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Abstract: In type 2 diabetes (T2D), injections with long-acting insulin can become necessary to
regulate blood glucose and avoid long-term complications. However, finding a safe and effective
insulin dose, a process known as titration, is both challenging and time demanding. In this paper,
we propose a new method for safe and rapid identification of a personalized insulin dose with
long-acting insulin through short-term use of fast-acting insulin in an artificial pancreas (AP). To
illustrate this novel concept, we simulate our method by modelling the glucose response to fast-
and long-acting insulin in people with T2D. We apply a simple control-algorithm for the AP to
adjust the insulin infusion rate during fasting periods. In this case-study, we simulate an insulin
näıve T2D patient on AP treatment for one week, gradually adjusting the insulin infusion rate.
After one week, we convert the insulin infusion rate, unit-to-unit, to a daily injection of long-
acting insulin. We compare our method to titration with the standard of care 2-0-2 algorithm.
Our simulations indicate that we can reduce the titration period from five weeks to a single
week, whilst easing the burden on the patient.
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1. INTRODUCTION

Diabetes is a chronic disease where the body is unable to
lower blood glucose levels sufficiently with the secretion
of insulin. In type 2 diabetes (T2D), this regulatory defi-
ciency is caused by an imbalance between insulin secretion
and insulin sensitivity in the body. Left untreated, elevated
glucose levels can lead to blindness, kidney failure and
amputations, resulting in a high cost for both the individ-
ual and society. In late-stage T2D, insulin injections may
become necessary to successfully regulate glucose levels.
When initiating insulin treatment in T2D, daily injections
of long-acting insulin can be used to lower glucose levels.
If needed, fast-acting insulin can be added at meal times.
The insulin dose must be selected carefully as too much
insulin can result in life-threatening low blood glucose con-
centrations. To avoid overdoses, a lengthy iterative process
called titration is used to gradually increase the amount of
injected long-acting insulin such that the fasting glucose
concentration reaches the normal range. Based on fasting
self-measured blood glucose (SMBG) values, the patient
adjusts the daily insulin dose until the desired glucose
concentration is reached. This can take several months.
Unfortunately, many patients never reach treatment goals
as the burdensome titration task and a lack of confidence
in the treatment can lead to adherence problems (Arnolds
et al., 2013; Khunti et al., 2020).

� This project is funded by Innovation Fund Denmark through the
Industrial PhD project 0153-00049B and by Novo Nordisk A/S.

The burden on the patient may be eased through auto-
mated insulin delivery. In recent years, several studies have
shown promising results with automated insulin delivery,
also known as an artificial pancreas (AP), for people with
T2D (Bally et al., 2018; Taleb et al., 2019). An AP consists
of three components; (i) a continuous glucose monitor
(CGM), (ii) a control algorithm, and (iii) an insulin pump
with fast-acting insulin. The components automatically
measure glucose, adjust the insulin dose accordingly and
deliver the dose to the user at a frequent interval, typically
every five minutes. Multiple AP systems are available on
the market for people with type 1 diabetes, however com-
mercial AP systems for T2D have not yet been launched.
Even though APs may become available as a treatment
solution for T2D in the near future, AP-usage will re-
quire high levels of self-engagement and a specific skill-
set from the user, such as learning to change the infusion
set and learning to carb-count (Tanenbaum et al., 2017).
Widespread usage of APs in the T2D population, may be
hampered by high cost, the burden of device wear, and
the individual’s wish to conceal their condition to avoid
being labelled as sick. In the light of this, the greater
patient population’s treatment needs may be met with
simpler, less visible and cheaper treatment forms, such as
injection-based insulin treatment. For successful injection-
based treatment, a swift, safe and simple identification of
the individual’s insulin-need is critical.

