during the first 4 weeks. The participant
who obtains the lowest CGM measurement during all 52
weeks (specifically, 1.05 mmol/L) is referred to as the worst-
case participant, and Fig. 4 shows the mean and worst-
case TIRs. The mean of 87.2% TIR exceeds the target
of 70%, and the time in level 1 and 2 hypoglycemia is
low, even for the worst-case participant. Fig. 5 shows the
cumulative distribution of the CGM measurements. The left
tail shows that all participants spend less than 1% of the
time in level 2 hypoglycemia and less than 8% of the time
in level 1 and 2 hypoglycemia. This can also be seen in
Fig. 6 which shows box plots of the TIRs. It also shows that

10.0 < G <139 11.0%

139 <G+ 22.9%

100<G <139+ 16.9%

3.9<G <100 87.2%

39<G<10.0¢ 57.1%

Fig. 4. The mean TIRs (left) and the TIRs for the worst-case participant
(right) based on CGM measurements, G, and the ranges in Table L.

100

0
S
T

Cumulative percentage

20

0 5 10 15 20 25
Glucose concentration [mmol/L]

Fig. 5. The cumulative distribution of the CGM measurements for the
mean (blue solid line), the worst-case participant (red solid line), the 95%
central range (dark grey shaded area), and for all participants (light grey
shaded area). The target is 6 mmol/L (red dashed line). The colored ranges
are described in Table 1.

most participants do not spend significant amounts of time
in level 2 hyperglycemia. Table III shows the percentages of
participants satisfying the glycemic targets described by Holt
et al. [17]. Almost 82% satisfy all targets, and nearly 89%
satisfy all average glucose, GMI, TAR, TIR, and TBR targets.
Finally, Fig. 7 shows that most of the participants’ average
total daily doses (TDDs) of basal and bolus insulin are in
the intervals [7.5, 25] U/day and [5, 20] U/day, respectively.
However, the distributions have long tails towards the right
indicating that a few participants require high insulin doses.

V. CONCLUSIONS

We propose a one-size-fits-all AP algorithm for people
with T1D, which estimates both the basal insulin flow rate
and the meal insulin bolus curve. It is based on physiological
insight and concepts from PID control, and it only requires
the bodyweight, CGM measurements, and meal carbohydrate
estimates. We compute the meal insulin bolus as a piecewise
linear function of the meal carbohydrate content normalized
with bodyweight, and we test the AP algorithm in a 52 week
virtual clinical trial with 1,000,000 participants. The mean
TIR is 87.2%, and almost 89% of the participants satisfy
targets on average glucose, GMI, TAR, TIR, and TBR.
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Fig. 6. Box plots of the TIRs with medians (red horizontal lines), boxes

spanning the first to the third quartile, and whiskers (solid black horizontal
lines). The whiskers are 1.5 times the interquartile ranges (the height of
the boxes) above or below the medians, unless the most extreme values are
closer to the medians. In that case, the whiskers are the most extreme values.
The red pluses are values that are beyond the whiskers (i.e., outliers). The
TIRs are based on CGM measurements, G, and the ranges in Table I.
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Fig. 7. The distributions of the average TDDs of basal and bolus insulin.

Both distributions have long right tails which are hardly visible.
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Abstract: For people with type 1 diabetes and some with type 2 diabetes, the problem of
insulin titration, i.e. finding an adequate basal rate of insulin, is a complex and time-consuming
task. This paper proposes a simple model-free algorithm and a procedure for fast initial
titration in people with type 1 diabetes (T1D). A modified proportional-integral-derivative
(PID) controller (i) updates the estimated insulin basal rate, and (ii) administers micro-boli of
insulin every 5 minutes using glucose measurements from a continuous glucose monitor (CGM).
A bolus calculator mitigates the effect of meals and reduces postprandial peaks. We evaluate
the performance of our system qualitatively and numerically using a virtual clinic of 1,000 T1D
patients with a broad inter-patient variability representative of a real population of people with
T1D. We let the titration phase run for three consecutive days, followed by a three-day test
phase using the newly computed basal insulin infusion rate. The proposed algorithm is able to

provide a safe titration and individualized treatment for people with T1D.
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Artificial pancreas.

1. INTRODUCTION

Type 1 diabetes (T1D) accounts for around 10% of the
463 million people living with diabetes worldwide. Due
to autoimmune [-cell destruction, people with T1D are
unable to produce insulin. Life-long treatment using daily
insulin injections is vital to avoid an elevated blood glu-
cose (BG) level (Riddle et al., 2018). Common ways to
administer insulin are multiple daily injections (MDI) and
continuous subcutaneous insulin infusion (CSII) therapy.
MDI therapy uses pens to administer long-acting insulin
once daily and rapid-acting insulin several times per day,
usually before meals. CSII therapy uses a pump to contin-
uously administer a rapid insulin analogue.

The artificial pancreas (AP) provides closed-loop insulin
therapy for T1D, and has even been considered to treat
some people with T2D (Bally et al., 2018; Taleb et al.,
2019). The AP consists of (i) a continuous glucose monitor
(CGM), (ii) a control algorithm and (iii) a CSII pump.
The CGM provides frequent glucose measurements, typ-
ically every 5 minutes. The control algorithm resides on
a smartphone for most prototypes (Cobelli et al., 2012;
Kovatchev et al., 2013), but for commercial systems the
control algorithm should preferably be embedded on the
pump.

Several control technologies have been considered for the
AP, such as linear model predictive control (MPC) (Eren-
Oruklu et al., 2009; Schmidt et al., 2013; Boiroux et al.,

* This project has partially been funded by the IFD Grand Solution
project ADAPT-T2D: 9068-00056B. Corresponding author: J.B.
Jorgensen (e-mail: jbjo@dtu.dk)

2018), nonlinear MPC (Hovorka et al., 2004; Boiroux
and Jgrgensen, 2018), fuzzy logic control (Biester et al.,
2019), and proportional integral derivative (PID) control
(Marchetti et al., 2006, 2008; Ly et al., 2016). Although
MPC-based APs showed similar or slightly better perfor-
mance in clinical studies than PID-based APs (Steil, 2013;
Pinsker et al., 2016), PID technology has proven to be
successful in currently available hybrid control systems
(Laxminarayan et al., 2012; Ly et al., 2017). The PID-
controller can easily be implemented using simple tuning
rules, does not require any metabolic model of the insulin-
glucose dynamics, and mimics the behavior of the pancreas
for a healthy patient (Steil et al., 2004).

The initial use of CSII can be challenging considering the
need of estimating the insulin basal rate that brings the
BG level to a safe range (King et al., 2016). The basal
rate needs to be high enough to lower the glucose level.
However, too much insulin causes hypoglycemia and in
worst case can be fatal. To estimate the initial basal rate
for adult patients in todays CSII treatment, the healthcare
professionals calculate the initial basal rate. Either based
on the total daily dose (TDD) of MDI or on a combination
of the TDD with a body-weight-based method (King, 2012;
Chow et al., 2016; Bode et al., 2011). A recent study shows
that the TDD method underestimated the patients basal
rate with a median error of 10.06%, while the body weight-
based method overestimates the patient’s basal rate with
a median error of 11.1% (Chow et al., 2016).

As an approach to find a safe basal rate for CSII treatment
when the TDD is unknown, e.g. for insulin naive patients,
we present an implementation of a model-free controller

2405-8963 Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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for initial titration of people with T1D. The proposed
controller is a modified PID-controller in the sense that it
uses a deadband and contains an anti-windup algorithm.
A further modification is that at mealtimes, we suspend
the PID-controller for 5.5 hours and give bolus insulin
to compensate for the carbohydrates (CHO) intake. To
find the estimated basal rate, the patients use an AP with
the PID-controller in a three days titration phase. When
the estimated basal rate is obtained, we let the study
continue with a three days test phase, to test the suggested
basal rate. We evaluate the performance of the method
by simulating a cohort of 1,000 random generated virtual
patients.

The rest of the paper is structured as follows. Section 2
describes the control algorithm. We define the scenario
and the simulator used for in silico trials in Section 3. The
results are presented in Section 4, the discussion in Section
5, and the conclusion in Section 6.

2. CONTROL ALGORITHM

People with T1D need basal insulin to compensate for
the long-term endogenous glucose production, and bolus
insulin to control the glucose level after intake of CHO.
For each discrete time, ti, the insulin pump administers
the total amount of insulin, ust(tx), given by,

utot(tk) = Umicro—bolus (tk) + ubolus(tk)- (1)

Umicro—bolus (tk) 1s the amount of micro-bolus insulin re-
quired to manage the endogenous glucose production, and
Upolus (tk) is the bolus insulin estimated to compensate for
the intake of CHO. The micro-bolus insulin basal rate is
calculated as,

7umzcroAlZ:us(tk) = ’abasal(tk) + ﬁ(tk).

(2)
The nominal basal rate is described by @pgsai(tr) and v(tx)
is the adjustments in the basal rate. Aty = Ts denotes the
time interval the calculated basal rate will be applied for
i.e. the sampling time (Jgrgensen et al., 2019).

Umicro—bolus (tk) =

2.1 Filter

The derivative term of the PID-controller is highly sen-
sitive to noise. Though modern CGM systems provide a
filtered signal, a first order low-pass filter in discrete time is
implemented before computing the basal rate. The filtered
CGM-signal yp(tx) is calculated as,

yr(te) = aycanm (ti) + (1 — a)yp(tp—1), 3)

where the smoothing factor @ = 0.2, corresponding to a
time constant of approximately 20 minutes, and yoanr (tx)
is the signal provided by the CGM.

