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Abstract

Background: One of the most common types of diabetes is Type
1 Diabetes Mellitus (T1DM) which causes high or low blood
glucose levels (BGL) in a patient’s body. TIDM patients need to
maintain their BGL in a safe glycemic range which is between
4.0 mmol/L to 7 mmol/L. Thus, it is high time to find the opti-
mum insulin infusion rate into the patient’s body in achieving
prolonged normoglycemic range.

Methods: Previous workers had focused on employing the im-
proved Hovorka equations via in-silico study using one TIDM
patient’s data; however, in-silico works employing more actual
patients” data are yet to be explored. Hence, this study attempts
to apply the improved Hovorka equations on three different
T1DM subjects so as to simulate their BGL profiles based on
daily stipulated meal disturbances, individual body weights
and age group.

Results: Results showed that the optimum insulin infusion rates
required to regulate the BGL within safe glycemic range were at
0.1 U/min, 0.05 U/min and 0.0167 U/min for the case of patients
1,2 and 3, respectively; provided that different amounts of meal
intake (DG) were observed by each patient during breakfast,
lunch and dinner times.

Conclusion: In conclusion, this study had proven that the im-
proved Hovorka equations can be used to simulate the meal
disturbance effect on BGL for more T1DM patients.
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Introduction

One of the most devastating diseases that one can experi-
ence is diabetes. It is considered one of the leading causes
of death globally. Young people are more prone to devel-
oping diabetes as they get older. There are various types
of diabetes, such as type 1 diabetes mellitus (T1IDM), ges-
tational diabetes, and type 2 diabetes mellitus. The conse-
quences of these diseases can be divided into two catego-
ries namely, microvascular and macrovascular diseases.'
Blood glucose level is the level that the body can maintain
at a desired level also known as glycemic index. It can
range from 4 mmol/L-7 mmol/L. Hyperglycemia occurs
when the BGL levels reach or exceed 7 mmol/L while hy-
poglycemia occurs when the BGL falls below 4 mmol/L
with the signs of excessive perspiring, weariness, and
light headedness.? Artificial Pancreas (AP) is an innova-
tive device that helps TIDM patients manage their blood
glucose levels which mimics the role of existing endocrine
system of normal pancreas. It is a closed loop control of
blood glucose concentration which features a continuous
subcutaneous insulin infusion (CSII) pump, a continuous
glucose monitor (CGM), CGM receiver and control algo-
rithm. These features help to maintain the proper flow rate
and quantity of insulin so as to maintain the BGL within
the normoglycemic range.*® Figure 1 shows the schematic
diagram of AP.

Figure 1: Schematic Diagram of Artificial Pancreas (AP)
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The control system is a crucial component of diabetes
management. It plays a major role in controlling blood
sugar levels and is often used to reduce or increase the
insulin infusion rate. There are various control systems
available for this study to evaluate various aspects of pro-
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gramming. Out of the various control systems, the Mod-
el Predictive Control (MPC) is the most widely used for
controlling blood glucose levels in patients with TIDM. Its
capabilities are numerous and can be utilized for various
conditions.® It is used for the prediction or programming
of the correct dosage of insulin, the insulin infusion rate
and the BGL for TIDM patients.10 Moreover, it is one of
the control algorithms that are familiar to be used with
the UVA/Padova and Hovorka models. Its reliability and
ability to estimate the outcome data make it a good choice
for In-silico or clinical study.” Although the AP device can
work seamlessly with MPC, it still cannot resist the limita-
tions that arise due to its nature and limitations. These in-
clude the fluctuating BGL and insulin sensitivity towards
different patients which can affect the diagnosis and treat-
ment of diabetes.®

The relationship between the blood glucose concentration
and the insulin response can be described by the Hovorka
model that is made up of glucose subsystem, insulin sub-
system and insulin action subsystem. The various subsys-
tems in the body play key roles in the regulation of blood
glucose. They are responsible for the administration of glu-
cose and insulin, as well as the absorption and digestion
of the nutrients.” Despite the interactions between them
are fully utilized in the model, their accuracy is not ful-
ly assessed which demands a modification.” Simulations
made by previous workers showed that the steady state
plasma insulin concentration profile can be maintained at
a fast rate using the improved Hovorka equations. In ad-
dition, the time delay of insulin delivery caused by the use
of subcutaneous insulin injection method was observed in
the improved equations of Hovorka model. It is suggested
that the use of MPC with improved Hovorka equations
can prevent this issue."