Methods for quickly achieving target glucose levels have
been used for decades in critical care (Rohrbach et al.,
2017). Here, a gradual increase in intravenous insulin in-
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Our simulations indicate that we can reduce the titration period from five weeks to a single
week, whilst easing the burden on the patient.
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1. INTRODUCTION

Diabetes is a chronic disease where the body is unable to
lower blood glucose levels sufficiently with the secretion
of insulin. In type 2 diabetes (T2D), this regulatory defi-
ciency is caused by an imbalance between insulin secretion
and insulin sensitivity in the body. Left untreated, elevated
glucose levels can lead to blindness, kidney failure and
amputations, resulting in a high cost for both the individ-
ual and society. In late-stage T2D, insulin injections may
become necessary to successfully regulate glucose levels.
When initiating insulin treatment in T2D, daily injections
of long-acting insulin can be used to lower glucose levels.
If needed, fast-acting insulin can be added at meal times.
The insulin dose must be selected carefully as too much
insulin can result in life-threatening low blood glucose con-
centrations. To avoid overdoses, a lengthy iterative process
called titration is used to gradually increase the amount of
injected long-acting insulin such that the fasting glucose
concentration reaches the normal range. Based on fasting
self-measured blood glucose (SMBG) values, the patient
adjusts the daily insulin dose until the desired glucose
concentration is reached. This can take several months.
Unfortunately, many patients never reach treatment goals
as the burdensome titration task and a lack of confidence
in the treatment can lead to adherence problems (Arnolds
et al., 2013; Khunti et al., 2020).

� This project is funded by Innovation Fund Denmark through the
Industrial PhD project 0153-00049B and by Novo Nordisk A/S.

The burden on the patient may be eased through auto-
mated insulin delivery. In recent years, several studies have
shown promising results with automated insulin delivery,
also known as an artificial pancreas (AP), for people with
T2D (Bally et al., 2018; Taleb et al., 2019). An AP consists
of three components; (i) a continuous glucose monitor
(CGM), (ii) a control algorithm, and (iii) an insulin pump
with fast-acting insulin. The components automatically
measure glucose, adjust the insulin dose accordingly and
deliver the dose to the user at a frequent interval, typically
every five minutes. Multiple AP systems are available on
the market for people with type 1 diabetes, however com-
mercial AP systems for T2D have not yet been launched.
Even though APs may become available as a treatment
solution for T2D in the near future, AP-usage will re-
quire high levels of self-engagement and a specific skill-
set from the user, such as learning to change the infusion
set and learning to carb-count (Tanenbaum et al., 2017).
Widespread usage of APs in the T2D population, may be
hampered by high cost, the burden of device wear, and
the individual’s wish to conceal their condition to avoid
being labelled as sick. In the light of this, the greater
patient population’s treatment needs may be met with
simpler, less visible and cheaper treatment forms, such as
injection-based insulin treatment. For successful injection-
based treatment, a swift, safe and simple identification of
the individual’s insulin-need is critical.

Methods for quickly achieving target glucose levels have
been used for decades in critical care (Rohrbach et al.,
2017). Here, a gradual increase in intravenous insulin in-
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the individual’s insulin-need is critical.
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2017). Here, a gradual increase in intravenous insulin in-

Fig. 1. The Dose Finder Concept. Short-term use of an
artificial pancreas regulates the fasting blood glucose
into the target range. The identified infusion rate is
converted to a pen-based injection with long-acting
insulin. Final dose-adjustments are made based on
SMBG measurements and a standard of care algo-
rithm.

fusion over two to three days is used to steer very high
glucose concentrations into the target range. Upon reach-
ing the target range, the infusion rate may be converted to
an injection-based insulin dose (Kelly, 2014). The method
is efficient, however, it is invasive and would not be consid-
ered applicable outside of critical care, where patients do
not already have a intravenous catheter inserted. Similar
to insulin delivered intravenously, literature suggests that
a correlation exists between fast-acting insulin delivered in
a pump and long-acting insulin injected from a pen (Aron-
son et al., 2016; Meneghini and Sparrow-Bodenmiller,
2010). We hypothesize, that the methods used in critical
care can be mimicked through short-term usage of an AP.
In this way, the AP system may enable a less burdensome
initiation of injection-based insulin treatment.

In this paper, Section 2 presents The Dose Finder, a new
method for rapid insulin titration using an artificial pan-
creas. To demonstrate The Dose Finder, we in Section 3
introduce a physiological model for simulating the glucose
response to fast- and long-acting insulin in people with
T2D. Section 4 describes a simple control algorithm for
the AP. Section 5 presents the method we use to switch
from AP to pen-based treatment. Our simulation setup
is documented in Section 6. We present and discuss our
results in Section 7 and 8, respectively, before concluding
the paper in Section 9.

2. THE DOSE FINDER CONCEPT

We propose a new method, The Dose Finder, where we use
an AP as a tool to find the insulin-need with fast-acting
insulin. Figure 1 shows the Dose Finder concept.