2.2 Micro-bolus and basal rate

The basal insulin rate for controlling the glucose level is
conducted by a PID-controller using the filtered CGM-
signal yp(tx). In continuous time, we consider a PID-
controller defined by,

dyr(t)
dt

3(t) = Kp(i(t) — yr () + K / es(r)dr — K, WED (g

where K, K;, and K, denote the proportional, integral,
and derivative gains. g(t) is the glucose target and e;(7) is

the error at the integral. The discrete-time PID-controller
corresponding to the continuous-time PID-controller is

B(t4) = Kpl(12) ~yr(0)) +1 (1)~

(yp(ti)—yr(te-1))-
(5)
The sampling time, Ts, equals the sampling rate of the

CGM, commonly 5 minutes. I(t;) describes the changes
in the basal rate and can be expressed as,

I(te) = I(tg—1) + K;Tsei(ty). (6)

The error term e;(t;) has an integral deadband in the
range from 4 to 8 mmol/L. The deadband prevents the
integrator from integrating when the glucose level is inside
the range of the deadband,

llow - yF(tk)7
ei(tk) = 0,
lup - yF(tk)a

yr(te) < liow,
llow < yF(tk) S l’MP7 (7)
yF(tk) > lup7

where ljo,, and l,, are the lower and upper limits of the
target range. To avoid integrator windup and negative
micro-bolus rate, Umicro—bolus (tx) is limited to the interval
[0, Unax], where Upax = 12 mU/min for the first 12 hours
of simulation while the virtual patients are fasting, and
afterwards at the time ¢ = 12 hours, the limit is set to
Umax = 2I(t;—1). The micro-bolus rate Umicro—boius (tk) is
then,

amic'rofbnlus (tk) = min(max(07 ﬁba:sal (tk) + ﬁ(tk))y Umaz())
8

For patients with low insulin sensitivity the limit on
12 mU/min will in some cases be too insufficient to
influence the BG. Therefore, before Upax is changed from
12 mU/min to 2I(ty_1), we measure the filtered CGM
signal Yr(¢,)- If Yr(4,,) is in the hyperglycaemic range above
Yhyper = 10 mmol/L, and the basal rate after 12 hours is
limited to Usaq, then I(t12nours) is set t0 Unag,

Unazs (?/F(tk) > ?/hyper)/\
I(tIQhours) = { Upasal (tk) = Umaz)7 (9)
Igtk ,  otherwise.
The above definition of the micro-bolus rate consists of
the estimated basal rate as well as corrections computed
by the PD-controller. Hence, the estimated basal insulin
rate is

@basal(tk) - ﬂbasal(tlc) + I(fk) (10)

2.8 Bolus calculator

To balance the glucose level after intake of CHO, people
with T1D need bolus insulin. The size of the bolus is
calculated using a bolus calculator. Common equations
for bolus calculation typically exist of three parts 1) meal
insulin, 2) correction insulin, and 3) insulin on board (IOB)
(Schmidt and Ngrgaard, 2014). The equation is given as
(Jorgensen et al., 2019)
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d(t) yr(t) —y(t)
1 t) = —7=—= ——————= —ajoplOB(t).
Lbolus( ) carbF corr corrF IOB ( )
(11) e
83
For this paper we only use the meal insulin part of gE

the bolus calculator, and assume that the PID-controller
used for the basal rate will do the corrections of the
error (Jorgensen et al., 2019). The equation for the bolus
calculator is given by

Upotus(t) = ICR - d(t), (12)
where ICR = 1/carbF and d(t) is the estimated amount
of CHO in grams in the meal. ICR (U/gCHO) is the
insulin to CHO ratio, i.e. ICR denotes the amount of
CHO covered by 1 unit of insulin. Appendix A reports
the procedure for computation of the ICR in this paper.

3. SCENARIO

To evaluate the control algorithm, we use a simulator
based on the physiological model developed by Hovorka
et al. (2004). The Hovorka model describes the metabolic
system for people with T1D. It interprets the pharmacoki-
netic (PK) and pharmacodynamics (PD) response of sub-
cutaneous insulin infusion, CHO absorption, and insulin
action.

In the scenario, we simulate a population of 1,000 ran-
domly generated virtual patients. The parameter distri-
bution is stated in Hovorka et al. (2002); Wilinska et al.
(2010) and Boiroux et al. (2018). The first three days of the
scenario is the titration phase. In this phase, the virtual
patients use an AP with the PID-controller to estimate the
basal rate. The titration phase is followed by a three-day
test phase where we test the estimated basal rate.

We start the study at 18:00 assuming that the patient has
not taken any dinner to initiate the titration overnight. For
the remaining time of simulation an intake of 60 g, CHO is
simulated at 6:00 AM and at 12:00 PM, and an intake of
90 g CHO is simulated at 6:00 PM. The controller gets an
announcement at mealtimes, and a bolus is calculated to
correct the glucose level after CHO intake. In the titration
phase, the PID-controller is suspended for 5.5 hours after
a meal, and the basal rate is fixed to the last calculated
rate before the meal announcement.

4. RESULTS

Fig. 1 illustrates the glucose concentration, the CHO in-
take, the bolus insulin administration, the micro-bolus
insulin administration and the estimated basal insulin for
10 virtual patients. The first chart shows the glucose con-
centration, where the postprandial peaks are a response to
the CHO intake shown in the second chart. The amplitude
of the peaks depends on the amount of CHO and the
ratio between the time constants for CHO absorption and
subcutaneous (sc) insulin absorption (El Fathi et al., 2018;
Boiroux and Jgrgensen, 2018). The third chart shows the
calculated bolus based on the estimated amount of CHO
intake and the virtual patients ICR. After the first 12 hours
of simulation, Upay is set to 2I(tx—1), which is reflected
by the adjustments in the micro-bolus rate in the fourth
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Fig. 1. Simulation of 10 virtual patients. The titration
phase runs for three days, followed by a three-day test
phase using the estimated basal rate.

Table 1. Distribution of time spend in different
glucose concentration ranges during the titra-
tion phase for a population of 1,000 virtual

patients.
Glucose(mmol/L) Mean Q1 Q2 Qs
0<G<3 0.0% 0.0% 0.0% 0.0%
3<G <39 0.2% 0.0% 0.0% 0.0%
3.9<G<10.0 77T%  71.9% 77.4% 84.6%
10.0 < G <13.9 19.2%  15.0% 19.7% 23.3%
13.9 <G <26.1 3.0% 0.0% 0.6% 3.8%

chart. The integrator value emulates the basal rate that
we aim to find and is shown in the fifth chart of the figure.

We evaluate the performance of the controller based on
the three-day test phase using the estimated basal rate.
The mean of the estimated basal rate for the virtual clinic
is 8.04 mU/min with a minimum of 5.06 mU/min and a
maximum of 29.86 mU /min.

A cumulative distribution was performed on the glucose
values of the 1,000 virtual patients in the test phase. Fig.
2 illustrates the result for the cumulative distribution with
a mean time in range (TIR) of 78.5%.

Tables 1 and 2 report the population distribution of
the time spent in different glucose concentration ranges.
Figure 3 illustrates the glucose concentration trajectory
for the patient having the worst hypoglycemic episodes
(lowest and most time spent in hypo). From these results,
it is clear that while the titration is not perfect, it improves
current practice and leads to no severe situations.

Recommendations from the International Consensus on
TIR (Battelino et al., 2019) states that people living with
T1D should spend above 70% time in target range (3.9
-10.0 mmol/L), less than 4% below 3.9 mmol/L, less than
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Fig. 2. Cumulative distribution of glucose values, for 1,000
virtual patients in the test phase.
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Fig. 3. Profiles for the patient with most time in the
glucose concentration range 0 < G < 3. Notice that
the time in severe hypoglycemia is very limited and
not due to the basal insulin rate being too high.
Rather it is due to an overestimated insulin bolus to

compensate for the meal.

1% below 3.0 mmol/L, less than 25% above 10.0 mmol/L
and less than 5% above 13.9 mmol/L.

In respect to hypoglycemia in our scenario, 2 out of 1,000
virtual patients spend more than 1% below 3.0 mmol/L in
the titration phase. In the test phase the number increases
to 5 virtual patients, with a minimum of 2.4 mmol/L for
both phases. 20 out of 1,000 virtual patients spend more
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Table 2. Distribution of time spend in differ-

ent glucose concentration ranges during the

test phase for a population of 1,000 virtual

patients.

Glucose(mmol/L) Mean Q1 Q2 Q3
0<G<3 0.0% 0.0% 0.0% 0.0%
3<G <39 0.9% 0.0% 0.0% 0.0%
3.9<G<10.0 78.5% 72.1% 78.0% 84.6%
10,0 < G <139 16.5% 13.3% 17.7% 20.8%
139 < G <259 4.1% 0.0% 0.0% 6.8%

than 4% below 3.9 mmol/L in the titration phase. In test
phase the number increases to 59 virtual patients.

200 out of 1,000 virtual patients did not achieve the goal
of 70% TIR during the titration phase. In the test phase
the number decreases to 183 virtual patients.

Regarding hyperglycemia 161 out of 1,000 virtual patients
spend more than 25% above 10.0 mmol/L in the titration
phase while the number decreases to 53 in the test phase.
204 out of 1,000 virtual patients spend more than 5%
above 13.9 mmol/L in the titration phase, and in the test
phase the number increases to 294.

By using the suggested method, we can get 61.9% of the
virtual patient to achieve the recommendations within a 6
days study.

5. DISCUSSION

We evaluated the performance of our system on a virtual
clinic of 1,000 T1D patients with a broad inter-patient
variability representative of a real population of people
with T1D.

It is important to note that the implemented model does
neither account for patient intraday variability nor changes
in ISF and ICR over time. The effect of exercising or
inactivity, e.g. during sleep, is not considered in this paper.
In real life, T1D patients in CSII treatment will schedule
their basal rates throughout the day. In our test phase we
do not tailor the basal rate to the time of the day, which
will leave room for improvement of the study. Before the
method can be implemented in a real life scenario, we need
to obtain the ICR for the patient (King, 2012). In this
paper, we use the approach described in Appendix A.

By analyzing our simulations, we can tell that the reason
some of the virtual patients suffer from hypoglycemia is
mainly due to the bolus insulin. Different bolus adminis-
tration strategies have an impact on glucose regulation for
people with T1D. A more sophisticated bolus calculator
could therefore be considered as described in Boiroux et al.
(2017), but that would require to identify a T1D model for
every patient, and is beyond the scope of this paper.