Hence, the main objective of this study is to develop a cus-
tomized computer algorithm that can simulate the BGL of
patients with TIDM during their meal intakes using the
improved Hovorka equations via MATLAB and MPC. The
action is taken to find the optimum insulin infusion rate
into the patient’s body for the BGL to be maintained at a
safe glycemic range (4.0 mmol/L to 7.0 mmol/L). Besides,
determination and comparison of BGL profiles versus
time for all three T1IDM subjects in achieving safe glyce-
mic range is also one of the objectives for this study. Last-
ly, the limitations of the study are that the equations are
only based on the improved Hovorka equations and are
not applicable to variations in blood glucose level due to
lifestyle factors.

Methods

The simulation work involves the use of improved Hovo-
rka equations that are derived from the original Hovorka
model to control the BGL for T1DM patients. Various orig-
inal mathematical equations had been improved by per-
forming system identification techniques.'? The difference
after alteration of Hovorka model into improved Hovorka
model can be seen in Figures 2 and 3, respectively.
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As can be seen in Figure 2, there is absent of complete inter-
action between the insulin action subsystem (represented
as I) with glucose mass compartment (represented as G).
The glucose in the accessible compartment (Q1) only inter-
acts with two out of three subsystems available: insulin on
action transport and insulin on endogenous production
(x, and x,). Meanwhile, glucose mass in the non-accessible
compartment (Q,) also experiences the same situation by
only having the interaction with two of the subsystems:
insulin on action transport and insulin on action disposal
(x, and x,). By using the system identification technique to
modify the Hovorka equations, all the insulin action sub-
systems are completely interacted with the glucose mass
compartments. As depicted in Figure 3, insulin on action
transport (x,), insulin on action disposal (x,) and insulin
on endogenous production (x,) are completely interacted
with glucose mass in accessible compartment (Q,) and
glucose mass in non-accessible compartment (Q,)."

Figure 2: Flow diagram of Hovorka model
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Figure 3: Flow diagram of Hovorka model with improved equations
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The glucose subsystem consists of the glucose mass in
accessible and non-accessible compartments, and is mod-
ified with the addition of all insulin action (I) variables,
which can be signified from the equations (1) to (5):
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Symbol Constant Value and Unit
K12 Transfer rate from non-accessible to accessi- 0.066 min—1
ble compartment
kal Deactivation rate of glucose 0.006 min-1
ka2 Deactivation rate of glucose 0.06 min-1
ka3 Deactivation rate of glucose 0.03 min-1
kwl Activation rate of glucose 50.1 min-1
kw1l Activation rate of glucose -10.0 min-1
kw2 Activation rate of glucose 50.1 min-1
kw22 Activation rate of glucose -0.01 min-1
Table 2: Parameter values used from Hovorka model
Symbol Parameter Value and Unit
EGPO EGP extrapolated totizsrrlo insulin concentra- 01 el
FO1 Non-insulin-dependent glucose flux 0.0097 mmolkg-Imin-1
tmax] Time-to-ma)ldxjnum of absorpt.ion qf sublcutane- 55 min
ously injected short-acting insulin
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Figure 3: Flow diagram of Hovorka model with improved equations
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The glucose subsystem consists of the glucose mass in
accessible and non-accessible compartments, and is mod-
ified with the addition of all insulin action (I) variables,
which can be signified from the equations (1) to (5):

d 1 OIC
%(‘) =EGP, + Ug +0.01Q, +[x,ky, + x;Kys + X;k,s ]~ FQ, _{V:.“G(t)}Q' -0.0029, (1)
90, (t) = [k\.nxn (l)+ KynX, (t)+kw”xx (t)J +EGP, ‘:kwxl (t)+ Ky, X, (t) +KyX; (1)] -k,Q, (2)

dt

. F, if G>4.5 mmolL" (3)
F ¢ =
o F‘“%S otherwise
P 0.003(G—9)VG if G229 mmolL™
N 0 otherwise ( 4)

Q, (t) and Q, (t) (mmol) denote the mass of glucose in ac-
cessible and non-accessible compartments, respectively.
k. k., k. k, k_,andk . (min') denote the transfer
rate of insulin action subsystem, while k,, (min™) denotes
the transfer rate constant from the non-accessible com-
partment to accessible compartment.” EGP0 (mmol/min)
denotes the endogenous glucose production (EGP) extrap-
olated to zero insulin concentration, and UG (mmol/min)
denotes the gut absorption rate.” Equation for meal distur-
bances is represented by equation (5):