The AP is used for a short time period, e.g. a week,
and lowers fasting glucose levels into the target range
by adjusting the insulin infusion rate. A short wear-time
will allow the doctor to set up the AP for the patient,
and the patient may connect and forget until the next
doctor appointment. We only adjust insulin infusion rates
during fasting periods, as the goal of the insulin treatment
is to regulate fasting glucose rather than post-prandial
glucose. After the AP period, we translate the identified
insulin infusion rate from the pump into an injection-based

Table 1. The 2-0-2 Titration Algorithm for
Long-Acting Insulin. Dose adjustments are
based on the lowest SMBG value below target,
or an average of the SMBG values from the
past three days. (American Diabetes Associa-

tion, 2021)

SMBG [mmol/L] Dose Adjustment [U]

> 7.2 +2
4.4− 7.2 No change
< 4.4 −2

Initial dose is 10 U

treatment with long-acting insulin. In the case where the
optimal dose of long-acting insulin has not been identified
after the AP period, we follow the dose translation with
dose adjustments based on SMBG values and a standard of
care (SoC) algorithm, such as the 2-0-2 titration algorithm
shown in Table 1.

3. MATHEMATICAL MODELS

To simulate subjects with T2D treated with both fast- and
long-acting insulin, we augment the integrated glucose-
insulin (IGI) model (Jauslin et al., 2011; Røge et al., 2014)
with an extended version of the exogenous insulin model
from Hovorka et al. (2004). We include a subcutaneous glu-
cose concentration compartment from Biagi et al. (2017)
for simulating sensor measurements as input to the artifi-
cial pancreas. The resulting model consists of a submodel
for carbohydrate (CHO) absorption, a pharmacodynamic
(PD) model describing the interaction between glucose
and insulin concentration, and two pharmacokinetic (PK)
models to simulate the absorption dynamics of fast- and
long-acting insulin. Figure 2 shows the model structure.
We present the model equations in the following subsec-
tions and Table 2 lists selected parameter values.

3.1 Glucose Sub-Model

In the IGI model, glucose is split between the central Gc(t)
[mmol] and the peripheral compartment Gp(t) [mmol],

Ġc(t) = EGP +RA(t) +
Q

Vp
Gp(t)

− 1

VG
(CLG + CLGIIE(t) +Q)Gc(t) (1a)

Ġp(t) =
Q

VG
Gc(t)−

Q

Vp
Gp(t) (1b)

where the plasma concentration is the glucose in the
central compartment divided by the distribution volume,
VG [L]. Glucose enters the central compartment through
the endogenous glucose production, EGP [mmol/min],
the absorbed meals, RA(t) [mmol/min], and from the pe-
ripheral glucose compartment via the inter-compartmental
clearance, Q [L/min]. Vp [L] is the distribution volume
in the peripheral compartment. Both glucose-dependent
clearance, CLG [L/min], and insulin-dependent clearance,
CLGI [L/min/(pmol/L)], remove glucose from the central
compartment. IE [pmol/L] is the insulin effect compart-
ment.
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treatment with long-acting insulin. In the case where the
optimal dose of long-acting insulin has not been identified
after the AP period, we follow the dose translation with
dose adjustments based on SMBG values and a standard of
care (SoC) algorithm, such as the 2-0-2 titration algorithm
shown in Table 1.
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To simulate subjects with T2D treated with both fast- and
long-acting insulin, we augment the integrated glucose-
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with an extended version of the exogenous insulin model
from Hovorka et al. (2004). We include a subcutaneous glu-
cose concentration compartment from Biagi et al. (2017)
for simulating sensor measurements as input to the artifi-
cial pancreas. The resulting model consists of a submodel
for carbohydrate (CHO) absorption, a pharmacodynamic
(PD) model describing the interaction between glucose
and insulin concentration, and two pharmacokinetic (PK)
models to simulate the absorption dynamics of fast- and
long-acting insulin. Figure 2 shows the model structure.
We present the model equations in the following subsec-
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the endogenous glucose production, EGP [mmol/min],
the absorbed meals, RA(t) [mmol/min], and from the pe-
ripheral glucose compartment via the inter-compartmental
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Fig. 2. Model structure for the augmented IGI model. The
original model compartments have been augmented
with absorption models for fast- and long-acting in-
sulin (blue) and a compartment for subcutaneous
glucose concentration (red).