When the patients start the titration phase, the basal rate
is unknown. If we should have used an MPC instead of
a PID-controller, we would have needed a good guess on
the initial basal rate. Though the MPC might perform
better in the long run, it is not suited for the goal of this
paper. In addition, after the titration phase is over, and
the estimated basal rate is found, it could be considered to
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initialize a treatment using an AP with an MPC. Due to
cost or individual preferences other patients might prefer
to continue the treatment using CSII or MDI.

The goal we use for TIR is internationally recommended.
However, goal-settings for glucose regulation should be
individualized due to achievable goals for the single patient
(Battelino et al., 2019). Large real-world data and studies
shows that the average T1D patient’s TIR usually lies
between 50%-60% (Beck et al., 2019). Therefore, a goal
at 70% TIR may not be achievable for all patients. In our
results, we stated that it was not possible for all 1,000
virtual patients to reach the goals recommended by the
International Consensus within the 6 days scenario; but
the majority of patients are better off with the the titration
method suggested in this paper.

6. CONCLUSION

In this paper we propose a method for initial titration
based on a modified PID-controller combined with a
simple bolus calculator. We construct a 6 days scenario
consisting of a three days titration phase followed by a
three days test phase. In the titration phase, we use an
AP with the PID-controller. At mealtimes, we calculate
a bolus, suspend the controller for 5.5 hours, and set the
basal rate to a fixed rate. When the titration phase ends,
we switch off the controller and test the estimated basal
rate in a three days test phase. The performance of our
system is qualitatively and numerically evaluated using a
virtual clinic of 1,000 T1D patients.

Goal-settings and treatment of people living with T1D
should be individualized. While our method may not be
suited for all, we can get 61.9% of the virtual patients
to achieve the recommendations from the International
Consensus on TIR within a 6 days study.

The results indicate the potential of the method com-
pared to conventional titration. Further studies of the pro-
cess and clinical studies are required before the titration
method can be recommended for clinical practice.

Appendix A. BOLUS CALCULATOR AND
INSULIN-TO-CARB RATIO

To estimate the ICR for the virtual patients in the model,
we use the penalty function described below to find the
bolus size for meals in the range 20 g to 120 g of CHO
with an increment of 20 g CHO. When the bolus for the
different meal sizes are obtained, linear regression is used
to find the insulin to CHO ratio.

As described in Boiroux and Jgrgensen (2018) and in
Jorgensen et al. (2019), the quadratic glucose penalty
function is given by

pa(), 2) = 5(=(0) — 27, (A1a)
pnin (2(1), Zmin) = %(min{O, () — Zmn})% (AID)
Pmax(2(t); Zmax) = %(max{o7 2(t) — Emax})2, (A.lc)

in which z(t) denotes the predictive BG concentration, and
the glucose setpoint Z is set to 6.0 mmol/L. The lower

threshold is zmin = 5.3 mmol/L, and the upper threshold
i Zmax = 8.3 mmol/L. The penalty function is defined as

p(Z(t)) = ﬁ(z(t)’ 2) + Kpmin(z(t)v Zmin) + )‘Pmax(z(t)v Emax),
(A2)

where £ and A\ are weights associated with hypoglycemia
and hyperglycemia, respectively. Since we want the bolus
calculator to safely mitigate the effects of CHO intake,
i.e. to avoid postprandial hypoglycemia, we set x > .
The optimal bolus size, upiys, for a given estimated meal
size, cz, from a steady state, zss, and with subsequent
administration of the basal insulin rate, upgsqi, is given by
minimizing the area under the glucose penalty function
curve, 1.e. Upolus = Upolus(d; Tss, Ubasar) 1S Obtained by
solution of the following univariate optimization problem:

o= [ s,

min (A.3a)

Upolus to

st @(to) = Tes + Duttiotus + Lad, (A.3b)
‘T(t) = f(x(t)»ubasalvo), te [to, tNL (A.3C)
z(t) = g(z(1)), t € [to, tn], (A.3d)
0 < Upolus < Upolus,max- (ASe)
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Abstract— In this paper we present a linear model predictive
control (MPC) algorithm for control of the blood glucose
concentration of critically ill patients in an intensive care unit
(ICU). We present a version of the algorithm that is suitable
for automatic control. The algorithm can administer insulin
and glucose. The insulin and glucose are administered using
a parenteral (intravenous) route. We use a hysteresis logic to
switch between insulin and glucose administration to prevent
simultaneous administration of insulin and glucose. We test
our algorithm in silico using three different simulation models
to demonstrate the closed-loop performance of the algorithm.
The MPC algorithm is based on linear models in the form
of parsimonious second-order transfer functions describing
the effect of intravenously injected insulin and glucose on
the blood glucose concentration and a first-order disturbance
transfer function containing an integrator to ensure offset-free
control. The numerical results show that even in the ideal case
without any measurement delay, tight glycemic control (80-110
mg/dL) cannot be achieved. Moreover, parenteral glucose is a
requirement to avoid hypoglycemia and ensure extended tight
glycemic control (60-140 mg/dL).

I. INTRODUCTION

In a seminal paper, Van den Berghe et al. [1] demonstrated
that tight glycemic control (TGC) in the fasting normal
range, 80-110 mg/dL, reduces morbidities and mortalities of
critically ill patients in a surgical intensive care unit (ICU).
Another study, NICE-SUGAR [2], was not able to confirm
the benefits of TGC compared to conventional glucose con-
trol; TGC resulted in increased mortality and a significantly
increased occurrence of hypoglycemic episodes compared to
the conventional glucose control. In the Leuven study by
Van den Berghe et al. [1], normal glucose control is defined
as intervention when the measured glucose concentration
exceeds 215 mg/dL, while the NICE-SUGAR study [2] de-
fines normal glucose contol as intervention when the glucose
concentration exceeds 180 mg/dL and with a target of 140
mg/dL. Overall, the results from these studies suggest that it
is beneficial to avoid hypoglycemia (glucose concentrations
less than 60 mg/dL), hyperglycemia (glucose concentrations
above 180 mg/dL), and to stay in a glucose concentration
zone between 80 to 110 mg/dL, there is however no clear
consensus on the optimal range associated to TGC at the
moment [3], [4].

To achieve TGC, it is crucial to get accurate and fre-
quent measurements of the glucose concentration. Several
continuous or semi-continuous glucose monitoring (CGM)
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devices are available on the market, with different designs,
measurement methods, sampling frequency and analysis
time. Generally, there are three different ways of measuring
glucose concentration. It can be measured from 1) venous
blood or arterial blood, 2) dialysate from venous or arterial
blood or 3) interstitial fluid. Measuring glucose concentration
from interstitial fluid is common for people with type 1
diabetes, but appears to be inappropriate in the ICU as they
provide delayed and inaccurate glucose measurements and
are prone to technical failures [5]. The sensors using venous
or arterial blood provide higher accuracy and less analysis
time than sensors using interstitial fluid, which we show has
a large impact on TGC in the ICU. The benefit of sensors
using dialysis is that they provide accurate measurements
and avoid any antibody reaction. However, sensors using
dialysis have a delay varying between 5 and 45 minutes
[6]. The GlucoScout directly measures glucose concentration
from venous or arterial blood, has been FDA approved, and
has an analysis time of 50 seconds. The GlucoSet is another
sensor directly measuring glucose concentration from venous
or arterial blood. It is still in development and also has an
analysis time of seconds. Numerous sensors using venous or
arterial blood have however failed going from development
into production and being commercially available [7].

Feeding of critically ill patients can be done by enteral
nutrition (EN), i.e. through a tube, by parenteral nutrition
(PN), i.e. using an intravenous (iv.) route, or a combination
thereof (EN+PN). As a general guideline, it is preferable
to use EN [8]. However, using EN is not always possible,
e.g. if the digestive system is damaged, or if fasting of the
patient is required. In most cases, using EN alone may lead
to underfeeding [9] and would require to use PN as a com-
plementary source. From a control perspective, using PN to
provide glucose gives a direct access to the bloodstream, and
allows to immediately raise glucose concentration whenever
needed, whereas EN has a delay [10]. In general, there is no
clear consensus on the benefits of one way of nutrition over
the other, and using EN+PN has no negative effect compared
to EN alone [11].

Hyperglycemia and insulin resistance are common in
critically ill patients, even for patients without diabetes.
Conventionally, nurses use paper-based protocols for glucose
regulation in the ICU. Nevertheless, these protocols lead to
suboptimal glucose regulation [12]. To reduce the occurrence
of hyperglycemia and achieve TGC, it is necessary to use a
computer-based algorithm.
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Model predictive control (MPC) and proportional integral
derivative (PID) algorithms are the most popular algorithms
for glucose regulation in critically ill patients [13]-[16].
However, in clinical studies, using a control algorithm ad-
ministering insulin alone led to recurrent hypoglycemia [17],
[18], unless the glucose target is set to a value outside the
fasting normal range [19]. To reduce the risk of hyper-
and hypoglycemia, we consider an MPC-based algorithm
administering iv. insulin and iv. glucose. A hysteresis switch
ensures that insulin and glucose are not administered simul-
taneously.

This paper is structured as follows. Section II reviews the
physiological models of critically ill patients used in our
simulations. Section III describes our MPC algorithm and
the hysteresis switch logic between iv. insulin and iv. glucose
administration. In Section IV, we numerically evaluate the
performance of our controller using three patients based
on three different physiological models. We use the same
controller tuning for the three patients. The key contributions
of this paper consist of the design of an MPC algorithm
able to almost achieve TGC in the idealized case without
measurement- noise and delay for three different virtual
patients using identical controller parameters. The key con-
tributions will also be listed in more detail in Section V.

II. SIMULATION MODELS

Numerous models have been presented by multiple re-
search groups and the most accurate model has yet to be
found [20]-[22]. In this study we perform simulations using
three different models representing three different patients,
namely the Bergman’s Minimal model [25] slightly modified
in [23], the Hovorka ICU model [10] and the Chase ICU
model [24]. We present each model with the added term
R, (t) = d(t) + “"(t) , where d(t) represents the disturbance
in the glucose concentration caused by stress and ug(t) is
the glucose infusion. We use the models with units according
to the parameters used. We note that the units are different
for each model and we change the inputs from the controller
in the simulations accordingly.