D A te" ™0
U, = %
tmax.G (5)
Where,
DG =amount of carbohydrate (CHO) digested (mmol)
AG =carbohydrate bioavailability
tmax, G=time to maximum of CHO absorption (min)
ds,(6) _ o Si(1)
dt B tmx’[ (6)
ds, (1) _Si(1) S (1)

dt | S (7)

The following equations (6) to (7) denote the insulin sub-
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system that is remained unchanged from the Hovorka
equations. The insulin sensitivity in the accessible and
non-accessible compartments represents as S, and S, while
the time to maximum of insulin absorption as tmax, I
(min). There are few new variables, which are added to the
plasma insulin concentration equations namely: ke (min-
1) is the elimination rate, V1 (L) is the insulin distribution

volume, and UI (mU/min) is the insulin absorption rate.

di(t) U, (t)

T=IT[—keI(t)=—[kmx, (1) + koo, (1) + ks, (1)] @)
The insulin action subsystem equations consist of action
transport, action disposal and endogenous production (x,,
x,, and x;) while the constant for deactivation and activa-
tion rates of insulin action (k_, k , k , k , k .,k , k

k . and k .,) represents the equations (9) to (11).

w22/

dt (9)
{dditz}=kazxz(t)+szl(t)+szzl(t) (10)
dx, Sk x . .

{K} kas 3 (t) kW3I(t) k\v33I(t) (11)

Constants and parameters involved in the equations are
shown in the Tables 1 and 2.

The simulation work was performed based on the esti-
mated meal disturbances on the TIDM patients.” Table
3 shows the estimated amount of daily meals intake that
focuses on carbohydrates (CHO) intake, whereas Table 4
shows the demographic profile of the patients. The meal
was divided into three types: breakfast, lunch, and din-
ner.'®* The amounts of insulin administered (Ut) selected
for this study were namely: 0.100 U/min for high dosages,
0.050 U/min for medium dosage and 0.0167 U/min for low
dosage. The simulation work using improved Hovorka
equations was done in MATLAB and data obtained were

then collected for further analysis and evaluation.

Table 3: Meal estimation for patients

e e e 1330 (Lunch) 1900 (Dinner)
(hours)

1 & CHO m 88 10
mmol CHO  1654.08 3032.48 344.6

2 ¢ CHO 722 28 86
mmol CHO  2488.11 964.92 2963.68

3 g CHO 75 14 45
mmol CHO 25846 4825 1550.76

Results and discussion
Meal simulation for patient 1

The meal disturbance effect during meals time name-
ly: breakfast, lunch and dinner were studied by ac-
quiring the graph of BGL versus time of each patient."
The BGL was affected by the amount of meal intake,
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Table 4: Demographic profiles of patients

Patient Gender Age (years) Body Weight(kg) Height (cm) Body Mass Index, BMI (kg/m?)
1 Male 13 27 135 15
2 Female 11 26.3 133.02 15
Male 14 49.9 159.99 20

DG by patients and also by the action of administered
insulin, Ut. (Figure 4).

Figure 4: Blood glucose level versus time for patient
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As shown in Figure 4, the patient 1 had consumed 48
g CHO, 88 g CHO and 10 g CHO during breakfast
(t=150 min to t=180 min), lunch (t=510 min to t=540
min), and dinner (t=840 min to t=870 min), respec-
tively. The insulin (Ut) was administered earlier at t=0
min with 0.1 U/min to ensure less time delays. The
insulin action time delay can cause BGL to increase
too high and uncontrollable. It can be seen in Figure 4
that the BGL was above the normoglycemic range (4
mmo/L to 7 mmol/L) initially and started to decrease
until breakfast meal. During breakfast (t=150 min to
t=180 min) the BGL became high which was at 9.9
(mmol/L). Once breakfast was finished, the BGL was
back to normal at 4.7 mmol/L. The highest point of
BGL level was during lunch (t=510 min to t=540 min)
at 11.2 mmol/L at time, t=600 min and came back to
normal even during dinner (t=840 min to t=870 min)
due to lower consumption of meal as compared to
during earlier meal time that made the BGL remained
in safe glycemic range.