3.2 Carbohydrate Absorption Model

The IGI model describes oral meal ingestion with a two-
compartment model,

ĠA(t) = d(t)AG − kaGA(t) (2a)

ĠT (t) = kaGA(t)− kaGT (t) (2b)

RA =
ka

MwG
GT (t) (2c)

where d(t) [mg/min] is the amount of ingested carbo-
hydrates (CHO). GA [mg] and GT [mg] represent the
amounts of CHO in the absorption and the transit phase,
respectively. AG [unitless] describes the bio-availability of
the CHO. ka [1/min] is a rate constant for the absorption
of CHO. The absorbed meals, RA [mmol/min] enter the
central glucose compartment. To match units of RA and
Gc, we convert GT to [mmol/min] by dividing with the
molecular weight of glucose MwG = 180.1559 mg/mmol.

3.3 Endogenous Insulin Sub-Model

Endogenous insulin is described through the compartment,
I [pmol], with the secretion and elimination of insulin
produced in the pancreas,

İ(t) = Isec(t)−
CLI

VI
I(t) (3a)

Isec(t) = Isec,0 ·GCM2 · INC(t) (3b)

Isec,0 = CLI · Iss (3c)

where the insulin secretion, Isec [pmol/min], is regulated
by the ability of glucose to stimulate secretion, GCM2

[unitless], and the incretin effect, INC [unitless]. The basal
insulin secretion, Isec,0 [pmol/min], is given by the product
of the endogenous insulin clearance, CLI [L/min], and the
insulin concentration at steady state, Iss [pmol/L].

3.4 Glucose Effect on Insulin Secretion

The effect compartment, GE2 [mmol/L], links the plasma
glucose concentration to insulin secretion,

ĠE2(t) = kGE2
Gc(t)

VG
− kGE2GE2(t) (4a)

GCM2(t) =

(
GE2(t)

Gss

)IPRG

(4b)

where kGE2 [1/min] is a rate constant. The glucose effect
on insulin secretion, GCM2, is determined through the
baseline glucose concentration, Gss [mmol/L], and the
control parameter IPRG [unitless].

3.5 Incretin Effect

Ingested meals can boost the insulin secretion through the
incretin effect. In the IGI model, the effect is described as
a saturable function,

INC(t) = 1 +
Emax ·GT (t)

ED50 +GT (t)
(5)

where Emax [unitless] is the maximal effect with which
glucose in the transit compartment can affect insulin
secretion, and ED50 [mg] is the amount of glucose needed
to obtain half of the Emax-effect.

3.6 PK model

We augment the IGI model with the exogenous insulin
model from Hovorka et al. (2004) to describe the absorp-
tion dynamics of fast- and long-acting insulin analogues.
The absorption of exogenous insulin is described as a third-
order system,

Ṡ1,ia(t) = uia(t)−
1

τia
S1,ia(t) (6a)

Ṡ2,ia(t) =
1

τia
S1,ia(t)−

1

τia
S2,ia(t) (6b)

UI,ia(t) =
1

τia
S2,ia(t) (6c)

where uia(t) [U/min] is the amount of subcutaneously in-
jected insulin analogue. The time constant, τia [min], is the
time to maximum insulin absorption for the specific ana-
logue. S1,ia [U] and S2,ia [U] are absorption compartments
and UI,ia [U/min] is the absorption rate. The absorption
rates of fast- and long-acting insulin, UI,F and UI,L, en-
ter the exogenous insulin concentration compartment Iexo
[U/L],

İexo(t) =
UI,F (t) + UI,L(t)

VI,exo
− kexoIexo(t) (7)

VI,exo is the distribution volume for exogenous insulin and
kexo [1/min] is the clearance rate.

3.7 Insulin Effect

The insulin effect compartment describes the delay in glu-
cose utilization caused by both endogenous and exogenous
insulin,

İE(t) =
kIE
VI

(I(t) + cf · Iexo(t))− kIEIE(t) (8)

where kIE [1/min] is the rate constant describing the effect
delay, and VI [L] is the insulin distribution volume. To
align units, we multiply Iexo [U/L] by the conversion factor
cf [pmol/U] from Knopp et al. (2019).