A. Bergman’s Minimal Model

We use the parameters presented in [26]. The model is

G(t) = =X 1)G(t) + p1(Gy — G(t)) + Ra(t),  (la)
X(t) = —p2X(t) +p3(I(t) — L), (1b)
I(t) = aymax (G(t) — 07,0)—

F; (1c)

I(t) - Iy) + —

Yr(I(t) — In) v

G(t) represents the glucose concentration, X (¢) represents

the insulin action on glucose concentration, and I(t) repre-
sents the insulin concentration.

B. Hovorka ICU Model

In this paper, the model will be described in broad terms
and the equations describing the time-dependent parameters
will not be listed. We refer to [10] for a detailed description.

The differential equations describing the Hovorka ICU
model are

Q1(t) = —F5 (1) — ka1 () Q1 (£) + k12Qa(t) — Ur(t)
5.551 [Ra(t)Ve  As(t)
w 60 + tmam,G * EGP(f)
| (2a)
Q2(t) = ka1 ()Q1(t) (2b)

— [k12 + S1,m0p (1) S1p2a(t)]Q2(t)
1000 Urx (t) + Urs(t)

1) = ooy KVI o
— ket 1(t)
I(t)+ K1
1 (t) = —kar [z (t) — 1(1)] (2d)
B2(t) = —kaz[za(t) — I1(t)] (Ze)
d3(t) = —kaslws(t) — I(t)] (e
iy - ForUce(®)  Ai(t)
Ai(t) = —F 5~ P g
max,G max,G

Q1(t) and Q2(t) represent the glucose amount per kg as a
two-compartment model, I(t) represents the plasma insulin
concentration, x1(t), z2(t), and z3(t) represent the insulin
action on glucose concentration. A;(¢) and As(¢) model
the enteral glucose absorption. We use the parameters from
Patient 3 in [10]. G(¢) is the glucose concentration, Urg is
the endogenous insulin secretion, £, is the total non-insulin-
dependent glucose flux corrected for the current glucose
concentration. Ug(t) is the renal glucose clearance and de-
pends on the glucose concentration. The endogenous glucose
production, EGP(t), depends on the action of insulin, z:3(t).
ko1(t) is the fractional transfer rate of glucose from the
accessible to the non-accessible compartment, and depends
on z1(t). Sr,mop is the insulin sensitivity modifier and is
time-invariant in this paper.

C. Chase Model

We use the parameters presented in [15], and based on the
model in [25]. The model is

51(G(t) + Gr)Q(t)

G(t) = —PaG(t) — T ae0®) + Ra(t), (3a)
Q(t) = —kQ(t) + kI(t), (3b)
I(t) _ —nl(t) Uey 30)

T+arl(t)  Vi°

G(t) represents the glucose concentration as a deviation
from the glucose concentration at steady state, Gg. Q(t)
represents the insulin action on the glucose concentration.
I(t) is the insulin concentration as a deviation variable from
the insulin steady state.
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III. MODEL PREDICTIVE CONTROL

In this section, we present a model predictive control
algorithm based on a stochastic continuous-discrete state
space model. The model is a multiple input single output
(MISO) transfer model function consisting of: 1) A second-
order transfer function describing the effect of iv. insulin on
glucose concentration, 2) a second-order transfer function
describing the effect of iv. glucose on glucose concentration,
and 3) a first-order transfer function without or with an
integrator for the stochastic part. The measurements are
corrupted by additive white noise.

A. Model

For the filtering and prediction, in the model predictive
controller, we use a continuous-time linear stochastic model:

Z(s) = Zp(s) + Zs(s) (4a)
= Gr(s)Ur(s) + Ga(s)Ua(s) + H(s)W(s), (4b)

in which Zp(s) = Gi(s)Ur(s) + Ga(s)Uq(s) describes
the deterministic part of the model, and Zg(s) = H(s)W (s)
describes the stochastic part of the model. The deterministic
part of the model is modelled using two second-order transfer
functions:

Gi(s) = Ke

K
——5 Gels)=——5. O
(115 +1)° (ras +1)°
The stochastic part of the model is a first-order transfer
function without or with an integrator, i.e.

Ky
H(s) = R 6
() = = ©
or
1 Ky
H(s)=— . 7
(s) S TwS + 1 @

The transfer function model (4) may be realized as a system
of linear stochastic differential equations (SDEs)

dx(t) = (Acx(t) + Beu(t)) dt + Gedw(t),
z(t) = Cx(t),

with @ = [zP; 25]. dw(t) is a standard Wiener process, i.e.
dw(t) ~ Ni;a(0,dt), and

_ A(:D 0 _ BCD _ 0
P A L A
c=[Cp Csl. (9b)
The transfer functions (5) are realized in observer canonical
form by

(8a)
(8b)

Similarly, the transfer functions in (6)-(7) may be realized in
observer canonical form by

1 K’w
GCS = ’

Tw w

-1 1 0
As = & o ,Ges = |k, |, Cs=[1 0]. (l1b)

Cs =1, (11a)

Tw
Using a zero-order-hold discretization for the manipulated

variable, u(t) = [ug,; uk;c] for t <t < ti41, (8) may be
converted to the linear stochastic difference equation

g1 = Azg + Bug +wr,  wi ~ Nua(0,Q),  (12a)

zr = Cxy, (12b)
where

A = exp(A.Ty), (13a)

B= /OTS exp(Acs)dsBe, (13b)

Ts
Q:/ exp(A.s)G G exp(A.s)ds. (13¢)
0

Using the matrix exponential, (A, B,Q) in (13) may be
computed by the procedure [27]

A B A, B.
¢ feen(fs ) e
D11 Pro| _ -A. G.G,
o o) ). o
Q = ‘1)122(1)12, (140)
where A, B, and () have the structure:
- Ap;r 0 0
A= AOD : } =1 0 Ape 0], (15a)
L s 0 0 As
B Bp.s 0
B= OD} =| 0 Bpe (15b)
L 0 0
[0 0
Q= 0 Qs} . (15¢)

Consequently, we may use this structure as well as (4) to
separate the output, z, into a deterministic part, z,? ,and a
stochastic part, z5:

-2 1 0 0
N 0 0 0 zk=z1?+z,§. (16)
ACD:I 0 T2
Aep = ’ = r 2 , (10a) S Do
0 Acwpc 0 0 “ 1 The deterministic output, z2, is given by
0 0 —& 0
m 0 0 ¢ zP 1 = ApzP + Bpu, (17a)
K 2P = Cpal, (17b)
Bop=|Bepa O | _ |7 (10b)
¢ 0  Bepe 0 01’ where
0 e
L G Ap B A.p B,
Cp=[Cp: Cps] =[1 0 1 0]. (10c) { 0 ID} = exp ({ o OD} T5> .y
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Let 8; = Ts/7;, where i € {I,G}. Then the transfer
functions (5) allow explicit expressions for Ap.; and Bp.;:

_ [ = Bi)e P Toe P
Apy; = { 7%6—&, (14 B;)ePi|" (19a)
K; (1— e B —e b
o= { 1((,- el (195)
The stochastic part of the output, 27, is given by
a3y, = Asaf + Bswy,  wi ~N(0,Qs), (20a)
z = Csay, (20b)

where Bg = I and

bs11 Psi2| —Acs GesGlg

i s R (i YRR
Ag = Bl o, (21b)
Qs = AsPs 12 21c)

The matrices (Ag,Qs) for the stochastic state-space
model may be computed explicitly for the transfer function
in (6)-(7). Let By, = Ts/7w. In the case of a first-order filter
without an integrator (6), we have [27]

Ag =e Pv, (22a)
KQ
Qs=5"(1- e 2w (22b)

In the case of a first-order filter with an integrator (7), we
have [27]

—Bu e Bu
As = {6 o m(le )], 23)
a Bu — 1+ e Bw
Qs = K, {Bw 4B Bu } , (23b)
where
3 1
=Ty (ﬂu, -3+ 2e™Pv — 5@*2%) N X))

B. Filtering and Prediction

1) No measurement delay: The measurement of the blood
glucose concentration, yg, is the output, zj, corrupted by
additive normally distributed noise, vy, i.e.

’L’Ld(ov R)7

where R = 02,. The corresponding stochastic measurement
defined as yi = y, — 2 may be expressed as

(25)

y(tr) = z(t) + v, Vg ~

yfzykfz;?:z,ervk (26)

such that we get the following model for filtering and
prediction

where Cs, = Cgy; = Cg such that yf = z,f + vg. The
corresponding Kalman filter for filtering is
ig\k—l = Asig—l\k—lv (28a)
ek = Ui — CsydRpp_1» (28b)
e = Fe—1 + Krex, (28¢)
where
Pyji—1 = AsPi_1),-14% + BsQs B, (29a)
Rey = CSyPk‘k,lC’Sy + R, (29b)
Ky = Pyu—1C%, R}, (29¢)
Py, = Pyjp—1 — KpRe 1. K. (29d)
Let P = limg oo Prr—1 and K = limg,o0 Ky. The

limits exist if (Ag, Cs,) is detectable and (Ag, Bng/Q) is
stabilizable. P may be computed by fixed-point iteration in

(29) or by solution of the discrete algebraic Riccati equation
P =AsPAs + BsQsBjg 30)
— (AsPC%,)(Csy PCs, + R)"'(AsPCy,)' .

Given P, the Kalman filter gain, K, may be computed by
K = PC%,(Cs,PC%, + R)™". @31

The filtered states using the stationary Kalman filter gain can
be expessed as

B = (I — KCsy) s}y y + K(ys — 28).  (32)
The corresponding predictions are

ik = ARy (33a)

Sk = Coa®l e (33b)

Then the deterministic target values, 2,? ik corresponding to
the overall target values, 2. 1 ((45), (46)), can be computed
as

ik = Zhbile — Zhagpe =12, N (34)

Similarly, the value for deterministic soft minimum output
constraints,

D 8 .
Zigjlkymin = Zhjlkmin — Zppgke J = 1,2,...,N. (35)

2) Measurement delay: We assume that the glucose mea-
surements are delayed with a delay of 7,,, minutes, i.e.

y(fk) = 2(1C - T’m) + v, Vg ~ Niid(oa R) (36)

Furthermore, we assume that the measurement delay is a
multiple of the sampling time, i.e. 7, = m7s min with m
being an integer.