Meal simulation for patient 2

From Figure 5, the initial point of BGL for patient 2
was exactly the same as patient 1 due to unstable BGL
before breakfast, although the amount of insulin ad-
ministered (Ut) was not the same, which was 0.05 U/
min (medium dosage) at t=0. During the meal time,
it showed that the spike of BGL was occurred dras-
tically until exceeded 10 mmol/L at time, t=180 min

Vol 30 No 6 JUNE 2022

for breakfast (72.2 g CHO) and dinner (86 g CHO)
except for lunch (28 g CHO) which was at 7.2 mmol/L
at time, t=540 min. All the BGL were back to stable
range when the Ut was pumped at the rate of 0.05 U/
min after 1 minute for each of the meal time.

Figure 5: Blood glucose level versus time for patient
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Meal simulation for patient 3

As shown in Figure 6, the BGL versus time only had an
obvious change in value during breakfast (t=150 min
to t=180 min) and dinner (t=840 min to t=870 min).
The BGL during breakfast (75 g CHO) was increased
to 10.8 mmol/L at time, t=180 min and during dinner
(45 g CHO) was increased at 9 mmol/L at time, t=870
min.'® Prior to that, the Ut was pumped at the rate of
0.0167 U/min at time 151 min after breakfast while
181 min after dinner. The BGL came back to safe gly-
cemic range after the insulin was administered. There
was no significant changed of BGL during lunch
(t=510 min to t=540 min) due to patient 3 only con-
sumed small amount of meal which was 1.40 g CHO.
The amount of CHO consumed during this meal did
not contribute to hyperglycemia or hypoglycemia ep-
isodes for the patient (constant BGL) (Figure 7).

Figure 6: Blood glucose level versus time for patient
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Figure 7: Blood glucose level versus time for patients 1, 2 and 3

BGL (mmeol/L) versus Time, t (min)

Figure 7 depicts the blood glucose level versus time
for all patients involved in this study. It can be seen
that all the BGL were dropped to the normoglycemic
range (4 to 7 mmol/L) as the insulin was administered
after breakfast, lunch and dinner times." The BGL for
all patients during each meal time were compared with
the previous work 2 which used improved Hovorka
equations for simulation using MATLAB. From their
works, the BGL after food consumed during breakfast
was at 46.81 mmol/L compared to this study which
was at 9.9 mmol/L, 10.7 mmol/L and 10.8 mmol/L
for patients 1, 2 and 3, respectively. The difference of
BGL after breakfast time was bigger compared to the
previous work because in their study, the BGL before
breakfast time was at 15.3 mmol/L and that was high-
er than the average value of BGL in this study which
was at 8 mmol/L.** Moreover, the same outcome
produced when the insulin administered after the
lunch time from the previous work 2 and this study
succeeded in decreasing the BGL to reach the nor-
moglycemic range before dinner time. The result for
BGL during dinner time was again cross-referenced
with the previous work 2. Based on their findings, the
BGL after dinner was 48.97 mmol/L as compared to
the highest BGL for this study which was patient 2
at 11.9 mmol/L. The patients in both studies experi-
enced change of BGL from hyperglycemic range to
normoglycemic range. From this study, the insulin
action for the improved Hovorka equations was re-
acted at a fast rate to normalise the BGL because of
the enhancement in glucose insulin dynamic interre-
lations as compared to the other study that used orig-
inal Hovorka equations."”

In this study, each patient was administered with dif-
ferent dosages of insulin, Ut: 0.1 U/min for patient 1,
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0.05 U/min for patient 2 and 0.0167 U/min for patient
3. Even though the patient consumed a high total
amount of meal, it did not require high dosage of Ut
to be administered to reduce the BGL into safe glyce-
mic range.”’ As an example, patient 2 that consumed
the highest total amount of meal which was 186.20 g
CHO only required Ut of 0.05 U/min to regulate the
BGL. Furthermore, there were none hyperglycemia or
hypoglycemia episodes experienced by the patients af-
ter the insulin was administered except right after the
meal disturbance. This study had proven that the se-
lected dosage of Ut was the optimum insulin infusion
rate into the patients’ body for the BGL to be main-
tained at a safe glycemic range (4.0 to 7.0 mmol/L).

Conclusion

Based on this study, it had shown that the same
amount of insulin could be administered after each
meal time for each patient. This study had verified
that the improved Hovorka equations could be used to
simulate the meal disturbance effect on blood glucose
level of TIDM. Besides, the optimum insulin infusion
rates into the patient’s body to regulate the BGL be-
tween 4 to 7 mmol/L were at 0.1 U/min, 0.05 U/min
and 0.0167 U/min for the case of patients 1, 2 and 3,
respectively. Furthermore, the simulation for BGL to
be in normoglycemic range can be incorporated with
other factors such as stress and daily exercise in future
works so as to get more proven results.
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