3.8 Continuous Glucose Monitor Model

CGMs measure glucose levels in the interstitial tissue. We
use a model relating plasma glucose and interstitial glucose
from Biagi et al. (2017),

Ġsc(t) =

Gc(t)
VG

−Gsc(t)

τsc
(9)

where the time constant τsc [min] describes the lag between
glucose concentrations in plasma, Gc(t)/VG, and the glu-
cose concentration in the interstitial tissue, Gsc [mmol/L].

3.9 Parameters

We use parameter values from Røge et al. (2014) and
Hovorka et al. (2004) for the IGI model and the exogenous
insulin dynamics, respectively. To simulate long-acting
insulin, we introduce τL = 12 h as in Aradóttir et al.
(2017). The endogenous glucose production (EGP ) is
taken from Røge et al. (2014) and is normalized to a
body weight of 70 kg in order to match the distribution
volumes (VG, Vp, VI) that are stated to be proportional
body weight and are normalized to 70 kg. For the lag to
the subcutaneous glucose compartment, we select a time
constant from the distribution in Biagi et al. (2017). To
convert from pmol to U, we use the conversion from Knopp
et al. (2019).

Table 2. Model Parameters

Parameter Value Source

τsc [min] 10 Biagi et al. (2017)
τF [min] 55 Hovorka et al. (2004)
τL [min] 720 Aradóttir et al. (2017)
kexo [1/min] 0.138 Hovorka et al. (2004)
EGP [mmol/min] 0.574 Røge et al. (2014)
cf [pmol/U] 6000 Knopp et al. (2019)

4. AP CONTROL ALGORITHM

We implement a simple control algorithm to simulate
closed-loop control with the AP. Inspired by the integral
component in PID-controllers, we adjust the insulin infu-
sion rate uF at every sample based on the integrated error,

v(k) = v(k − 1) +Ki · (yref − ycgm(k)) · Ts (10a)

uF (k) = max(v(k), 0) (10b)

where k is the sample number, Ki

[
U ·L

min2·mmol

]
is the

integral gain, and Ts [min] is the sample time. The error
term is the difference between the reference value, yref =
5.8 mmol/L, and the glucose concentration measured by
the CGM sensor, ycgm(k). We set v(0) = 0. As negative
insulin infusion rates are not physiologically possible, we
constrain the infusion rate to uF (k) ≤ 0 U/min.

Sudden drops in blood glucose values can be uncomfort-
able for patients. We select Ki = −3 · 10−6 U ·L

min2·mmol
to ensure a balance between rapid convergence towards
the reference value and a smooth transition for patient
comfort. We wish to regulate the the insulin infusion rate
such that the fasting glucose is lowered into the target
range. To avoid adjusting uF during post-prandial peaks,
meals are announced to the controller. Following a meal
announcement, the controller is switched off for 5.5 hours
and the insulin infusion rate is fixed to the latest uF value.

5. SWITCH FROM PUMP TO PEN

For this simplified case simulation, we assume that the
bio-availability of fast-acting insulin delivered in a pump is
identical to that of long-acting insulin injected in a pen. We
calculate the long-acting insulin dose as the total amount
of insulin delivered with the pump during 24 hours using
the identified insulin infusion rate,

uL[U/day] =
24[h/day] · 60[min/h] · uF [U/sample]

Ts[min/sample]
(11)

The calculated dose, uL, is injected daily prior to break-
fast. As fast-acting and long-acting insulin have different
dynamics, a direct switch from pump to pen will result in
a rise in blood glucose. This happens because the effect
of the fast-acting insulin disappears before the long-acting
insulin becomes effective. In critical care, the transition
from intravenous to subcutaneous insulin treatment is
often overlapped to avoid a rise in blood glucose (Kelly,
2014). Likewise, we compensate for the difference in dy-
namics by continued infusion of fast-acting insulin for 2
hours after the first injection with long-acting insulin.
Starting one week after the transition from pump to pen,
we apply a standard of care titration algorithm for final
dose adjustments until dose convergence.