In that case, we model the measurement delay using
augmented states to represent the delay, i.e.

zi, = Agzf + Bswy, (27a) xPl = AgaP? + Byzp (37a)

2 = Cg a3, (27b) 23y = Agxf® + Bazg, (37b)

y,f = Csyzf + vk, (27¢) Y = Cdx,?d + Cdxfd + vg, (37¢)
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with
0 I 0
Ad:{o 0}7311:{1},@1:[1 0], (38)

where I is an m x m identity matrix. Consequently, the
overall state model consisting of (17), (20), and (37) becomes

Py Ap 0 0 0] [2P
l’kDfril _ BdCD Ad 0 0 l’de
a?£+1 o 0 0 Ag 0 xy
pSd Sd
.Lk+1 0 0 BdCS Ad Ty, (39a)
Bp 0
0 0| s
+ 0 U + By wy,
0 0
«P
e
z=[Cp 0 Cs 0] 25| (39b)
2
e
D
Y = [0 Cd 0 Cd] TE + V. (390)
zyd

The delay model (37) is constructed such that the model
(39) can be decomposed into a deterministic model and a
stochastic model. The deterministic sub model of (39) is

D D
$k+1 _ AD 0 L BD

2D
2z =1[Cp 0] [ L’%d} , (40b)

Lk

D zp
v = [0 Cd [T]_’%d] : (400)

Ty
Define the stochastic observation as

Yo = Uk —UF (41)

Then the stochastic sub-model of (39) may be expressed as

2 5

Tyl _ | As 0| =g BS} s 422
|:Tfilj| |:BdCS Ad:| |:£Efd:| + |: 0 Wi ( d)

s
2 =[Cs 0] Bskd} ) (42b)

k

g
ve=[0 C {fgkd} o “20)

The stochastic sub-model (42) can be expressed in the
standard form

The structure of (43) is identical to the structure of the
stochastic state model for the situation without measurement
delay (27). Consequently, the Kalman filter gain, K, for
(43) may be computed by solution, P, of the discrete
algebraic Riccati equation (30) and computation of K in
(31) using (Ag, Bs,Csy, Qs, R). Similarly, the filtering
and predictions are done using (32)-(35) with the matrices
(Ag,Csy, K, Cs2).

C. Regulation

Let =z, {Zegwti {Zeemintll;  and
{Zktjlkmax oy be given along with umin and Umax.
The optimal control problem (OCP) solved to determine the

optimal insulin or glucose infusion is the following convex
quadratic program (QP):

min ¢ (45a)
St Tppjre = AZipjie + Biteg ki, J €N, (45b)
Zhtjrilk = COqjie JjEN, (450
Umin < U4k < Umaxs JjEN, (45d)

Zht i1k T Sktjt1lk > Zhtj+1jkmins J €N, (45€)

Zhit 1)k — thtjdilk < Zhgjtilkmax, J € N, (45)
Skrjrike = 0, JjeN, (459
tegjrie = 0, JjEN, (45h)
with N = {0,1,...,N — 1}, i € {I,G}. The objective

function, ¢, is defined as

penalty function

N
1 _
o= by Z ’Yz;i(zk:+j\k: - Zkt+j\k:)2 + 'VS;isi+‘j\k + "/t:i,ti+j‘k
j=1
regularization
1 N-1
+3 Vau AR g 1€ {1,G). (46)
j=0

To avoid the simultaneous administration of insulin and
glucose, we use a hysteresis switch logic. The switch uses
the following logic:

« If the glucose concentration falls under zy,;, +5 mg/dL,
we switch off the insulin administration and switch on
the glucose administration.

o If glucose concentration raises over zpy.x — b mg/dL,
we switch on the insulin administration and switch off
the glucose administration.

Since patients in the ICU usually enter the clinic with
elevated glucose concentrations, we always initialize our

-5 1.-5S_ RS
Tpyy = AsTy + Bswy, (432)  controller using insulin administration.
S_ A, =S
Z,; B C:SZ%‘E7 (430) IV. SIMULATION RESULTS
Yo = Csyi + s, @39 In this section, we test our MPC algorithm presented in
where 7 = [27; 23¢] and Section III using three virtual patients. To ensure offset-free
- Ag 0 - B control of the glucose concentration during stress periods,
Ag = { B,Cs Ad:| , Bgs= { 0 } , (44a)  we use the first-order stochastic model with integrator (7).
Cs.=[Cs 0], Csy=1[0 C4. (44b)
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TABLE I
PARAMETER VALUES FOR THE CONTROLLER WITHOUT AND WITH
MEASUREMENT DELAY.

Parameter ~ Value Value Unit

(w/o. delay)  (w. delay)
Kr -0.0044 -0.0044 [(mg/dL)/(U/min)]
TI 85 85 [min]
Kg 0.05 0.05 [(mg/dL)/(mg/min)]
TG 1 2 [min]
Ky 1 1 [mg/dL]
Tw 10 1 [min]
Ts 5 5 [min]
R 1 2 [mg/dL]?
m 0 2 [-]
N 144 144 [-]

TABLE 11

PENALTY VALUES FOR THE CONTROLLER WITHOUT AND WITH
MEASUREMENT DELAY.

Penalty  Value (w/o. delay)  Value (w. delay)
e 1 1

Vs 1-106 1-106

o 1-10* 1-10%

Yhu 1-107° 110710

w%u 1-1073 1-1072

We simulate 1) cases where the glucose concentration
is measured without any delay corresponding to a glucose
sensor with direct access to venous or arterial blood and
2) cases where the glucose concentration is measured with a
delay of 10 minutes (i.e. m = 2 time samples) corresponding
to a sensor measuring glucose concentration from a dialysate.
We assume that the three ICU patients have a body mass of
75 kg.

Table 1 shows the tuning parameters used in the MPC
algorithm. These tuning parameters are identical for the three
ICU patients. The gains associated with insulin and glucose
injections, K; and K¢, can be personalized depending on
the body mass. The prediction and control horizon, N, is 144
samples, i.e. 12 hours. Having a long prediction and control
horizon ensures that the solution of the OCP (45) converges
back to the glucose setpoint. Therefore, the performance of
the controller in this paper is similar to a controller with an
infinite prediction and control horizon.

Table II shows the penalty values used for the controller
with and without delay. Again, these parameters are identical
for the three simulated patients. Since hypoglycemia should
be avoided, we set the penalty weight associated to hypo-
glycemia, v, to a much larger value than the penalty weight
associated to hyperglycemia, ;. v, s and -y, are identical
for the insulin and the glucose controllers.

Table IIT shows the glucose setpoint for each patient. This
setpoint also corresponds to the basal glucose concentration.
For the Hovorka model, it corresponds to the steady state
solution of the Hovorka ICU model (2). For the Chase
model (3) and the Bergman minimal model (1), we set these
values to 90 mg/dL. The upper limits on insulin and glucose
injections, Umax;7 and Umayx;g, are set to high values and
are never reached. The glucose thresholds, zp,i, and 2Zpax,
correspond to the tight glucose range (80-110 mg/dL).

TABLE III
SETPOINT (BASAL GLUCOSE CONCENTRATION) FOR EACH PATIENT.

Patient: Basal glucose conc  Unit

Hovorka ICU Model (Patient 1) 97.16 [mg/dL]
Chase Model (Patient 2) 90.00 [mg/dL]
Bergman minimal Model (Patient 3)  90.00 [mg/dL]

Fig. 1 shows the glucose concentration, iv. insulin infusion
and iv. glucose infusion for the three considered patients. We
consider a 12-hour scenario with a stress period (highlighted
in yellow) corresponding to a steady state at around 200
mg/dL in the cases without any glucose control (black
curves).

In the cases without measurement delay (Figs. 1(a), 1(c),
and 1(e)), TGC with glucose concentrations between 80 and
110 mg/dL can almost be achieved. No glucose concentration
below 80 mg/dL has been reported for Patient 1 and Patient 3,
and Patient 2 spent 1.39% of the time with a glucose concen-
tration below 80 mg/dL. Moreover, no severe hypoglycemia
(i.e. G < 60 mg/dL) has been observed. For all three patients,
we can achieve offset-free control of glucose concentration
during and after the stress period. Due to the slow dynamics,
Patient 1 still requires an infusion of iv. glucose at the end of
the simulation. The iv. insulin infusions for patients 1 and 3
are slightly oscillating during the stress period. However, the
sequence of insulin infusions and the glucose concentration
stabilize during the stress period. These oscillations are due
to the fact that the tuning of the controller is common to the
three patients. For all three patients, insulin is administered
only during the stress period, and glucose is administered
only after the stress period. Patient 2 required the highest
amount of iv. glucose (30.4 g), which corresponds to a calorie
intake of approximately 121.6 kcal.

The performance of the controller deteriorates in the cases
with a 10-minute measurement delay (Figs. 1(b), 1(d), and
1(f)), particularly when the glucose dynamics are rapidly
changing, i.e. right after the onset of stress and right after the
end of the period of stress. After the end of the stress period,
all three patients experience a prolonged period of mild
hypoglycemia (i.e. G < 80 mg/dL). No severe hypoglycemia
(i.e. G < 60 mg/dL) has been observed for any of the
three patients. Similarly to the case without any measurement
delay, the controller is able to bring all three patients into
TGC during the period of stress by administering iv. insulin
and after the end of the stress period by administering iv.
glucose. Unlike the cases without measurement delay, iv.
insulin is injected for a short while after the end of the stress
period due to the glucose measurement delay. Iv. glucose is
administered only after the stress period.

These results demonstrate 1) the necessity of being able to
inject glucose in addition to insulin for critically ill patients,
2) the necessity of continuously monitoring glucose and 3)
the necessity of frequent adjustments in iv. insulin and iv. glu-
cose doses. Also, due to sudden and unpredictable metabolic
variations in glucose concentrations, minimizing the lags
and delays associated to glucose sensing, administration of
insulin and glucose is crucial to achieve TGC.
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(a) Simulation for the Hovorka ICU model (Patient 1) without measurement
delay. 87.50% in range 80-110 mg/dL.
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(b) Simulation for Hovorka ICU model (Patient 1) with 10 minutes mea-
surement delay. 67.36% in range 80-110 mg/dL.
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(c) Simulation for the Chase model (Patient 2) without measurement delay.
97.22% in range 80-110 mg/dL.
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(d) Simulation for the Chase model (Patient 2) with 10 minutes measurement
delay. 72.22% in range 80-110 mg/dL.
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(e) Simulation for the Bergman minimal model (Patient 3) without measure-
ment delay. 85.22% in range 80-110 mg/dL.

Fig. 1.
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(f) Simulation for the Bergman minimal model (Patient 3) with 10 minutes
measurement delay. 38.89% in range 80-110 mg/dL.

Closed-loop simulation results for the different models with and without measurement delay. In each subfigure, Top: Glucose concentration with

(blue) and without (black) closed-loop control. Middle: Iv. insulin infusion rate. Bottom: Iv. glucose administration.
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In a real clinical study, the iv. glucose injections would
also be complemented with further nutrition in carbohy-
drates, fats and proteins to ensure an adequate supply of
calories. The problem of TGC in the ICU combined with
nutrition leads to further challenges that can also be solved
using model-based control algorithms, see e.g. [28], [29].

V. CONCLUSION

In this paper we applied MPC to regulate blood glucose
concentration in critically ill patients. The model used in
the MPC-based algorithm contains a deterministic part rep-
resenting the dynamics of iv. insulin and iv. glucose, and
a stochastic part capturing the uncertainties arising from
the mismatch between the model and the patient, and the
effect of unpredicted disturbances such as increased insulin
resistance during stress periods. Using iv. insulin in combi-
nation with iv. glucose is a requirement to get blood glucose
concentrations near TGC. In the idealized case without any
measurement noise and delay, it is possible to almost achieve
TGC without any overfeeding. Additional measurement lags
and delays associated to glucose sensing or EN make TGC
more difficult to achieve. The stringent range required for
TGC increases the risk of hypoglycemia.
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Summary

In this technical report, we describe and demonstrate a user interface for diabetes man-
agement. Specifically, we show a full-stack web application to visualize diabetes data
and describe the software tools used to build it. Furthermore, we briefly discuss and
compare with a user interface for an artificial pancreas mobile application. The web ap-
plication consists of a database, a backend to read and process data from the database,
a frontend to visualize and filter the data, and an application programming interface
(API) to communicate between the backend and frontend. The database is a PostgreSQL
database, the backend is a Spring Boot Java application, and the frontend is a Vue.js
application. The visualized data in the web application is simulated from 1000 virtual
people over 1 month. The web application allows people with diabetes to view different
representations of their own data, but also, e.g., medical personnel to log in and view
the data from all their patients.
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CHAPTER |
Infroduction

In this technical report, we describe and demonstrate a web application for visualiz-
ing diabetes data. The web application allows people with diabetes to get both quick
overview of the targets specified by Battelino et al. [1], but also to view more detailed
representations of the data and see statistics. Furthermore, it allows medical personnel
to log in and inspect data from all the patients. We briefly discuss differences between
the web application and a mobile application for an artificial pancreas and we describe
the software tools used to build the web application. Finally, we show a demonstration
of the web application. In this section we describe the motivation, the key details of the
web application, and provide an outline of the report.

Motivation More and more people with diabetes use devices that collect data such
as continuous glucose monitors (CGMs), pumps, and automatic dosing systems (e.g. an
artificial pancreas) [2]. Furthermore, various simulators that can be used for both virtual
clinical trials and education have become available [3, 4]. Therefore, there is a need for
tools to both visualize and analyze the large amounts of collected data. Applications that
allow people to see their data in real time can be on, e.g., a smartphone. The DiaCon
dual-hormone artificial pancreas is an example of an application with a real time user
interface implemented on a smartphone. However, a smartphone is not suitable for
viewing large amounts of data and performing large computations (e.g. simulations).
Therefore, we build a modern full stack web application in addition to the DiaCon
smartphone application. Figure 1.1 shows the concept, where the web application, the
artificial pancreas, and one or multiple simulators is connected through a database. The
web application serves multiple purposes, 1) it allows the user to see more detailed
representations of data that are not available on a smartphone, 2) it allows, e.g., doctors
or parents to remotely access data from the artificial pancreas, and 3) it allows the user
to perform simulations for educational purposes or researchers to test new treatment
strategies. In this technical report, we only describe the web application and assume
that the data from the artificial pancreas or simulator already exists in the database.

Architecture The web application consists of a PostgreSQL database, a Java Spring
Boot backend application, an application programming interface (API), and a Vue.js
frontend application. Figure 1.2 shows the architecture and tools used to build each
element. The architecture provides a flexible design where, e.g., multiple backend servers
can serve one or more frontends. Furthermore, the API provides a generic interface and
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Figure 1.1: The vision of an artificial pancreas, a web application, and a simulator
connected through a database.

ensures that the frontend can send requests to the backend without having information
about e.g. the database.

Database We use a PostgreSQL database. PostgreSQL is a free and open source
relational database management system with SQL compliance. The web application
works with any database system, but PostgreSQL was chosen here, as it was already
used by other members in John Bagterp Jgrgensens’ research group and excels when
working with huge datasets.

Backend We use Spring Boot to create the backend application. Spring Boot is an
open source Java-based framework used to build stand alone applications without relying
on an external web server. The backend answers requests from the frontend application
through the API that we document with Swagger.

Frontend The frontend is a Vue.js application and provides a graphical user interface
(GUI). Vue.js in an open source model-view-viewmodel (Figure 1.4) frontend JavaScript
framework for building user interfaces. Vue.js builds on top of standard HTML, CSS,
and JavaScript and provides a declarative and component-based programming model
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Figure 1.2: Architecure of the web application that consists of a PostgreSQL database,
a Java Spring Boot backend application, an API, and a Vue.js frontend
application. The charts in the frontend are build with Chart.js.

that helps to efficiently develop user interfaces. In contrast, the frontend in the DiaCon
artificial pancreas, is an android application using the model-view-presenter framework
(Figure 1.3).

Structure of the report In Chapter 2, we list the dependencies and tools used
to build the web application. We describe the API in Chapter 3 and the database
in Chapter 4. In Chapter 5, we describe the backend and in Chapter 6 we show a
demonstration of the frontend and describe how it is build. Finally, in Chapter 7, we
provide conclusions and discuss future work and possible improvements.
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Figure 1.3: Model-view-presenter framework in the DiaCon Android application.
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Figure 1.4: Model-view-viewmodel framework used in Vue.js.
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CHAPTER 2

Dependencies

This chapter lists the tools and dependencies used to build the full-stack web application.

2.1 IDEs

We use integrated development environments (IDEs) to write and build the code. We use

Eclipse for the backend code and Visual Studio Code for the frontend code. Furthermore,

we use the Vue Ul to manage dependencies and run the frontend application. These tools
are not mandatory and it is both possible to use other IDEs or run everything directly in
the terminal. Fig. 2.1 shows the Vue Ul with the current status and where the frontend
application can be started.

& C
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Project tasks

83 Dashboard

¥ Plugins

O D localhost:8000/tasks/%2Fhomed%2Fathres2Fphd%2Fwork
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2.2 Coding languages

The web application is build using the following coding languages

2.3 Dependencies

SQL (used for the database)

Java (used for the backend)

JavaScript (scripting language for the frontend)
CSS (used to style the frontend)

HTML (markup language for the frontend)

Here we list all the dependencies. Eclipse help with managing the dependencies in the
backend, e.g., Spring Boot and the Vue Ul lets the user install and manage dependencies

directly from the interface as shown in Fig. 2.2.

npm
Node.js

Vue.js

Yarn

PostgreSQL

Spring Boot

Popper.js

Vue Router
fontawesome

Axios

Bootstrap

Chart.js
chartjs-adapter-date-fns
chartjs-plugin-datalabes

Ccors
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2.3 Dependencies

e core-js
¢ date-fns

o Moment

diabetes-management-system ~

88 Dashboard
M Plugins

B Dependencie:
3 Configuration

B Tasks

Figure 2.2: Dependency manager in the Vue Ul that gives an overview of the installed
dependencies and makes it straightforward to install new dependencies.
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CHAPTER 3
Rest API

In this chapter, we describe the API used to communicate between the backend and
the frontend. An API is a collection of HTTP endpoints known to both the server (or
more servers) and the client to manipulate resources. The communication happens via
the HTTP verbs; GET (retrieve a specific resource), POST (create a new resource),
PUT (update a specific resource), and DELETE (remove a specific resource). The API
should be identified and designed based on the purpose of the application. We use
Swagger https://swagger.io/ (Accessed: December 22", 2022) to document the API.
Swagger is an online tool for interactive documentation of APIs and allows the user to
test the endpoints without implementing a frontend. Figure 3.1 shows the frontpage of
the swagger documentation. In swagger, the keyword 'model’ is used for resources. The
following sections describe the models and endpoints.

3.1 Models

We define a model for patients, glucose measurements, basal insulin, bolus insulin, car-
bohydrates, and physical activity. Figure 3.2 shows a list of the models and their proper-
ties. The patient model contains basic information about each patient and the remaining
models describe glucose, insulin, meal and physical activity values for all patients. The
patient id is used to select the values for a specific patient. The ’devicelD’ property is
used to distinguish between the device that was used for the measurement to allow for,
e.g., selecting only the glucose measurements that were received from a CGM.