6. SIMULATION SETUP

We simulate three different ways to initiate insulin for
the same virtual patient with; (i) The 2-0-2 Titration
Algorithm twice-weekly with titration on day 1 and 4,
(ii) AP treatment until the translated insulin infusion rate
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EGP [mmol/min] 0.574 Røge et al. (2014)
cf [pmol/U] 6000 Knopp et al. (2019)

4. AP CONTROL ALGORITHM

We implement a simple control algorithm to simulate
closed-loop control with the AP. Inspired by the integral
component in PID-controllers, we adjust the insulin infu-
sion rate uF at every sample based on the integrated error,

v(k) = v(k − 1) +Ki · (yref − ycgm(k)) · Ts (10a)

uF (k) = max(v(k), 0) (10b)

where k is the sample number, Ki

[
U ·L

min2·mmol

]
is the

integral gain, and Ts [min] is the sample time. The error
term is the difference between the reference value, yref =
5.8 mmol/L, and the glucose concentration measured by
the CGM sensor, ycgm(k). We set v(0) = 0. As negative
insulin infusion rates are not physiologically possible, we
constrain the infusion rate to uF (k) ≤ 0 U/min.

Sudden drops in blood glucose values can be uncomfort-
able for patients. We select Ki = −3 · 10−6 U ·L

min2·mmol
to ensure a balance between rapid convergence towards
the reference value and a smooth transition for patient
comfort. We wish to regulate the the insulin infusion rate
such that the fasting glucose is lowered into the target
range. To avoid adjusting uF during post-prandial peaks,
meals are announced to the controller. Following a meal
announcement, the controller is switched off for 5.5 hours
and the insulin infusion rate is fixed to the latest uF value.

5. SWITCH FROM PUMP TO PEN

For this simplified case simulation, we assume that the
bio-availability of fast-acting insulin delivered in a pump is
identical to that of long-acting insulin injected in a pen. We
calculate the long-acting insulin dose as the total amount
of insulin delivered with the pump during 24 hours using
the identified insulin infusion rate,

uL[U/day] =
24[h/day] · 60[min/h] · uF [U/sample]

Ts[min/sample]
(11)

The calculated dose, uL, is injected daily prior to break-
fast. As fast-acting and long-acting insulin have different
dynamics, a direct switch from pump to pen will result in
a rise in blood glucose. This happens because the effect
of the fast-acting insulin disappears before the long-acting
insulin becomes effective. In critical care, the transition
from intravenous to subcutaneous insulin treatment is
often overlapped to avoid a rise in blood glucose (Kelly,
2014). Likewise, we compensate for the difference in dy-
namics by continued infusion of fast-acting insulin for 2
hours after the first injection with long-acting insulin.
Starting one week after the transition from pump to pen,
we apply a standard of care titration algorithm for final
dose adjustments until dose convergence.

6. SIMULATION SETUP

We simulate three different ways to initiate insulin for
the same virtual patient with; (i) The 2-0-2 Titration
Algorithm twice-weekly with titration on day 1 and 4,
(ii) AP treatment until the translated insulin infusion rate
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Table 3. Titration Results

Titration Dose at end of Final Titration
Method Week 1 Week 2 Week 4 Dose Length

2-0-2 12 U 16 U 24 U 28 U 5 weeks
AP 35 U 43 U 45 U 46 U 5 weeks
DF 35 U 35 U 35 U 35 U 1 week

converges to a fixed pen-dose, and (iii) The Dose Finder:
One week of AP followed by dose-conversion to long-
acting insulin, and weekly dose-adjustments with the 2-
0-2 algorithm, if needed. In all simulations, we assume full
adherence. We start the study at midnight. We simulate
three daily meals of 40 g, 55 g, and 60 g of carbohydrates
with meal times at 7:00 AM, 1:00 PM and 7:00 PM,
respectively. The duration of each meal is 15 minutes.
SMBG values are recorded at 7:00 AM, and the three latest
SMBG values are used as input to the 2-0-2 algorithm.
We use a sample time of Ts = 5 min, and simulate insulin
injections as a fixed rate over a five minute sample.

7. SIMULATION RESULTS

With our extension to the IGI model, we are able to
simulate treatment with both fast- and long-acting insulin.
Figure 3 illustrates the first 12 days of the Dose Finder
scenario, where an AP is used for 7 days before switching
to pen-based treatment. We see that the fasting glucose
levels are reduced as the insulin infusion rate is gradually
increased. The controller is mainly active overnight where
the patient is fasting. After one week of AP treatment, the
fasting blood glucose has been lowered from 12 mmol/L
to 6 mmol/L and is within the target range. During AP
treatment, all measured glucose concentrations are above
or within the target range, and the treatment is considered
safe. When transitioning from AP to injection-pen, a small
rise is seen in the glucose values until they stabilize after
3-4 days of pen-treatment. After 3 days, all the fasting
blood glucose values are within the target range, and no
adjustments are needed with the 2-0-2 algorithm.

We compare the outcomes for the Dose Finder (DF)
method to two other titration approaches in Table 3 and
Figure 4. With the 2-0-2 algorithm, the dose converges
after five weeks. We see that our method can reduce the
titration period to a single week. If the AP period is
extended, we can complete the titration period after five
weeks and reach a lower fasting blood glucose value within
the target range.

8. DISCUSSION

With one week of AP treatment, we can identify a dose
of long-acting insulin that can bring the patient’s blood
glucose into the target range. We identify a dose of 35 U,
however, our simulations show that several dose sizes will
allow the patient to reach target. Some patients may desire
a tighter target range, e.g. 4.0− 6.0 mmol/L. In this case,
the patient will need additional dose-adjustments to reach
target after the switch from AP to pen-based treatment.
As another option, we can extend the AP period to reach a
lower fasting blood-glucose before switching to pen-based
treatment. When we run the AP, the dose converges to
46 U after five weeks. Due to integrator wind-up, the AP
stabilizes the fasting blood glucose at 5 mmol/L. Although

Fig. 3. Simulation of the Dose Finder. The panels from
top to bottom show the glucose concentration, the
consumed carbohydrates, the infused fast-acting in-
sulin and the injected long-acting insulin, respectively.
Over the first week, the AP adjusts the insulin infu-
sion rate during fasting periods. At the start of week 2,
the infusion rate is converted, unit-to-unit, to a daily,
long-acting insulin dose administered pre-breakfast.
Insulin infusion is continued for 2 hours after the
first pen-injection to reduce the rise in glucose levels
during transition. The green area shows the target
range of 4.4− 7.2 mmol/L

Fig. 4. Titration with The Dose Finder (DF), the 2-0-
2 algorithm and the implemented artificial pancreas
(AP). The upper panel shows the daily SMBG val-
ues for DF and 2-0-2, and the pre-breakfast CGM
measurement for the AP. The lower panel shows the
daily dose of long-acting insulin for DF and 2-0-2, and
the unit-to-unit conversion of the fast-acting insulin
delivered by the AP on the last day of each week.

the prolonged AP wear-time can quickly steer the blood
glucose to a lower target, it comes at a cost. The patient
would need frequent clinic visits to change the cartridge,
infusion set, and sensor. Alternatively, the patient would
have to learn to manage the AP themselves. Both scenarios
complicate the procedure and may reduce the benefits
compared to regular titration.

We simulate an ideal scenario where the patient is adher-
ent and the measurements are without noise. In practice,
titration periods may be extended greatly due to physi-
ological variation, forgotten injections and misunderstood
guidelines. Additionally, the safety of the control algorithm
for the AP may be affected by unannounced meals and
sensor noise. The control algorithm in this paper serves
the purpose of visualizing the the Dose Finder concept
and would need additional safety measures and extensive
testing to be applicable in a clinical setup.

In our exogenous insulin compartment, the clearance of
fast-acting insulin delivered in a pump and long-acting
insulin delivered in a pen are identical. Aronson et al.
(2016) showed that on average subjects with T2D who
switch from pen-based treatment to insulin pumps will
need 20% less insulin. If less insulin is needed in pumps,
the unit-to-unit conversion we use to transition from AP
to pen-based treatment can be considered safe as it sys-
tematically underestimates the insulin-need. As a result,
the subject may need additional dose-adjustments in order
to reach the final titration target after the switch to pen-
based treatment. In future work, the difference between
insulin delivery methods may be included in our model
as an analogue-dependent clearance by implementing an
Iexo-compartment for each analogue.

9. CONCLUSION

This work presents a model to simulate fast- and long-
acting insulin in people with type 2 diabetes. With our
model, we simulate how the insulin infusion rate from an
artificial pancreas can be converted into a personalized
dose of long-acting insulin delivered with an insulin pen.
For a virtual patient initiating insulin treatment, we show
that one initial week of AP treatment can reduce the
titration period from five weeks to a single week compared
to the standard of care 2-0-2 algorithm.
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