Diabetes management system‘m

[ Base URL: localhost:8080/api/vl/ ]

This is a description of the AP for the diabetes management system

Schemes

HTTP v

Figure 3.1: Swagger frontpage for documentation of the models and endpoints in the
APL
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patient + {
id integer
items: OrderedMap { "§ref”: "f/definitions/patient” }
name string
dateofbirth string($date)
email string
}

glucosemeasuremem v {

userId integer
items: OrderedMap { "Sref”: "#/definitions/glucosemeasurement” }
time string($date-time)
deviceId string
measurement number

basalinsulin +~ {

userId integer
items: OrderedMap { "$ref”: "#/definitions/basalinsulin” }
time string(§date-time)
deviceld string
basalinsulin number

bolusinsulin + ¢

userld integer
items: OrderedMap { "§ref”: "f#/definitions/bolusinsulin” }
time string(§date-time)
deviceld string
bolusinsulin number

carbohydrates « |

userId integer
items: OrderedMap { "$ref”: "#/definitions/carbohydrates” }
time string($date-time)
deviceld string
carbohydrates number

physicalactivity v

userId integer
items: OrderedMap { "$ref": "§/definitions/physicalactivity” }
time string($date-time)
deviceId string
exercise number

Figure 3.2: List and descriptions of the models and their properties in the API.



P Technical Report 365

3.2 Endpoints 13

3.2 Endpoints

We also use Swagger to document the endpoints that trigger a reply from the controller
in the backend. Figure 3.3 shows an example of the endpoint that gets the bolus insulin
values for a specific patient, delivered with a specific device (e.g. a pump) between
the start and end date. The Swagger documentation provides a description of each
endpoint, but also allows the developer to test if the backend responds the request
without implementing a frontend. We define a number of endpoints for each model, but
these are left out of this technical report for brevity. Each additional endpoint follow
the same structure as the one shown Figure 3.3.



366

P Technical Report

14

3 Rest API

E /bolusinsulin/{userId}/{deviceId}/{startDate}/{endDate} Returns bolus insulinfor patientld between start and end date

Parameters

userld * reauired
integer

(path)

deviceld * e
string

(path)

startDate * au/d
string($date-time)

(path)

endDate * rwired
string($date-time)

(path)

Description

The id of the user

userld

Type of insulin administration device

deviceld

Start date of bolus insulin values to get

startDate

End date of bolus insulin values to get

endDate

Responses
Code Description
200 the list of bolus insulin values

Example Value Model

"userId":
“time": "2022-12-21T15:15:32.7"

"deviceld": "string",
"bolusinsulin”:

Response content type I application/json ~ ]

Figure 3.3: Example of the bolus insulin endpoint in the Swagger documentation.
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CHAPTER 4
Database

In this chapter, we describe the database. We describe how each table is defined and
how we generate the sample data that is inserted in the database. Here, we use a
PostgreSQL database, but any database system can be used. We use a Java Spring
Boot application in the backend where the pom.xml file defines the database type and
we add a PostgreSQL dependency, as shown in Listing 4.1. Listing 4.2 shows how
the properties of the database are defined in the application.properties file. Here,
we host the database on the localhost with port 5432 (this is the default port for a
PostgreSQL database) where the name of the database is diabetesebapplication and we
grant privileges to the user dbuser with the password thepassword.

<dependency>
<groupld>org . postgresql </groupld>
<artifactId >postgresql </artifactId >
<scope>runtime</scope>
</dependency>

Listing 4.1: Define database system in pom.xml.

spring . datasource. initialization -mode=always

spring . datasource . platform=postgres

spring . datasource . url=jdbc: postgresql://localhost:5432/
diabeteswebapplication

spring . datasource . username=dbuser

spring . datasource . password=thepassword

Listing 4.2: Definition of the database properties in application.properties.

4.1 Tables

Each table in the database represents a model described in Figure 3.1. Listing 4.3 shows
an example of how to create a table in the database with SQL code. The table shows how
the table for the bolus insulin model is created and we create tables for the remaining
models in a similar way. The tables are created with a primary key for the user id and
the time stamp. The primary key ensures that each entry for a given user at a specific
time is unique, i.e., there cannot be two bolus insulin values for the same user at the
same time.
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drop table if exists bolusinsulin;
create table bolusinsulin (
user__id integer ,
timestam timestamp,
device Id varchar(25),
6 bolusinsulin float ,
primary key (user_id,timestam)

8 )5

o N W N —

~

Listing 4.3: Create table for the bolus insulin model in the database.

4.2 Sample data

The database should be able to handle data from real people, but since we do not have
data available, we generate data to represent real people. The personal data is gen-
erated with Mockaroo https://www.mockaroo.com (Accessed: December 2274 2022).
Mockaroo allows for generation of random data of anything from names, emails to cars
or IP addresses. We use Mockaroo to generate names, date of birth, emails, and an
ID. The diabetes data is generated from a Monte Carlo simulation using an extension
of Hovorka’s model [5] for 1000 virtual people over 1 month similar to the procedure
described in [6].
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CHAPTER ©
Backend

In this chapter, we describe the backend. The backend is the server-side software and
handles everything that is not visible in the frontend. The backend communicates with

the database, can do computations, and replies the requests from the client (frontend).

Here, the backend is a Java Spring Boot application. Figure 5.1 shows the architecture
of a Spring Boot application. Spring Boot applications use multiple annotations that
automatically handle certain functions. The Spring Boot application consists of three
components: 1) Model, 2) Repository, and 3) Controller that each are a Java package.

5.1 Model

The model defines each entity as a Java class and match both the tables in the database
and models described in the API (Figure 3.2). The properties of each model should have
corresponding getters and setters. The properties must be same as each column in the
database tables. Listing 5.1 shows selected code from an example of how we define the
model for bolus insulin (dots represent missing lines of code). Similar classes should be
defined for the remaining models as well. Here, we define the name of the table in the
database, where the annotation @Column indicates that the class member is a column
in the database. The @Id annotation indicates that it is a primary key in the database
and Listing 5.2 shows the class that ensures that new entries in the database are unique
w.r.t. user ID and timestamp.

package dtu.model;
// imports

@Entity
@Table(name = "bolusinsulin”) // name of table in database
@IdClass (BolusInsulinld.class) // ensure unique id + time
public class BolusInsulin {

QId

QColumn

private long wuserld;

QId

QColumn

private Timestamp timestam;

@Column
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Spring Boot Flow Architecture

Repository Class Extending

CRUD Services
Dependency
Injection
HTTPS ‘ .
. Service
Client '« Controller «—» Laver <+—>» Model
| request y
JPA/Spring
Dat
. . Database e
é@b InterviewBit

Figure 5.1: Architecture of a Java Spring Boot application consisting of 1) Model, 2)
Repository (service layer), and 3) Controller. The Spring Boot application
depends on a database and can answer requests from clients.

private String device_ Id;

@Column
private double bolusinsulin;

// getters and setters

Listing 5.1: The bolus insulin model.

package dtu.model;
// imports
public class BolusInsulinld implements Serializable {

private Long userld;
private Timestamp timestam;

public BolusInsulinld () {
}
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public BolusInsulinld (Long Uld, Timestamp time) {
this.userld = Uld;

this.timestam = time;
}
@Override
public boolean equals(Object o) { // Ensure that id and timestamp is
unique
if (this = o) return true;
if (o = null || getClass() != o.getClass()) return false;
BolusInsulinld measurementIld = (BolusInsulinld) o;
return this.userld = measurementld. userld &&
timestam . equals (measurementld . timestam) ;
}
@Override
public int hashCode() {
return Objects.hash(userld, timestam);
}
}

Listing 5.2: The bolus insulin id class.

9.2 Repository

The repositories provide an interface to the Spring Boot CRUD (create, read, update
and delete) repository that contains methods for CRUD operations and functions as a
service layer. Spring Boot automatically constructs classes that contains CRUD methods
for the specified interface for the given model. Spring Boot can automatically write the
query to the database for standard methods such as, e.g., findAll. Advanced queries can
not be automatically generated and need to be specified in the repository. Listing 5.3
shows selected code from the bolus insulin repository that works as an interface for the
bolus insulin model described in listing 5.1. Again, dots represent lines of code that are
left out for brevity. The @Query annotation is used to write queries to the database. The
queries should be defined above the interface. The query shown in Listing 5.3 selects all
non-zero bolus insulin values for a specific user between two timestamps and orders the
output based on the timestamps.

package dtu.repositories;
// imports
import dtu.model. BolusInsulin;

@Repository
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public interface BolusInsulinRepository extends CrudRepository<
BolusInsulin , Long>{

// more interfaces

// query to database - only select non-zero values
@Query (value = 7select t.x from ( select =%, row number() OVER(order by
timestam) as row from bolusinsulin where user id=71 7
+ 7And timestam BETWEEN TO_ TIMESTAMP(?2,'YYYY-MM-DD HH24:MI ')
AND TO TIMESTAMP(?3,'YYYY-MM-DD HH24:MI:SS')) "+
7t where bolusinsulin >0”, nativeQuery=true)
List<BolusInsulin> findByUserldByTimeBetween (Long userld, String
startDate , String endDate);

}

Listing 5.3: Bolus insulin repository with a query to select non-zero values for a specific
user between two dates.

5.3 Conftroller

The controllers are the final layers in the backend and receive the HTTPS requests
from the clients, i.e., this is where the users request to receive or insert data enter the
backend. The controllers can manipulate the data before it is delivered to the user or
inserted in the database. The controllers can also perform computations to reduce the
load on the frontend. Listing 5.4 shows selected code from the controller that answers
requests for bolus insulin data. The API endpoint is defined with the @GetMapping
annotation and corresponds to the endpoint shown in Figure 3.3. This method calls the
findByUserIdByTimeBetween from the repository and checks the result. If the result is
not empty, the controller responds the request from the frontend.

package dtu.controllers;
// imports

import dtu.model. BolusInsulin ;
import dtu.repositories.BolusInsulinRepository ;

@Controller
@CrossOrigin
public class BolusInsulinControllers {

@Autowired
private BoluslnsulinRepository repository;

// more methods
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17 // return all bolus insulin values for user between start and end date

18 QGetMapping (7 /api/vl/bolusinsulin /{userld}/{deviceld}/{startDate}/{
endDate}”) // API

19 public ResponseEntity<List<BolusInsulin>> getAll (@PathVariable long
userld , @PathVariable String startDate,

20 @PathVariable String endDate) {

21 List<BolusInsulin> result = repository .findByUserldByTimeBetween (

userld , startDate, endDate);

22 if (result.isEmpty()) { // check result

23 return ResponseEntity.notFound () .build () ;

24 }

25 return ResponseEntity.ok(result);

26 }

27

28 ... // more methods

29

30| }

Listing 5.4: The bolus insulin controller.
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CHAPTER &
Frontend

In this chapter, we describe the frontend. The frontend lets the user interact with the
application and shows the GUI. The frontend receives inputs from the user and sends
requests to the backend through the API. Figure 6.1 shows the structure of the frontend
application. The frontend application consist of multiple pages that each consist of

components. In the following sections, we describe the pages and components (e.g.

charts) used in the frontend and we describe how the frontend sends requests to the
backend. Finally, we show a demonstration of the GUI with selected screenshots. The
frontend is build using Vue.js and is a Vue.js application.

6.1 Backend and API

The frontend communicates with the backend through the API as described in Chapter
3. Listing 6.1 shows an example of how the endpoint to receive bolus insulin data is
defined in the frontend. All the endpoints that are used in the frontend should be defined
here.

[
1
2
d

export default class Backend{
constructor () {
this.url = 7http://localhost:8080/api/vl”

=)
(] (=] (=
—

[ Component 1 ] [ Component 2 ] [ Component 3 ] [ Component 4 ]

Figure 6.1: Structure of the frontend that consists of different pages that each consists
of a number of components.
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}
getUrlBolusInsulinBetweenDates (id, deviceld , startDate, endDate){
return this.url + ”/bolusinsulin/” + id + 7/” 4+ deviceld + 7/” +
startDate + ”/” + endDate
¥
}

Listing 6.1: API endpoints in the frontend.

6.2 Pages

The GUI can display different pages where each page consists of components. The same
components can be used in multiple pages. We use the Vue router to navigate between
the pages. The different pages allow the users to switch between different views. In
this web application, we use a login page and depending on the users’ permissions, they
see different pages. We distinguish between patients and doctors. The patients can
only view their own data whereas the doctors can view the data from all their patients.
Additionally, the administrator login has similar permissions as the doctors, but should
also be able to compute statistics on all the data to see if there are specific trends in the
patient population, but this is currently work in progress.

N o

®» I o o B » o = O

20
21

import {createRouter, createWebHistory} from 'vue-router'

const routes = |

{
path: '/pages/patientAllPatientDataPage/:id /:PatientName /:
PatientEmail ',
component: patientAllPatientDataPage ,
name: 'patientAllPatientDataPage',
meta: { showAllPatientData: true }
}’
]
const router = createRouter({
history: createWebHistory (),
routes: routes,
linkActiveClass: 'active'
oK

export default router

Listing 6.2: Vue Router to navigate between pages.
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|<template>
2
3 <BolusInsulinChart @dailyBolusEmit="receiveDailyBolus”
startTime="this.startTime” :endTime="this.endTime” :userlId="

this.PatientId”/>
</template>

<script >

11 export default {
12/ components: { ... },
13 methods: {

16 handleStartTimeEmit ( value){
17 this.startTime = value;
HES

19

20

21

2|},

230 watch: {

24 startTime () {

25 this.refresh ()

26 },

27

28

29

o},

31

32

33

34| }

35| </script >

Listing 6.3: Bolus insulin page build from components.

6.3 Components

The components allow us to split up the GUI into independent and reusable pieces.
Therefore, e.g., the charts are components that can be reused in different pages. The
charts are build using Vue Charts.js. Chart.js is a free and open source chart library that
works with multiple JavaScript frameworks (including Vue.js). Listing 6.4 shows selected
code from the bolus insulin chart. In general, the charts consist some properties, options,
methods (e.g. to update data), watches (do something when a variable changes), and
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computed values (define non-static variables, e.g., the chart data that is updated). We
also define the styling of the visualized data under chartData, where, e.g., the linestyle
and color is defined. Listing 6.4 also shows how we use Axios (Axios is a promise based
HTTP client for the browser and node.js) to handle HTTP request to get data from the
backend (line 21-22).

O © N O O AN W N —

23
24
25
26
27
28
29
30
31

32
33
34
35
36
37
38
39
40
41

42
43
a4

<script>
import { Scatter } from 'vue-chartjs

export default {

name: 'BolusInsulinChart ',
components: { Scatter },
props: {

¥

emits: ['dailyBolusEmit'],
options: {

}

async mounted () {
this.updateData(this.userld, 'cgm', this.startTime, this.endTime)
}

methods: {
async updateData(id, deviceld, startDate, endDate) {
this.axios
.get (this.$backend.getUrlBolusInsulinBetweenDates (id, deviceld
startDate , endDate))
.then(res => {

.
}
I

watch: {
startTime () {
this.updateData(this.userld, 'cgm',this.startTime, this.endTime);

b
L

computed: {
chartData () {
return {
datasets: |
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45’ </script>

Listing 6.4: Bolus insulin chart component.

6.4 Demonstration

In this section, we show and discuss a selection of the pages from the GUI. The GUI
is designed to have different views depending on the permissions of the user. The user
privileges are granted through the login page. Currently, you can either login as a patient
and view your own data or you can login as a doctor and view the data from all the
patients. The doctors have the same view and can see the same data as the patients,
but are also allowed to switch between all their patients. It is also possible to login as
an administrator that can, e.g., compute statistics based on the patient population, but
the GUI for the administrator is work in progress and will not described here.

6.4.1 Login page

Figure 6.2 shows the login page where you can login as either a patient or a doctor. In
this example, the users are predefined and it is not possible to create new users. The
icons are imported from the fontawesome library.

Signin

[£] G+ in

or use your account welcome

Enter your personal details and start your

Email
journey with us

Password

Forgot your password?

Figure 6.2: Login page that allows the user to log in as either a patient to view your
personal data or as a doctor to view the data from all their patients.
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6.4.2 Personal login

The GUI lets the user view data in three different ways by switching between three
pages. All pages allow the user to select different time periods, change the unit and
switch between the pages. The persons name is also shown (this virtual person is called
Penrod Tetley). Figure 6.3 shows the first page that shows an overview of glucose data.
The top bar shows selected key performance indicators (KPIs) such as average glucose
and variability. The side bar shows the time in the different ranges during the selected
time period. Finally, the page shows a time series chart with the glucose data for the
selected time period. The user can then choose to add meals, insulin, and exercise data
beneath the glucose data as shown in Figure 6.4 by clicking on All timeseries. Here,
both the time series data and daily amounts are shown (we show session per week for
exercise data). Finally, the user can choose to view statistics by clicking on Glucose
statistics. Figure 6.5 shows the mean and 95% confidence intervals for an overlay of the
days in the selected period. This allows the user to see if, e.g., there are certain times
of the day where the user has a tendency to reach hypoglycemia. The 95% confidence
intervals are relatively narrow for this simulated data as the variability in the size and
time of the meals is limited. Figure 6.6 shows the time in the different ranges for each
day in the selected time period which allows the user to see trends in the time in range.
Here, the user improved the time in range during the month, but the chart would also
show if, e.g., the user is not in range during the weekends or maybe every Thursday the
user is exercising and reaches hypoglycemia.

Diabetes Management System

1day | [ 1week |[ 1month |[ mo/aL | [ selectintenal | Penrod Tetley ptetleymi@dell.com [ Attimeseries | Glucose tatistics | togout | DTU
Average glucose [mmol/L] GMI [%] GV [%] HbA1c [%] CGM active [%] >
=<

10.72 7.93 23.65 8.36 100

I Glucose measurements Severe hypoglycemia Hypoglycemia Normoglycemia Hyperglycemia Severe hyperglycemia

20

Glucose concentration [mmol/L]

0
A A & A A
m@ﬂ 0% e et et ee® T ee® en® 00 o e e e e e e e ® e e ® 0?0 0?0 @ ® T 0 ?

Figure 6.3: An overview of personal glucose data with a chart of the glucose data in
the selected period. Top bar: select between different time periods, change
unit, and change to a different page. Second top bar: KPIs. Right bar:
time in the different ranges in the selected period.
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Figure 6.4: Time series for meals, bolus insulin, basal insulin, and exercise data. Right

bar: average daily amounts for meals and insulin and average weekly ex-
ercise sessions.
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igure 6.5: Mean and 95% confidence intervals of the glucose data for each time stamp
in the selected period.
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Figure 6.6: Time in the different ranges for each day in the selected period.

6.4.3 Doctor login

The doctors can see the exact same pages as the patients, but are able to view the data
from all the patients. Figure 6.7 shows the glucose overview page with the doctor login.
The components are the same as the individual patients can see, but in the left panel,
the doctors can see all the patients, search for them, and click on the one they would like
to inspect. In Figure 6.7, the doctor is viewing the virtual patient Hirsch Vell. Currently,
it is only possible to filter the patients based on their name or date of birth, but in the
next version it should also be possible to sort the patients based on their treatment, such
that the doctors can, e.g., identify the patients that have poor treatment and need care.
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Figure 6.7: Front page with the doctor login. Left bar: list of all the patients that the
doctor can view. Top bars and charts are the same as for the patient.
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CHAPTER /
Conclusions

In this technical report, we introduced and demonstrated a web application for visualiz-
ing and interacting with diabetes data. The web application is build using a PostgreSQL
database, a Spring Boot Java application (the backend), a rest API, and a Vue.js ap-
plication (the frontend). The web application allows the user to login and get different
views based on the permissions of the user. Currently, it is possible to login as a patient
to view your personal data or as a doctor to view data from all their patients. The
architecture allows for a flexible design, where the backend or frontend application can
be replaced as long as the same API interface is used. The GUI is designed to show the
targets specified by Battelino et al. [1] and let the user choose between different time
periods and visualizations. In future versions, a number of improvements and extensions
can be made 1) the administrator user should be able to compute statistics based on the
population of the patients, 2) it should be possible for the users to perform simulations
directly from the frontend, 3) the web application should updated to make it possible to
upload data from, e.g., an AP or the DiaCon AP should be able to upload data directly
to the database, and 4) it should be possible for the doctors to sort and filter their
patients based on treatment represented by, e.g., TIR.
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